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Front Cover: A cutaway view of the BABAR detector

showing from inside to outside: the support tube car-

rying beamline elements (purple) and the vertex detec-

tor (blue), the central tracking chamber (green), the

particle identi�cation system (blue), the CsI(Tl) crystal

calorimeter (red), the superconducting coil (orange),

and the instrumented 
ux return steel (blue). The

proposed support system for the doors and the barrel,

with cutaways for the routing of cables and services, is

also shown.
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Introduction

T
hirty years have elapsed since the discovery of CP violation

in K
0

L
decays. In those three decades, the Standard Model

of elementary particle physics has evolved, providing us with a

phenomenological explanation of a wide variety of experimental

information. With three quark generations, this framework accom-

modates CP violation in quark decays in an elegant and economical

manner, through the imaginary parameter that, along with three

rotation angles, serves to completely characterize the weak couplings

of the six quarks as expressed in the Cabibbo-Kobayashi-Maskawa

matrix. We do not know, however, whether this explanation is quan-

titatively correct, despite a staggering investment of experimental

e�ort.

The study of CP -violating asymmetries in B0 decays to CP eigen-

states promises, at last, to allow a test of the Standard Model

explanation of CP violation. More generally, the measurement CP -violating asymmetries

in B
0 meson decays can

tell us whether the the

CKM phase is the source

of CP violation

of these CP asymmetries can provide us with a series of unique,

and uniquely stringent, consistency tests of the quark sector of the

Standard Model. These tests, which will be carried out by the

BABAR detector at PEP-II, will provide us with perhaps the best

chance to challenge the Standard Model in new and quantitatively

precise ways. This challenge has come about through the interplay

of a series of experimental and theoretical events.

While it had been understood for several years that the measure-

ment of CP -violating asymmetries in B
0 decay could lead to im-

portant tests of the CKM matrix, the experiments seemed beyond

reach. The discovery of a surprisingly long b-quark lifetime by The long b quark lifetime

and the large B0 mixing

are essential to making CP

asymmetries measurable

MAC [Fer83] and Mark II [Loc83] at PEP in 1983, together with

that of unexpectedly large B0-B
0
mixing by UA1 [Alb87a] and AR-

GUS [Alb87b] in 1987, made it possible to conceive of making these

measurements. It rapidly became clear [SNO89] that the richest

and most straightforward approach to this problem involved the

exploitation of a variety of e+e� machines, either in the �(4S) re-
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gion, in the continuum at PEP/PETRA, or at the Z0 pole. Hadron

machines, while they produce large numbers of B mesons, have not,An asymmetric e+e�

B Factory, such as PEP-II,

provides an ideal tool for

measuring CP violation

to this point, been convincingly shown to have equivalent capability.

The most favorable e+e� experimental situation, that is the one

producing the smallest statistical error with the least integrated

luminosity is, by common consent, the asymmetric-energy storage

ring �rst proposed by Oddone [Odd87]. By boosting the decaying

B
0 mesons in the laboratory frame, existing vertex-measuring tech-

nology is able to cope with the short B meson lifetime, an essential

element to resolving the di�erence in the decay times of the CP

eigenstate and the tagging B meson. However, even this machine

requires event samples that are not obtainable without signi�cant

advances in storage ring luminosity.

PEP-II promises to provide the required luminosity [SLA91], ini-

tially 3�1033 cm�2s�1 and ultimately 1034, with asymmetric-energy

�(4S) production of 9GeV electrons on 3.1GeV positrons. The

experimental challenge is then to provide high e�ciency, high reso-

lution exclusive state reconstruction in a situation new to the e+e�

world: a center-of-mass in motion in the laboratory. The boost is

not extreme. At PEP-II, 90� in the center-of-mass is at 65� in the

laboratory. Nevertheless, the challenges for the detector posed by

the boost are novel, and not easily met.

Soon after the approval of PEP-II in October 1993, e�orts began

to form a major international collaboration to build and operate a

new detector at PEP-II. The collider design has a single interaction

region, time to build a detector before �rst collisions is short, and

there has been a clear convergence of thinking [SLA93, BEL94,SLAC has invited a single

proposal for the single

interaction region of

PEP-II

HEL92] about new detector designs over the past few years. There-

fore, the SLAC directorate, with the approval of the Scienti�c Policy

Committee, decided to invite a single group of experimentalists to

submit a Letter of Intent and a Conceptual Design Report. The

primary aim of this group is the detailed study of CP -violating

asymmetries in B
0 meson decay, although a wide variety of other

B, charm, � and two-photon physics will also be accessible at new

levels of precision. An inaugural meeting was held in December

1994. This has been followed by a series of collaboration meetings

at regular intervals, leading to the writing of this Letter of Intent.

The group involved in this enterprise now numbers more than 400

physicists and engineers. The collaboration, guided by an Interim

Letter of Intent for the BABAR Detector
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Steering Committee appointed by the Laboratory, has put in place a

governance mechanism, has chosen a name, BABAR, and has initiated

the process of developing a coherent and detailed detector design.

The detector described herein is a conceptual design, which will be


eshed out in more detail in the Conceptual Design Report that The detector design will

be described in more detail

in the Conceptual Design

Report

is to follow by the end of 1994. E�orts are nonetheless su�ciently

far advanced that it has been possible, in nearly all instances, to

choose a technology for each detector subsystem. In the case of the

particle identi�cation system, there remains su�cient uncertainty

as to the optimum choice that it seemed wiser to describe alter-

natives. The three alternative particle identi�cation systems have

been constrained to be compatible with a single overall detector

geometry and set of dimensions. This allows detailed engineering of

critical path systems such as the magnet and calorimeter to proceed

without impediment.

The planning of the PEP-II project has been done in su�cient

detail that the Laboratory is con�dent that it can be constructed

in �ve years, starting in October 1993. We take it as a most

important constraint that a detector capable of measuring CP -

violating asymmetries in B0 meson decay must be operational on a

time scale comparable to that for building the accelerator.

The next stage beyond the Letter of Intent will be the creation

of a management structure for the project, the assignment of re-

sponsibilities in detector construction and the development of the

Conceptual Design Report. This must be accompanied by the

conclusion of �nancial arrangements with the Laboratory and the

funding agencies of the various countries represented, and by the es-

tablishment of Memoranda of Understanding that detail the speci�c

responsibilities of each collaborating group.

Letter of Intent for the BABAR Detector
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Physics at PEP-II

CP
violation remains one of the most compelling issues in

particle physics. In the Standard Model, the source of CP

violation is the Cabibbo-Kobayashi-Maskawa (CKM) matrix which

describes the mixing of the quarks. We have no evidence that this

is the full explanation of the observed CP asymmetry, however.

The central prediction of the Standard Model explanation of CP

violation is the existence of large, calculable asymmetries in the

decays of the B0 into CP eigenstates.

These asymmetries are best measured at an asymmetric e+e� stor- An asymmetric e+e�

storage ring provides

the best experimental

access to the study of CP

violation in B0 decays

age ring running at the �(4S). This is the primary motivation for

building PEP-II and the BABAR detector. The colliding e+e� beams

produce an �(4S) which decays approximately 50% of the time to

B
+
B
� and 50% to B0

B
0
. The two B mesons are almost at rest

in their center of mass with no additional particles making this an

ideal situation for complete reconstruction of rare decay modes. The

PEP-II electron beam energy is 9GeV; the positron beam energy is

3.1GeV, producing the �(4S) state at a �
 of 0.56. This gives the

�(4S) system su�cient boost that the two B0 decay vertices can

be reconstructed and the distance between their positions can be

used to determine the time ordering between the two decays. It is

therefore possible to measure the dependence of the CP asymmetry

on the relative decay time of the two B0 mesons, from which one

can extract a precise measurement of the CP -violating parameters

in the CKM matrix. The separated B vertices also lead to improved

pattern recognition and background rejection in the reconstruction

of rare B decays. This fact and the unprecedented luminosity of

PEP-II thus provide an ideal facility for the study of these decays.



6 Physics at PEP-II

2.1 CP Violation in B0 Decays

The design of a detector for PEP-II must be governed by the pri-The primary physics

goal of PEP-II is

to overdetermine the

parameters of the CKM

matrix

mary physics objective of the facility [SLA89], which is to overde-

termine the CKM parameters of the Standard Model and thereby to

seek evidence for physics beyond the Standard Model. This will be

done by makingmany independent measurements of the magnitudes

and relative phases of CKM matrix elements and in particular of

CP -violating asymmetries in various channels of B0 decays to CP

eigenstates [Nir93].

2.1.1 Decay Asymmetries

The two mass eigenstates of the neutral B meson system can be

written as:

jBL >= pjB0
> +qjB

0
>

jBH >= pjB0
> �qjB

0
> (2.1)

where H and L stand for Heavy and Light, respectively. De�ning

M � (MH +ML)=2; �M � MH �ML, and neglecting the tiny

di�erence in width between BH and BL, the decay widths satisfy

�H = �L � �. In this approximation, mixing in the B0
d system is

governed by a single phase: 
q

p

!
B0

d

=
V
�

tbVtd

VtbV
�

td

= e
2i�M (2.2)

The amplitudes for decays into a CP eigenstate f are

A �< f jHjB
0
>; A �< f jHjB

0
> (2.3)

Let us de�ne

r(f) �
q

p

A

A
(2.4)

The time-dependent rates for initially pure B0 or B
0
states to decay

into a �nal CP eigenstate at time t can then be written as

�(B0
phys(t) ! f) = jAj2e��t �

 
1 + jr(f)j2

2
(2.5)

Letter of Intent for the BABAR Detector
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+
1� jr(f)j2

2
cos(�Mt)� Im r(f) sin(�Mt)

!

�(B
0

phys(t) ! f) = jAj2e��t �

 
1 + jr(f)j2

2
(2.6)

�
1� jr(f)j2

2
cos(�Mt) + Im r(f) sin(�Mt)

!

The time-dependent CP asymmetry

af(t) =
�(B0(t)! f)� �(B

0
(t)! f)

�(B0(t) ! f) + �(B
0
(t) ! f)

(2.7)

is given by

af (t) =
(1� jr(f)j2) cos(�Mt) � 2Im r(f) sin(�Mt)

1 + jr(f)j2
(2.8)

This result holds for a CP -even �nal state, while for CP -odd states

there is an additional minus sign in r(f). When only a single

amplitude with a given weak decay phase �D dominates the decay

one has
A

A
= e

�2i�D (2.9)

Since Im r(f) = sin 2(�M � �D), equation 2.8 simpli�es to

af(t) = � sin 2(�M � �D) sin(�Mt) (2.10)

Thus, at t � 2:3 �B0 , the asymmetry reaches its maximum absolute

value of j sin 2(�M � �D)j.

At PEP-II the initial B0 and B
0
are produced in a coherent state

which remains a B0
B

0
until such time as one of the particles decays.

If one B0 decays to a 
avor-tagging mode while the other decays to

a CP -eigenstate we have an event that can be used to reconstruct

the time dependence of the asymmetry. The time that appears in The B0 and B
0
are

produced in a coherent

state, so the time-

di�erence of their decays

must be known

the equations above is the time di�erence between the tagging decay

and the CP -eigenstate decay. The tagging decay may be the later

decay, in which case a negative time is assigned to the event. Note

the essential nature of the measurement of time dependence, since

the time-integrated CP asymmetry vanishes if jr(f)j = 1.

The consistency of these measurements with Standard Model pre-

dictions will provide information on whether the CP -violating phase

Letter of Intent for the BABAR Detector
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α

βγ
C=(0,0)

A=(     ) 

B=(1,0)

9-89

ρ,η

6466A16

Figure 2-1. Representation in the complex plane of the

rescaled unitarity triangle.

of the CKM matrix is the sole source of CP violation in nature, or

whether instead, as suggested by attempts to understand the baryon

number asymmetry of the universe, there are additional sourcesTheories of the baryon

asymmetry of the universe

suggest sources of CP

violation beyond the

Standard Model

of CP violation beyond the Standard Model [Hue94]. Additional

e�ects can show up as a failure of Standard Model predictions

such as those that relate measured asymmetries to the angles of

the unitarity triangle as discussed below.

2.1.2 The Unitarity Triangle

The relationship

VtdV
�

tb + VcdV
�

cb + VudV
�

ub = 0 (2.11)

among CKM matrix elements follows from the assumption of uni-

tarity of the three generations. In this event, the three products

VidV
�

ib must form a closed triangle in the complex plane, referred

to as the unitarity triangle. The three angles of this triangle are

labeled

� � arg

 
�
VtdV

�

tb

VudV
�
ub

!
(2.12)

� � arg

 
�
VcdV

�

cb

VtdV
�
tb

!
(2.13)


 � arg

 
�
VudV

�

ub

VcdV
�
cb

!
(2.14)
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A 3� 3 unitary matrix can be fully described by three real and one

imaginary parameters. A parametrization of the CKM matrix due

to Wolfenstein [Wol85] is particularly instructive for understanding

the structure of the matrix:

0
B@ 1� �

2
=2 � �

3
A(�� i�)

�� 1� �
2
=2 �

2
A

�
3
A(1� �� i�) ��2A 1

1
CA (2.15)

Figure 2-1 shows the unitarity triangle, as it is usually drawn,

rescaled by the side VcdV
�

cb. This makes the base of the triangle

real and of unit length, while the apex is then the point (�; �) in

the complex plane.

To overdetermine this triangle, experiments must �x as many as

possible of the parameters that give the sides, jVtdV
�

tbj=jVcdV
�

cbj and

jVudV
�

ubj=jVcdV
�

cbj, and the angles �, �, and 
 of the unitarity triangle.

The quantities jVudj = cos �C +O(�4) and jVtbj = 1 +O(�4), where

� = sin�C, are already well known; the value of Vcb will be accurately

determined by a study of semileptonic B decays at CLEO-II. Thus

the primary aim of PEP-II is precision measurements of the value

of Vub, and the CP -violating asymmetries in the decay modes B
0 !

J= K
0
S, B

0
! J= K

�0, B0
! D

+
D
�, B0

! �
+
�
�, B0

! ��.

Quark process B
0
d Mode �M � �D

b! ccs J= K
0
S �

b! ccs J= K
�0

�

b! ccd D
+
D
�

�

b! ccd D
�+
D
��

�

b! uud; ddd �
+
�
�

�

b! uud; ddd �
�
�
�

�

b! ssd ��
0 0

b! ssd K
0
SK

0
S 0

Table 2-1. CP modes and Standard Model asymmetry predic-

tions.

Table 2-1 shows the Standard Model relationship between the angles The question of whether

a single weak decay

amplitude dominates can

be tested experimentally

of the unitarity triangle and the predicted value of arg (r(f)) =

2(�M � �D) for these modes, assuming that a single weak decay

amplitude dominates in each of these cases. Channels for which
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10 Physics at PEP-II

the Standard Model predicts zero asymmetry because �M = �D,

such as B0
d ! ��

0 and B
0
d ! K

0
SK

0
S, can be studied to test this

assumption.

2.2 B Physics

2.2.1 CKM Matrix Elements

The BABAR detector is also designed for the study of a broad range

of physics beyond the CP -violating asymmetries. Its vertex sep-

aration, good particle identi�cation and excellent electromagnetic

calorimetry make it an excellent tool for the study of rare B-decay

modes. The charmless-strangeless modes that can be used to deter-

mine jVubj=jVcbj are of particular importance, as this measurement,

in combination with a determination of the two angles � and �, will

provide an overconstrained test of the Standard Model CP violation

predictions.

Present measurements of jVubj fromCLEO-II come from the study of

the momentum spectrum of the lepton emitted inB semileptonic de-

cays past the end-point of b! c transitions at 2.4 GeV/c [Bar93b].

This measurement is experimentally clean, with leptons from con-

tinuum events as the major background, but the extraction of jVubj

from this tiny part of the phase space (2.4{2.6GeV=c) is a major the-

oretical challenge. The precision of the determination of jVubj=jVcbj

is thus currently dominated by large model-dependent uncertainties.

Progress in determining jVubj will come from the detailed study of

exclusive semileptonic b ! u and c ! d transitions to help re�ne

and constrain theoretical models. The �rst step is the measurementImproved measurements

of jVub j can be made using

exclusive semileptonic B

decay modes

of the branching fractions for B ! (�, �, !)`� andD ! (�, �, !)`�.

It is likely that this program can be initiated before the start of the

BABAR experiment by either CLEO-II or by LEP experiments. The

present upper limit from CLEO-II for these branching fractions is

around 2�10�4 [Bea93]. The next step requires the measurement of

the various form factors involved in these decays. BABAR will have

the ability and the high statistics needed to perform these delicate

measurements. Along with high luminosity, vertex separation and

�=K identi�cation capabilities are the keys to the success of such
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measurements. The isolation of the B (or D) ! �`� decay, for in-

stance, requires the identi�cation of a common ��` vertex detached

from the other B (or D) vertex. With 100 fb�1 we expect 600 re-

constructed decays with small background, for a branching fraction

sensitivity of 10�4. The excellent �0 reconstruction capabilities of

the detector are vital to the observation of the !`� decay.

Another important reaction in the b ! u sector is the purely The measurement of

fB from the branching

fraction of B+
! �+�� is

a di�cult but important

goal

leptonic decay B
+ ! �

+
�� . This branching ratio measures the

product jVubj � fB and thus provides a determination of fB once

jVubj is known. This will in turn give a signi�cant reduction in

the error on jVtdj as deduced from B
0 oscillations. According to a

preliminary analysis, the sensitivity of this experiment is estimated

to be around 6� 10�5 for this branching ratio, while the Standard

Model prediction lies around 10�4.

Measurement of the angle 
 provides a further method of overcon-

straining the unitarity triangle. The CP asymmetry in the decay

B
0
s ! �K

0
S produced at the �(5S) is sensitive to sin 2
, but the

small B0
s production cross section and the small branching fraction

of this mode make for a di�cult measurement. Another option for

determining 
 is the study of the modes DCPK in either charged or Measurement of the

angle sin 2
 with the CP

asymmetry in B0
s
! �K0

S

is di�cult

neutral B decays [Gro91b], where DCP denotes either a D0 or a D
0

which decays to a CP -eigenstate mode such as K0
S�

0. While this ex-

periment also looks di�cult given the predicted branching fractions,

it is important to maintain a capability for study of this mode. The

e�cient detection of �0's by the electromagnetic calorimeter will be

crucial for maintaining the required high acceptance.

Further constraints on the unitarity triangle come from the value

of � in K
0
L decays [Gib93] and from the measured rate for B0-B

0

mixing [Bar93a]. At present there are signi�cant theoretical and ex-

perimental uncertainties in the relationship between these measured

quantities and the parameters of the underlying theory. However,

the trend of steadily improving lattice calculations of quantities

such as the fB and BB parameters may help this situation. The

status of the constraints on the unitarity triangle from existing

measurements, plus theoretical estimates of these parameters, is

shown in Figure 2-2. The indicated contours correspond to the

experimentally determined values for the measured quantities, but

the uncertainties are dominated by the likely range for theoretical

inputs or by model dependence. The values of the parameters used
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Figure 2-2. Constraints in the Standard Model on the rescaled

unitarity triangle from jVubj=jVcbj (dotted circles), B0-B
0
mixing

(dashed circles), and � (solid hyperbolas). The shaded region is

that allowed for the triangle apex (�; �).

here are consistent with those given by Buras et al., [Bur94] and by

lattice calculations. The value for the running top mass corresponds

to the range claimed by CDF [Abe94], including statistical and

systematic errors added in quadrature. This result translates into

an allowed range for the three unitarity angles of:

�0:89 � sin 2� � 1:00

0:18 � sin 2� � 0:81 (2.16)

�1:00 � sin 2
 � 1:00

Measurements in B
0 and K decays pertinent to the precision of

the unitarity triangle constraint will improve with time, as will

theoretical calculations to some extent; the allowed region for �

and � will shrink substantially as CP -violating asymmetries are

measured [Bur94].

This picture can be altered if new physics is present, even if there

are no new sources of additional CP -violating phases. Figure 2-

3 shows the constraints in the �-� plane for a two Higgs-doublet

model, where one doublet generates a mass for the up-type quarks
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Figure 2-3. Constraints in the two Higgs-doublet model on the

rescaled unitarity triangle from jVubj=jVcbj (dotted circles), B
0-B

0

mixing (dashed circles), and � (solid hyperbolas) with a charged

Higgs mass of 200GeV=c2 and the ratio of vacuum expectation

values tan� = 1. The shaded region is that allowed for the

triangle apex (�; �).

and the down-type quarks receive their masses from the second

doublet. In this case, the presence of the extra Higgs doublet is

felt by the virtual exchange of a charged Higgs boson in the box

diagrams for the processes governing the values of � and the rate

for B0-B
0
mixing. For the values of the parameters shown here, the

allowed ranges of the angles of the unitarity triangle become:

�1:00 � sin 2� � 1:00

0:12 � sin 2� � 0:81 (2.17)

�1:00 � sin 2
 � 1:00

The interplay between future measurements of jVubj=jVcbj, improved

theoretical calculations of the bag and form-factor parameters, and

CP -violating asymmetry measurements will further sharpen Stan-

dard Model tests and possibly allow us to explore the physics that

lies beyond it.
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2.2.2 Beyond the Standard Model

In probing CP -violating asymmetries for evidence of non-Standard

Model contributions it is important to make as many cross checks as

possible. One way to do this is by measuring quantities from manyMeasuring CP asymme-

tries in several B0 decay

modes that depend on the

same unitarity angle tests

speci�c Standard Model

assumptions

channels that are related in the Standard Model but may di�er when

non-Standard Model contributions are included. While designed to

study CP asymmetries in the CP eigenstate modes discussed above,

the BABAR detector can do much more. For example, there are

many higher spin modes that can be analysed using decay angular

analyses to separate the odd and even CP components and thus

provide additional independent tests of the Standard Model rela-The use of partial wave

analysis can make a

variety of vector-vector

�nal states useful for

the measurement of CP

asymmetries

tionships between CKM parameters [Dun91]. These modes typically

have higher �nal-state particle multiplicity than those discussed

above; precision tracking and a highly segmented calorimeter are

needed to reconstruct them. The separated vertices of the two B0

decays at PEP-II and the resulting suppression of continuum events

reduce the problem of backgrounds in these analyses.

In addition to the study of the unitarity triangle, there are a num-

ber of other checks on the Standard Model predictions for CP

asymmetries. Many models beyond the Standard Model introduce

additional contributions to B0 � B
0
mixing. Typically, these con-

tributions have a di�erent weak phase from the Standard Model

contribution and thus destroy the relationship between the mixing

phases and decay phases given in the Standard Model. This inCertain decays, such as

B0

d
! ��0 and B0

d
!

K0

S
K0

S
, are expected to

have zero CP asymmetries

in the Standard Model

turn produces a non-zero CP asymmetry in channels such as B0
d !

��
0 or B0

d ! K
0
SK

0
S which are predicted to have zero asymmetry

in the Standard Model. A special case is the superweak model,

which predicts that the CP asymmetry arises solely from the mixing

phase, and thus should be the same for all channels, including

those having zero asymmetry in the Standard Model. Hence it

is important to be able to study these channels well in order to

search for non-vanishing asymmetries that violate Standard Model

predictions. In models in which signi�cant additional mixing e�ects

occur there is no reason why the asymmetries in these channels

should be signi�cantly smaller than those in the J= K0
S or �+��

channels.
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2.2.3 Penguin Modes

A question of much importance for the measurement of the unitarity

angle � is the size of the penguin contributions in the B0 ! �
+
�
�

and ���� channels. Only if these e�ects are small can the measured

asymmetry be directly related to the CKM angle �. Much will be

learned by comparing B(B0
! K

+
�
�) to B(B0

! �
+
�
�), both

of which have penguin and spectator contributions. The penguin

amplitudes are in the ratio Ap(�
+
�
�)=Ap(K

+
�
�) � jVtd=Vtsj � �;

the spectator amplitudes are in the ratio As(K
+
�
�)=As(�

+
�
�) �

jVus=Vudj � �. Good measurements of both rates will allow a

reasonable estimate of the relative importance of the two diagrams

for each decay. This requires excellent particle identi�cation.

Fortunately, if the penguin contributions turn out to be signi�cant,

their e�ects can be measured in some detail by analysis of a set

of isospin-related channels, allowing the extraction of the angle �.

For ��, the isospin analysis requires a rate, but not an asymmetry Possible penguin

contributions can be

isolated by measuring

a series of isospin-related

channels

measurement, for the channel �0�0 [Gro91]. This essential cross-

check of the accuracy of the value for � is one of the strong moti-

vations for having excellent calorimetry in the BABAR detector. For

the mode ����, a similar check can be made using an analysis of

the interference between the di�erent charge channels of �� in the

�
+
�
�
�
0 time-dependent Dalitz plot [Qui93]. Once again good �0

reconstruction e�ciency is essential. This analysis also provides a

measurement of cos 2� in addition to sin2� and hence resolves the

otherwise troublesome ambiguity between � and 90� � �. For this

channel the largest problem is likely to be the size of background

contamination. A full simulation of this problem has yet to be done,

but it is clear that good resolution and accurate calorimetry will be

important.

The question of direct CP violation can also be probed by a search

for CP -violating asymmetries in charged B decays. The Standard

Model predicts such e�ects at the few percent level due to the

interference of tree and penguin contributions to the amplitude

for these decays. While there are considerable uncertainties in CP asymmetries in B�

decays are di�cult to

interpret in terms of the

unitarity angles, but can

be useful to understand

direct CP violation

the precise value of the predicted asymmetries, measurements that

showed an asymmetry at the level of ten percent or more would be

a strong suggestion of the presence of e�ects from physics beyond

the Standard Model. It will certainly be worthwhile to search for

Letter of Intent for the BABAR Detector



16 Physics at PEP-II

such e�ects, given that about �fty percent of the events produced

at the �(4S) are B+
B
� pairs.

2.3 Other Physics Opportunities

While the primary aim of the BABAR detector is speci�cally designed

to address the program of CP -violation measurements described

above, it is also well-suited to the investigation of a wide array

of important topics in heavy 
avor physics in general. Some of

the possible areas of interest are brie
y outlined in the following

sections.

2.3.1 Bs Physics

PEP-II can also operate at the �(5S) resonance, with somewhat

reduced luminosity but at a higher energy asymmetry [PEP93]. ThePEP-II has excellent sen-

sitivity for measuring xs �(5S) is heavy enough to decay into B0
sB

0

s pairs. While measure-

ment of sin2
 in B
0
s decay is di�cult, PEP-II operating at a �


of 0.88 on the �(5S) has excellent sensitivity for the the study of

Bs �Bs mixing, up to xs � 20.

2.3.2 Charm Physics

A number of interesting measurements in the charm sector will

remain to be done with BABAR , such as the measurement ofD0�D
0

mixing and the search for direct CP violation in theD sector. OtherSearches for D0
� D

0

mixing and CP -violation

in the D sector will be of

continuing interest

topics to be pursued are precision measurements of the form factors

involved in the c! d semileptonic decays D ! �(�)`�, the pseudo-

scalar coupling constants fD and fDs, and excited charmed-meson

spectroscopy. The large statistics (around 107 charm particles of

each species produced), the decay vertex separation, and the superb

particle identi�cation capabilities will lead to excellent signal-to-

noise ratios in the reconstruction of all charmed states.

In the D sector, the mixing rate is expected to be quite small, so

indirect CP violation will be almost completely suppressed. On the
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other hand, direct CP violation could give rise to asymmetries of a

few 10�3 in decays to CP eigenstates such as �+�� or K+
K

�, or

in charged D decays such as K+
K

�0
or �+�. For CP eigenstates,

tagging can be provided by selectingD0's coming from D
�+ decays,

in which the sign of the slow pion unambiguously tags the D0 
avor

at t = 0. In each mode, a precision around 1% will be reached after

one year of running.

For the mixing measurement, the main background comes from

doubly Cabibbo-suppressed decays (DCSD), which are expected to

occur at a rate an order of magnitude larger than mixing e�ects.

The 
avor tagging at production is again done most e�ectively using

the slow pion from D
�+ ! �

+
D

0 decay. Wrong-sign semileptonic In searching for D0
�

�D0

mixing, it is vital to

use time dependence

to eliminate DCSD

background

decays are an unambiguous sign of mixing. For hadronic modes

such as K+
�
�, the study of the D0 time evolution is necessary

to separate the non-exponential time distribution of mixing from

DCSD decays. The expected sensitivity lies in the 10�4 to 10�5

range.

2.3.3 � Physics

PEP-II is also a � factory, with the potential to bring the precision PEP-II is also a � factory

of tau physics to a level comparable with that achieved for the

muon [SLA89]. BABAR will collect a very large data sample, reaching

108 � pairs after three years of running at design luminosity. A

detector optimized for studying time-dependent CP asymmetries in

the BB system is also an excellent facility for � physics.

Excellent vertex position resolution is needed for a high-precision

measurement of the � lifetime; similarly, mass resolution is the key

to the measurement of the �� mass; e�cient �
0 and 
 reconstruction

is crucial for measurements of branching fractions, the detection of

multi-pionmodes and for searches for exotic decays including second

class currents; e�cient �/e, �/� and good K=� separation aids

measurements of small branching fractions and the study of QCD

spectral functions, including Cabibbo-suppressed modes. While the

trigger for � pairs is more di�cult than for �(4S) events because

of the smaller charged-particle multiplicity, the BABAR trigger al-

gorithms are being designed to be highly e�ective for � physics

channels (see Chapter 11).
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If neutrinos are massive, then a hierarchy is expected among their

masses similar to that in the charged sector. Improvements on the

present �� mass experimental limit of 31MeV=c2 by ARGUS [Alb88]

are thus important to constrain all neutrino masses. To obtain

a limit on m�� , one studies the end point of the hadronic mass

distribution mhad for high-mass hadronic states such as � ! 5��,

� ! 3��2�0, and � ! KK�, where m�� = m� �mhad. As outlined

above, there are several advantages to measuringm�� at PEP-II. In

particular, the measurement bene�ts from excellent mass resolution

together with good understanding of backgrounds stemming from

hermeticity, particle identi�cation, and the instrumented 
ux returnAn order-of-magnitude

improvement in the limit

on the �� mass can be

expected

(used as a K
0
L veto). With a sample of 108 � pairs, a limit of

2.5MeV=c2 on m�� is attainable [Gom94a].

Very precise tests of �-e and �-� universality depend on accurate

measurements of the tau leptonic branching ratiosBe andB�, and of

the tau lifetime �� . The current precision on the ratios of couplings

g�=ge and g�=g� from tau decays is about 0.6%, where systematic

errors in present-day experiments limit much further improvement.

PEP-II has the potential of measuring Be, B� and �� to a relative

precision of about 0.2% to 0.3%, using the advantages listed above,

i.e., hermeticity, e�cient trigger, excellent particle identi�cation�-e and �-� universality

tests can be brought to

a level of precision equal

to that currently available

for �-e universality from �

and � decay

and precise vertexing for unambiguous selection of � decays and

for measuring �� . These would bring �-e and �-� universality tests

using � decays to a level of precision of 0.15% [Gom94b], equal to

that currently available for �-e universality from � and � decays.

2.3.4 Two-Photon Physics

Monte Carlo studies [Bau91, Bau92] have shown that PEP-II canTwo-photon physics

involving hadronic

resonances can be brought

to a new level of precision

extend the study of exclusive two-photon physics from the present

2GeV=c2 up to at least 5GeV=c2 in mass. This could reveal many of

the exotic bound-states now being sought, such as glueballs, qqg hy-

brids, and four-quark resonances. Measurements of the two-photon

couplings of light-quark and charmonium resonances will continue

to be important for understanding quark dynamics. Furthermore, a

real challenge to perturbative QCD predictions of exclusive hadron

production from two-photon interactions can be made by obtaining

statistics in the > 3GeV=c2 mass range. Finally, there is a strong

incentive to study single-tagged two-photon reactions (where one
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of the scattered e
� is detected) where spin-1 resonances can be

isolated (especially JPC = 1�+ qqg hybrid states) and unique QCD

predictions can be tested.

Untagged Published PEP-II

Reactions Data (100 fb�1)



 ! �
0 ! �

+
�
�

 2000 300,000



 ! �(1:42GeV=c2)! KK� 0 600



 ! �c ! all modes 10 30000



 ! �
+
�
� (W > 3GeV=c2) 10 800

Single-tagged Published PEP-II

Reactions Data (100 fb�1)



� ! �
0 ! �

+
�
�

 300 6000



� ! 1++(1:42GeV=c2)! KK� 30 1100



� ! �c ! all modes 1 3000



� ! �
+
�
� (W > 3GeV=c2) | 100

Table 2-2. Expected PEP-II two-photon yields compared to

existing data.

Predictions for the number of events in 100 fb�1 of data at PEP-II

are summarized in Table 2-2, along with the present world data

samples. Clearly, at least a factor of 30 improvement in statistics

can be made in all of these exclusive processes. Furthermore, with

a high-quality detector, new channels will be available which have

not been explored in the past. Most of this can be accomplished

with little impact on the optimal detector for studying CP violation.

The main requirement is a very 
exible trigger to allow detection of

low-mass and low-multiplicity �nal states with balanced transverse

momenta. An additional need is for detection of low-angle scattered

positron \tags" in the backwards direction down to as small a

polar angle as possible. This does not require the full power of

the detector, but only the CsI calorimetry and some modest ability

to distinguish charged from neutral particles.
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3

Detector Overview

T
he primary physics goal of the BABAR experiment is the sys-

tematic study of CP asymmetries in decays of the B0 to CP

eigenstates, as discussed in the previous chapter. The secondary

goals are to explore the wide range of other B physics, charm

physics, � physics, two-photon physics, and � physics that becomes

accessible with the high luminosity of PEP-II. The design of the

detector is optimized for the CP studies, but also serves well for the

other physics opportunities.

The critical experimental objectives required to achieve the desired

sensitivity for CP measurements are:

� To observe the decays of B0 mesons to a wide range of exclu-

sive �nal states with high e�ciency and low background;

� To tag the 
avor of the other B meson in the event with high

e�ciency and accuracy;

� To measure the relative decay time of the two B mesons.

Studies carried out over the last several years at SLAC [SLA91, Studies carried out for
a number of B-Factory

proposals have led to
a consensus on basic
detector performance

requirements

SLA93] and for other B-Factory proposals [Eic86, HEL92, CLE93,

KEK92] have led to a fairly common picture of the performance

requirements that the detector systems must meet. In this chapter,

some general considerations which guide the process of choosing a

detector design are outlined, and then the BABAR baseline design is

described.
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3.1 General Design Considerations

3.1.1 Physics Constraints

The production cross section for the �(4S), which decays to either

B+B� or B0B
0
, is 1.2 nb. The �(4S), however, sits on a qq con-

tinuum that is 3.5 times larger. B mesons decay to many di�erent

�nal states with small branching fractions; the largest branching

fractions are a few percent. To o�set this small production cross

section and the small exclusive branching fractions, a large detector

acceptance is mandatory. Experimental sensitivity is further en-

hanced by providing background reduction from both qq continuum

and from other less interesting B decays. Such rejection is obtained

by excellent B mass resolution and by vertexing constraints. Mass

resolution must be achieved for decay modes containing charged

and neutral tracks. Neutral reconstruction requires particular care

as the B momenta are small at the �(4S). Photon energy resolu-

tion and not angular resolution, contributes most signi�cantly to B

meson mass resolution.

3.1.2 Acceptance

The crucial CP measurements at PEP-II are made using events

in which a B0 decay into a CP eigenstate (having, in general, a

branching ratio below 10�4) is completely reconstructed, and the

other B in the event is tagged as a B0 or B
0
, using either a leptonThe CP violation

measurements require

reconstruction and tagging
of B0 decay modes with
rather small branching

fractions

or charged kaon. This requires observing anywhere from three to

seven charged particles and often one or more �0s. The charged

particles must be detected with very good momentum resolution,

precise vertex information, and clean particle identi�cation. To

achieve good e�ciency for these rare events, it is important to have

full performance of the detector over a very large solid angle. This

is made more di�cult by the energy asymmetry, which folds one-

half of the particles into the region cos �lab > 0:5. Figure 3-1 shows

the relation between center-of-mass and laboratory polar angles for

photons at �
 = 0:56.
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Figure 3-1. Protractor showing the relation between center-

of-mass and laboratory polar angles for 
's at �
 = 0:56.

Figure 3-2 shows the detection e�ciency for the decayB0
! J= K0

S,

where J= ! e+e� and K0

S ! �+��, as a function of forward polar Achieving good coverage

in the forward direction is
complicated by the energy

asymmetry

angle coverage, which is one critical parameter in achieving good

acceptance. With acceptance down to 300mr in the forward direc-

tion, the e�ciencies are about 75%, falling rapidly as the forward

acceptance is decreased. It is thus important to maintain good

performance for all of the detector components down to the 300mr

limit imposed by beamline components.

Another critical parameter is the minimum momentum cuto� in

the acceptance for charged and neutral particles. The momen-

tum distribution for the particles from B decays at rest is quite Good detection e�ciency
for low momentum

charged particles and
�0's is required

soft: the average momentum for a pion from the process studied

in Figure 3-2 is about 1.8GeV=c, but the momentum range for

tagging kaons extends below 0.3GeV=c. The pion from the process

B0
! D�+D��; D�+

! D0�+ has a typical momentum of around

130MeV=c. To maintain good e�ciency and resolution for this
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Figure 3-2. Detection e�ciency for the decay B0
! J= K0

S !

e+e��+�� as a function of forward polar angle coverage cos �, for

di�erent cuts on the minimum transverse momentum accepted.

The dotted line shows the e�ciency as a function of backward

polar angle coverage.

mode, charged tracks must be reconstructed down to �60MeV=c

and for photons to �20MeV=c. See Figures 6-1 and 8-3 for further

details on the dependence of reconstruction e�ciencies for exclusive

channels on solid angle and low energy/momentum cuto�s.

It is particularly important to identify electrons and muons cleanly

over as wide a range of angle and momentum as possible. The

leptons useful for tagging the other B in events used in CP mea-

surements have momentum as low as about 1GeV=c. Alternative

tagging techniques using secondary leptons could push this value

considerably lower. Thus, the e�ciency of the lepton tag is limited

by the minimum momentum at which electrons and muons can be

cleanly identi�ed.
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3.1.3 Resolution and Multiple Scattering

As a result of the characteristically low momentum of particles

produced inB decay, the errors on charged particle track parameters

are usually dominated by multiple Coulomb scattering rather than

by the intrinsic spatial resolution of the tracking chamber. For

example, the resolution in measuring the longitudinal (z) position

of the B decay vertex, and therefore the decay time, is determined

primarily by the amount of material before the �rst two measure-

ments in the vertex detector and by the radius of the beam pipe. Multiple scattering tends
to dominate charged

particle momentum and
direction measurements

This leads to a strategy of making the �rst z measurement as close

as possible to the beam pipe. It is also important to ensure that

there is very little material other than the silicon and the beam pipe

inside the second measuring layer.

Multiple Coulomb scattering also dominates both the angle and the

momentum resolution. Good momentum resolution requires a long

track length in a continuous tracking volume �lled with a gas of long

radiation length. The other way to improve momentum resolution

is to increase the magnetic �eld, although one must be careful not

to compromise the acceptance for low momentum particles. For

a large part of the momentum range, the angle measurements are

made primarily in the vertex detector, before the original angle

information is lost by multiple scattering.

3.1.4 Photon E�ciency and Resolution

As with charged particles, the low momentum range determines the

detector requirements for photon detection. Very good energy and

angular resolution in the electromagnetic calorimeter for photons

in the energy range 20MeV to 3GeV are most important. To

achieve the required performance, however, one must also keep the Photon detection
e�ciency is degraded by
material in front of the

calorimeter

number of radiation lengths of material before the calorimeter to

a minimum. The major sources of such material are the particle

identi�cation device, and, in the endcap region, the drift chamber

endplate and associated hardware as well.
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3.1.5 Identi�cation of Hadrons

The traditional tools for identifying hadrons in experiments at e+e�

colliders are dE=dx and time of 
ight (TOF), which work well out to

momenta somewhat above 1GeV=c. One essential requirement for

the CP physics is to identify kaons for tagging, which are mostly

in this range. The other requirement is to separate pions from

kaons in decays such as B0
! �+��(K+��), as well as in charmed

meson and � decays. Particles from B0
! �+�� decay have a

momentum of about 1.8GeV=c at the minimum backward angle anddE=dx and TOF
techniques must be

supplemented with
Cherenkov devices

to achieve particle
identi�cation over the
required momentum range

about 4GeV=c at the minimum forward angle covered. Although

kinematic �tting provides some help in discriminating these two-

body decay modes, to achieve complete separation it is clearly nec-

essary to use either a threshold or an imaging Cherenkov detector

for particle identi�cation.

3.1.6 Identi�cation of Leptons

The identi�cation of leptons (electrons and muons) is of particular

importance for the tagging of B decays. Clean and e�cient identi�-

cation is however also essential for exclusive studies of semileptonic

and pure leptonic charm and beauty meson reconstruction. Elec-

trons are well identi�ed by comparison of their momentummeasured

in the central tracker and their energy deposit in the calorimeter.

Muons are identi�ed by their energy deposit in the calorimeter and

their range and scattering angle in the Instrumented Flux Return

(IFR). The IFR also serves as a detector of neutral hadrons (partic-

ularly K0

L), which will signi�cantly reduce backgrounds in exclusive

studies which involve missing neutrinos.

3.1.7 Interaction with the Accelerator

PEP-II represents a new type of e+e� collider and therefore is

an ambitious project. Highest priority is being given to making

the machine reliable and easy to operate with consistently high

luminosity and low background. Design choices for the interaction

region have impact on the detector. Thus, a support tube, contain-

ing the interaction region magnets, masks to reduce beam-related

Letter of Intent for the BABAR Detector



3.1 General Design Considerations 29

backgrounds, and the vertex detector, is envisioned to run through

the interaction region at a radius of �20 cm. This is the best

method to achieve precise and reproducible relative alignment of the

machine components within the detector. While the support tube

introduces �0.5% X0 of extra material into the �ducial volume of

the detector, the prospect of better machine performance outweighs

the consequences for tracking resolution.

The accelerator magnets closest to the interaction point also have

consequences for the machine design. A separation scheme with

zero crossing angle, and the need to focus both beams to a very

small size, leads to dipole magnets (B1) being placed only 22 cm

from the collision point, and quadrupoles (Q1) which are also com-

pletely within the detector volume. The dipole magnets constrain

the vertex detector mechanical design, although not in a way that

compromises performance. The length of the detector solenoid

magnet is also limited, because if it were to become too large, it

would be necessary to shield a beamline quadrupole which contains

iron (Q2), causing severe complications for detector and accelerator,

as well as making access to inner detector components di�cult.

Because of the unprecedented beam currents at PEP-II, a great

deal of attention has been given to backgrounds in the various

detectors. Detailed simulations of the synchrotron radiation and Detailed simulations of
synchrotron radiation and
lost particle backgrounds

have been conservatively
interpreted in arriving at

radiation hardness and
occupancy tolerances

lost beam particle backgrounds have been re�ned continuously since

the earliest days of the machine design, and have had substantial

impact on the design of the interaction region. The anticipated

background levels, in
ated by a reasonable safety factor, are used

to set detector requirements such as radiation hardness of silicon

electronics and bandwidth of the data acquisition system.

3.1.8 Considerations of Cost and Schedule

Although the primary considerations in designing the detector are

physics requirements and detector capabilities, the process should

and does involve consideration of cost. The interplay between over- The calorimeter is the

single most expensive
detector system

all geometry and performance requirements on the one hand, and

the capabilities and costs of particular subsystem technologies on

the other, is often complex. As in many similar detectors, the

calorimeter is the most expensive single system. Because the calo-
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rimeter cost increases rapidly with volume, a considerable e�ort has

been made to minimize the size of this particular subsystem as much

as possible within the constraints imposed by physics performance.

The schedule for PEP-II construction encompasses a six-month com-

missioning run starting in the fall of 1998. Detector commissioning

o� the beamline should commence at the same time, so that the de-

tector is ready for installation into the interaction region at the end

of the machine commissioning period. This represents an extremely

tight schedule on which to design, engineer, construct, and assemble

an experimental apparatus as large and complex as BABAR. In con-

sidering detector technologies and alternative experimental designs,

schedule constraints have been used as an important criterion.

3.2 The Baseline Design

The BABAR baseline design is shown in Figure 3-3 and 3-4. It

consists of a silicon vertex detector, a drift chamber, a particle iden-

ti�cation system, a CsI electromagnetic calorimeter, and a magnet

with an instrumented 
ux return. The superconducting solenoid

is designed for a �eld of 1.5 T, and the magnet 
ux return is

instrumented for muon identi�cation and coarse hadron calorime-

try. All of these detectors operate with good performance down

to forward angles of 300mr and backward angles of �400mr. The

vertex detector is mounted inside a support tube, along with the

�rst accelerator dipole and quadrupole magnets.

The vertex detector is critical to the BABAR detector, since it is used

to measure the di�erence in the decay time of the two B0 mesons.

It must have excellent spatial resolution, low multiple scattering,

small segmentation and reasonably good resistance to radiation.

A silicon microstrip system with �ve layers is the baseline design.The vertex detector

measures the position
of B0 decay vertices and
also provides e�cient

pattern recognition for
low momentum particles

The inner three layers are in a barrel geometry with detectors

parallel to the beam pipe. The outer two layers combine barrel

detectors in the central region with wedge detectors forward and

backward. There is no other tracking inside a radius of about

22 cm, so the vertex detector must provide not only precise vertex

measurements, but also good measurements of track angles and

good pattern recognition e�ciency for low momentum tracks. The

possibility of increasing charged particle coverage down to 200mr
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Figure 3-3. Cross-sectional view of the baseline detector show-

ing from the beamline outward a silicon vertex detector, central

tracking chamber, particle identi�cation (PID) system, CsI

calorimeter, superconducting coil, and instrumented 
ux return

(IFR). The space allowed for the PID system can accommodate

any of the three possible detector technologies: aerogel threshold

counters, DIRC or Fast RICH. The detector is 6.687m long and

3.196m in radius at the back of the IFR, with the drift chamber

displaced by 46 cm in the high-energy beam direction towards the

right.
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Figure 3-4. Three-dimensional view of the baseline detector.
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with a forward �TPC is also being considered in order to enhance

the reconstruction e�ciency for some exclusive �nal states.

Figure 3-5. Energy and momentum resolution (at �lab = 90�)

The main drift chamber is used primarily to provide excellent mo-

mentum resolution and pattern recognition for charged particles. It

also supplies information for a charged track trigger, a measurement

of dE=dx for particle identi�cation, and some improvement to the

angular resolution. For most particles of interest at PEP-II, the

momentum resolution is achieved by having a continuous tracking

volume with a minimum of multiple scattering inside. The drift

chamber extends from 22.5 cm to 80 cm in radius. By using a Low-mass construction
and a helium-based gas

reduce multiple scattering
to a minimum in the main

tracking chamber

helium-based gas mixture with low-mass wires and a magnetic �eld

of 1.5 T, the momentum resolution shown in Figure 3-5 should be

obtained. The readout electronics are mounted only on the back-

ward end of the chamber, reducing the amount of material in front

of the particle identi�cation and calorimeter systems in the heavily
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populated forward direction. The use of composite materials for the

endplates is being considered to reduce their thickness further.

As stated above, an important goal for the PEP-II detector is

to identify hadrons up to the kinematic limit for B0
! �+��

decay, which is above 4GeV=c. This requires a dedicated particle

identi�cation device based on the Cherenkov technique to be placed

outside the drift chamber. The material in the particle identi�cation

device should be kept as small as possible to minimize degradation

of the performance of the electromagnetic calorimeter behind it,

especially at low energy. This is the one system that requires a

fundamentally new detector, and there has been a very active e�ort

to develop a solution. There are three promising alternatives, butThree alternative particle
identi�cation technologies

are considered, all of
which �t into a single
overall detector geometry

no single technology has been chosen for the baseline design. In

order not to impede the design of the solenoid and calorimeter

which are critical path items, particle identi�cation designs have

been chosen that can all �t into a single detector geometry with

only small variations. Enough space is allowed to accommodate

any of the three options in the barrel and forward endcap regions;

in the backward endcap region the dE=dx measurements in the

main tracking chamber are su�cient. The �nal design choice will

be based on results from ongoing prototype work, and may include

di�erent solutions in the forward endcap and barrel region.

The electromagnetic calorimeter should have the best possible en-The CsI(Tl) calorimeter
provides excellent energy

and angular resolution
and retains high detection
e�ciency at the lowest

relevant photon energies

ergy resolution down to very low photon energies. This is provided

by a fully projective CsI(Tl) crystal calorimeter, which has excellent

energy and angular resolution and retains high detection e�ciency

at the lowest relevant photon energies. The crystal length varies

from 18X0 in the forward endcap to 15 X0 in the backward endcap;

the typical crystal size is approximately rectangular (� 4:5 cm) onThe crystal length varies

from 18 X0 in the forward
endcap to 15 X0 in the

backward endcap

a side at the front face. The energy resolution expected for the

calorimeter is shown in Figure 3-5. The rms energy resolution is

2.5% at 100MeV, and 1.5% at 1GeV. As mentioned above, min-

imizing the calorimeter volume was an important consideration in

choosing the detector geometry; in the baseline design it is �8 cubic

meters.

To achieve very good momentum resolution, without increasing theA 1.5 T magnetic �eld

is required to achieve
adequate momentum

resolution

tracking volume and therefore the calorimeter cost, it is necessary

to have a magnetic �eld of 1.5 T. The magnet is therefore of a
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superconducting design, with a radius of 1.5m and a cryostat length

of 4.0m.

The magnet yoke itself is highly segmented and instrumented with

chambers to provide muon and K0

L detection capability. This In- The 
ux return is
highly segmented and

instrumented to achieve
e�cient muon and
neutral hadron detection

capability below 1GeV=c

strumented Flux Return is designed to identify neutral hadrons and

muons of momentum as low as 0.5GeV=c making it possible to use

B0
! J= K0

L decays in addition to B0
! J= K0

S for CP studies.

To achieve this, the 
ux return is divided into approximately 24

layers, with Resistive Plate Chambers or Plastic Streamer Tubes

between the layers as the active elements. For the �nal design, we

will chose between these two proven chamber technologies.

The high data rate at PEP-II requires a data acquisition system

which is more elaborate than those used at present e+e� experi-

ments. The bunch crossing period of 4.2 ns is so short that the

interactions are e�ectively continuous, as in �xed-target experi-

ments. The goal is to operate with negligible deadtime even if the

backgrounds are much higher than present calculations estimate, an

environment which might develop, especially early in the life of the

experiment. The solution is to use pipelined information and an The data acquisition
system is asynchronous

and fully pipelined
asynchronous trigger. The design uses commercial processors and

data links for pattern recognition and data 
ow wherever practical,

and minimizes custom hardware. The o�ine computing loads are

also larger than previous experiments at e+e� colliders, but are

within the capacity of the proposed system, which is based on

existing technology.

3.3 Other Geometry Options

In the process of arriving at the baseline design for BABAR, the

collaboration considered and discarded a wide range of detector

technologies and geometry options. These were not chosen because

they failed to satisfy the criteria discussed above as well as the

baseline design. It is worth reviewing some of these alternatives,

however, to illustrate the process by which the �nal design was

speci�ed.
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3.3.1 Long-Barrel Designs

One major family of detector geometries, known as \long-barrel"

options, covers the entire polar angle range without endcap systems.

Instead, the barrel extends along the beamline to the length neededLong-barrel designs were
considered in detail to obtain the desired solid angle coverage. The main consequences

of this design are a very long drift chamber (about four meters

in length), a CsI barrel calorimeter with larger volume at a given

radius, whose performance is compromised by having crystals at

steep angles, and a longer magnet. The advantage is that a long-

barrel design is a natural match for the DIRC particle identi�cation

system (see Figure 4.17 of reference [SLA93]).

The collaboration studied the possibility of using the TOPAZ mag-

net in a long-barrel geometry. The small radius and modest �eld of

the magnet led to rather poor momentum resolution, and its lengthThe use of the TOPAZ

coil was evaluated led to a very di�cult problem of shielding the machine components.

In particular, a compensating superconducting solenoid and iron


ux return cone were needed to provide a �eld-free region for the

Q2 magnet. This also adversely a�ected access to inner detector

systems. For these reasons, the TOPAZ magnet was considered

unacceptable.

Other long-barrel designs were considered which had a 1.5 T �eld

and a calorimeter radius close to the standard value of 1m. The

di�culty of shielding the Q2 magnet was a serious problem in these

designs as well. The projective CsI(Tl) crystals mounted at 300mr

to the beam direction have o�sets in the position of the front faceThe performance of the
CsI calorimeter su�ers in
a long-barrel design

up to about 14 cm relative to a neighboring crystal, leading to

severe leakage both at the front and the back of the crystals. This

produces a calorimeter energy response that varies across the crystal

face. Filling in this \sawtooth" pattern with additional CsI(Tl)

can cure the energy leakage problem at the front of the crystals,

but produces di�culties in light collection. Finally, the calorimeter

volume is larger for the long-barrel geometry unless the radius is

correspondingly smaller. This would be incompatiblewith the space

needed for particle identi�cation options other than the DIRC. For

these reasons, and the need to proceed with the full engineering

of the magnet and calorimeter, it was decided not to adopt the

long-barrel design.
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3.3.2 Liquid Krypton Calorimeter Designs

The other experimental con�guration considered was one based on

a liquid krypton calorimeter. The motivation was the possibility

that the cost would be signi�cantly less than for CsI(Tl). The The LKr designs posed
problems of di�cult access

to other detector systems
and of integration with

machine components

expected energy resolution of such a calorimeter was considered to

be somewhat worse than for CsI, although the angular resolution

would be somewhat better. The detection e�ciency for low energy

photons could be compromised by the material in the dewars. The

cryostat needed for the krypton calorimeter increases the radius and

length of the magnet, and leads to some of the same di�culties with

enclosing the Q2 magnet as for the long-barrel design. In addition,

the most natural calorimeter design would include a cryostat which

wraps around the forward endcap region without a break, thereby

making access to the inner detectors very di�cult at that end.

A detailed study by an ad hoc calorimeter committee found that the

cost bene�t of the liquid krypton calorimeter was nearly canceled

by the additional cost for the larger superconducting magnet. The

initial funding requirements, including �rst-year commitments for

the superconducting coil, were actually larger for the krypton case.

In addition, the problems of shielding the machine components

without restricting access to most of the detector were quite severe.

Following the recommendations of the committee, the collaboration

adopted the CsI calorimeter as the baseline design choice.

3.3.3 Designs with Lower Magnetic Field

If adequate momentum resolution could be obtained with a mag-

netic �eld of 1.0 T, it would be possible to use a somewhat cheaper

normal-conductor magnet. Therefore, the question of whether it

was possible to achieve the necessary momentum resolution with A 1 T �eld in a design

with a support tube does
not provide adequate two-

body B0 mass resolution

such a �eld was examined. With a drift chamber extending to

80 cm, a support tube as in the baseline design, and a 1 T �eld,

the resolution on the mass of the B for the process B0
! �+�� is

33MeV=c2, which does not allow kinematic separation from B0
!

K+��. With a 1.5 T �eld, the mass resolution is 22MeV=c2, enough

to reduce the probability of a false assignment between these two

modes to about 20% on the basis of kinematics alone.
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There are two options which could obtain adequate momentum

resolution using only a 1 T �eld. One involves removing the support

tube and reducing the material at the inside of the drift chamber to1 T designs with adequate

resolution were either
considered to be too risky
or too expensive

a minimum. This would allow e�ective use of the outer silicon mea-

surements to improve the momentum resolution for high momentum

tracks and would lead to a resolution for B0
! �+�� of 26MeV=c2.

The risk of compromising accelerator reliability and performance

was considered too great without the support tube, however. An-

other possibility is to extend the outer radius of the drift chamber to

95 cm, which yields a resolution of 23MeV=c2 for B0
! �+��. This

would increase the volume of the CsI(Tl) calorimeter dramatically,

however, as well as the size of the magnet. The cost of this solution

is signi�cantly greater than that for a design based on a smaller

magnet capable of 1.5 T.

3.3.4 Reports on Experimental Options

Much of the detailed work done in considering these options is

contained in three reports: one on the TOPAZ magnet design, one

on calorimetry, and one which considered at the various particle

identi�cation options and led to the collaboration choosing to de-

velop further three types of Cherenkov-based detectors [BAB94c].

These reports are part of the supporting documentation for this

Letter of Intent [BAB94a, BAB94b].

3.4 Detector Performance and Sensi-

tivity to CP Asymmetries

The performance of the detector can best be measured by the ex-

pected resolutions for the CP -violating asymmetries sin 2� and sin 2�

in various decay modes. The ASLUND parametric Monte Carlo has

been used to estimate these numbers for the baseline detector. This

was checked with the full GEANT-based Monte Carlo, BBSIM, for

a limited number of modes. For example, the �+�� mass resolution

in the two simulationswas found to agree to within 10%. For further

details on the simulations and the physics analysis can be found in

Chapter 13. A summary of the main results is given here.
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For a nominal year of running with PEP-II, an integrated luminos-

ity of 30 fb�1 is assumed, accumulated on the �(4S) resonance.

Table 3-1 shows the e�ciencies and the expected number of tagged

events reconstructed for some of the major CP modes. The back-

grounds are negligible in all but one case. Also shown is the error

in determining sin 2�, which is the ultimate measure of sensitivity

for the experiment.

Mode Events Background �[sin 2�]

Reconstructed

J= K0

S 367 0 0.13

J= K�0 150 0 0.20

D+D� 158 0 0.20

D�+D�� 272 30 0.16

�+�� 106 9 0.24

���� 567 126 0.12

Table 3-1. CP reach of the BABAR detector for some major

decay modes in a data sample of 30 fb�1 (one \Snowmass year")

accumulated on the �(4S) resonance.

A crucial parameter in obtaining this level of sensitivity is the

e�ective tagging e�ciency, �eff = �tag(1� 2w)2. In this expression

�tag is the fraction of reconstructed B decays in which the other B

is tagged, including possible wrong-sign tags, and w is the fraction

of those tags which are of the wrong sign. Table 3-2 gives a sum-

mary of the tagging e�ciencies from the Monte Carlo simulation.

The e�ective tagging e�ciency is determined to be about 11% for

observing the direct leptons from semileptonic B decays. Tagging

using charged kaons from the charm decay of the other B adds 16%

to the e�ective tagging e�ciency, after subtracting events which are

found using both methods.

Combining the modes shown in Table 3-1, the errors on the CP

asymmetry parameters are �[sin 2�] = 0:09 and �[sin 2�] = 0:11.

Thus, the signi�cance of the sin 2� measurement would be anywhere

from 2 to 9 standard deviations in one running year, depending on

where its value lies within the presently allowed range. The param-

eter sin 2� has no minimum value, but the error can be compared

with the allowed range which varies from �0:9 to +1:0.
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Tag Type Branching E�ciency Wrong-sign �(1� 2w)2

Fraction (b) (b�) Fraction (w)

kaons 37 30 10.0 19

muons 11 8.8 11.7 5.2

electrons 11 8.5 9.9 5.5

Table 3-2. Summary of tagging e�ciencies (%).

With these sensitivities, available in about one year of operation

at design luminosity, one would already have a powerful test of the

Standard Model explanation of CP violation. More running time

would make possible increasingly precise tests of whether the CKM

matrix is the sole source of the observed CP asymmetries.
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4

PEP-II and the Interaction Region

P
EP-II is an e+e� colliding beam storage ring complex designed
to produce a luminosity of at least 3� 1033 cm�2s�1 at Ecm =

10:58GeV, the mass of the �(4S) resonance, with unequal energy
beams of 3.1 and 9.0GeV. Figure 4-1 shows a schematic view of
PEP-II on the SLAC site. PEP-II is being built by a collaboration of
the Stanford Linear Accelerator Center, Lawrence Berkeley Labora-
tory, and Lawrence Livermore National Laboratory. Both the high
luminosity and the energy asymmetry require signi�cant advances in
storage ring design and construction. A full description of the PEP-
II project may be found in the Conceptual Design Report [PEP93].

This chapter �rst reviews the limitations on luminosity in e+e�

machines, and the strategy for overcoming them in PEP-II. Next,
the components of the PEP-II complex are described, with special
emphasis on the interaction region, where the asymmetric energy
beams are brought together from their separate machines and col-
lided inside the detector. Finally, the machine-induced backgrounds
in the detector are estimated.

4.1 Luminosity Optimization

The luminosity of a colliding beam machine is given by

L =
N+N�f

A
(4.1)

where N+ and N� are the number of particles per bunch, f is
the collision frequency, and A is the e�ective collision area [San70].
Increasing the luminosity requires some combination of increasing
the number of particles per bunch, increasing the collision frequency,
or decreasing the collision area.
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4.1 Luminosity Optimization 45

There are direct limits on N+ and N� set by the interaction of
the electromagnetic �eld of the bunch with its environment. (Here-
inafter the superscript of N is suppressed when not essential). The
longitudinal microwave instability or bunch lengthening and trans-
verse mode-coupling instability are driven by the broad band impe-
dance of the vacuum chamber. The product N � f , or equivalently The beam current is

limited by the narrow

band impedance of the
vacuum chamber

the beam current, is limited by the narrow band impedance of
the vacuum chamber, which is dominated by the RF accelerating
cavity system. There are also limits on the beam current from
synchrotron radiation and electromagnetic heating of the vacuum
chamber, from gas desorption caused by synchrotron radiation, and
from ion trapping.

4.1.1 Tune-Shift Limits

The electromagnetic �eld of one beam de
ects the particles of the
other beam. For particles passing near the center of the other beam,
the de
ection is proportional to the distance from the beam center,
i.e. the other beam acts like a lens. This is quanti�ed by the beam-
beam tune-shift �, the ratio of the optical beta function at the
crossing point to the focal length of focusing applied by the other
beam. The tune-shift is given by

�i =
re

2�

Nother




��
i

�i(�x + �y)
(4.2)

where re is the classical electron radius, Nother is the number of
particles in a bunch of the other beam, 
 is the relativistic boost,
�x and �y are the horizontal and vertical beam sizes at the collision
point, and i is x for horizontal or y for vertical. The beam-beam
tune shift need not be equal in the horizontal and vertical planes.

Unfortunately, Gaussian bunches are not very linear lenses, and
there is a limit on the tolerable strength of non-linear elements in
a storage ring lattice. Increasing N with �xed optics eventually
results in such large non-linear beam-beam forces that the beam
becomes unstable. The exact limit on �, and thus on N , depends on Tune-shift limits depend

on the details of the
ring lattice and its
imperfections

how rapidly beam perturbations damp out and on details of the ring
lattice and its imperfections. Experience with many e+e� machines
indicates that the PEP-II design value of � � 0:03 is conservative
(the original PEP machine achieved � � 0:05).
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46 PEP-II and the Interaction Region

The tune-shift also imposes constraints on luminosity improvements
from reducing the beam size. The beam sizes at the collision point
are given by �i =

p
�i�

�

i
, where �i is the beam emittance, and i is x

or y. For the common case �x

�y, reductions in �x, �
�

x
, and �y are

eventually limited by �x or �y. On the other hand, a reduction in
��
y
reduces the beam area thus increasing the luminosity, without

changing �x, and even decreases �y.

While beam-beam e�ects do not limit reductions in ��
y
, there are

other limits. Lowering �� by changing the strengths of focusing
magnets at �xed locations inherently increases the chromaticity,
or sensitivity of focusing to small energy variations. This reduces
the aperture over which particle orbits are linear and stable, which
in turn limits the storable beam intensity. The chromaticity canThe placement of the

�nal focusing elements

must balance reduced
chromaticity with

adequate space for the
detector

be reduced by moving the focusing magnets closer to the collision
point, but this is limited by the free space needed for the detec-
tor. When �� approaches the bunch length, the colliding bunches
become colliding hourglasses, and the beam-beam e�ects become
stronger. Reducing the bunch length signi�cantly requires very
large increases in RF voltage.

4.1.2 Energy Transparency and Luminosity

In a single-ring symmetric machine, the two beam energies are
identical, � and � for the two beams are normally the same, and
optimum beam-beam performance is normally obtained with N+ =
N�. An asymmetric energy machine necessarily has two di�erentThere are several \energy

transparency" conditions,
aimed at making the

beam-beam behavior of
an asymmetric machine

similar to that in a
conventional storage ring


 factors and separate rings with di�erent beam parameters, so the
luminosity and beam-beam parameter space is much larger. It is
prudent to design an asymmetric energy machine so its beam-beam
behavior can be made as similar to a symmetric machine as possible.
To this end, \energy-transparency" conditions have been proposed
by several authors [Gar89, Chi90, Fur91, Kri90].

To achieve �+
i
= ��

i
and �+

i
= ��

i
in an asymmetric machine, it is

necessary that (EI=��
y
)+ = (EI=��

y
)�, where E is the beam energy,

and the bunch population N and the collision frequency f have
been absorbed into the current I. In this case, the luminosity can
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be written

L = (2:17� 1034cm�2s�1)� (1 + r) �y

 
EI

��
y

!
�

(4.3)

where r = �y=�x, E is in GeV, I is in amperes, and ��
y
is in cm.

In this formulation, it appears advantageous to collide round beams,
r = 1, but this does not appear to be practical. With the energy-
transparency conditions assumed above, producing round beams
requires ��

x
= ��

y
and �x = �y. It is di�cult to increase �y by

wigglers, etc. to the natural value of �x from synchrotron radiation
in the arcs, and introducing strong x � y coupling would severely
constrain the working point in tune space. Very strong focusing
quadrupoles near the collision point would be required to achieve
��
x
= ��

y
, and it is not clear that the resulting chromaticity would

be tolerable. Since at least one of the two beams must be o�-axis
in these quads, the synchrotron radiation would be intense, and it
was not possible to �nd a solution to the resulting backgrounds in
the detector.

4.1.3 Beam Separation

The collision frequency f is set by the spacing of the bunches.
It is desirable to prevent the bunches from colliding except inside
detectors, to eliminate any contribution to the tune-shift from extra
collisions. The e�ect of extra collisions is particularly damaging if
they occur at points of high beta, or if the collisions are a few sigma
away from being head-on. In an asymmetric energy machine, the Parasitic collisions must

be minimizedbeams are necessarily in separate rings, so additional collisions can
only occur in the region where the rings are brought together. A
limit to f is then set by the ability to separate the beams.

One method of separating the beams is to collide them at a sub-
stantial angle. In this case, not every particle has a chance to In PEP-II, the beams

collide with zero crossing

angle
collide with every particle in the other bunch, and the luminosity is
decreased. An additional problem with large crossing angles is that
particles at the front and rear of the bunch, which are at opposite
phases of their synchrotron motion in longitudinal-position{energy
phase-space, receive opposite transverse kicks from the other beam.
This synchrotron-betatron coupling greatly complicates the beam
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48 PEP-II and the Interaction Region

dynamics and reduces the luminosity dramatically. The original
two-ring DORIS machine at DESY with a 12mr crossing angle was
limited to a very low luminosity by synchro-betatron resonances
[Piw77]. In principle it is possible to avoid both the above problemsA \crab-crossing" scheme

can eliminate the coupling
of synchrotron and

betatron motions that
is endemic to a non-zero

crossing angle. Such a
scheme has never been
implemented

by rotating the bunches by exactly the crossing angle before the
collision point, and reversing the rotation afterward, the \crab-
crossing" scheme of Palmer [Pal88]. This requires cavities with large
transverse RF �elds on both sides of the collision point. The \crab-
crossing" technique has never been demonstrated in practice.

Since the beam energies are asymmetric, it is possible to collide the
beams head-on, but separate them with a simple dipole magnet. To
allow a high collision frequency without extra collisions, the separa-
tion magnet must be very close to the collision point. Additionally,
the separation magnet will be a source of synchrotron radiation,
and thus potentially a source of detector background.

4.1.4 PEP-II Design

The route to higher luminosity chosen for PEP-II is to reduce ��
y

to the limit set by the bunch length, and increase f by reduc-
ing the bunch spacing to the limit of practical beam-separation
schemes. The parameters of PEP-II (see Table 4-1) satisfy the
energy transparency conditions. The bunch populations do not
require a vacuum chamber with a lower broad-band impedance than
that achieved in PEP. The beams collide with zero crossing angle
and are separated magnetically. This strategy does require separa-In a head-on collison

scheme, separation dipoles

and quadrupoles must
function inside the

magnetic �eld of the
detector

tion dipoles and focusing quadrupoles that can function inside the
detector solenoid magnetic �eld, a vacuum system that can tolerate
intense synchrotron radiation, an RF system with excellent damping
of narrow-band impedance, and a feedback system to stabilize the
remaining multi-bunch instabilities. With a conservative tune-shift
of � = 0:03, a luminosity of 3 � 1033 cm�2s�1 can be achieved at
Ecm = 10:58GeV.

The permanent magnets used in the interaction region limit the
easily available range of Ecm, but the full energy range of the �The PEP-II energy range

extends over the �
resonances and the nearby

continuum

resonances and nearby continuum [PEP93, pages 101-102] can be
covered. It will also be possible to study mixing and CP violation in
the B0

s
system on the �(5S) resonance at somewhat reduced lumi-
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nosity with no major changes to the machine. A dedicated �(5S)
run would probably be done with a re-optimized interaction region
at a larger asymmetry, perhaps along with a signi�cant luminosity
upgrade.

Parameter HER LER Units

Center-of-mass energy 10.580 GeV

Peak Luminosity 3:0� 1033 cm�2s�1

Luminosity lifetime 1.55 hr

Bunch spacing 1.26 m

Circumference 2219 m

Beam energy 9.000 3.109 GeV

Bunch length 1.0 1.0 cm

Number of bunches 1658 1658

Particles per bunch 2:73� 1010 5:91� 1010

Beam current 0.986 2.140 Amps

Transverse damping time 36.8 40.4 msec

Horizontal emittance 48.2 64.3 nm-rad

Horizontal IP beta 50.0 37.5 cm

Horizontal IP spot size 155 155 �m

Horizontal tune-shift 0.03 0.03

Vertical emittance 1.93 2.57 nm-rad

Vertical IP beta 2.00 1.50 cm

Vertical IP spot size 6.2 6.2 �m

Vertical tune-shift 0.03 0.03

Table 4-1. PEP-II Parameters

4.2 Components

Both the High Energy Ring (HER) and Low Energy Ring (LER)
of PEP-II are housed in the original PEP tunnel, thus avoiding
civil construction. The electrical and cooling-water utilities of PEP
are su�cient for PEP-II with only minor modi�cations. The large
2.2 km circumference results in relatively low synchrotron radiation
power losses, which reduce the requirements on the RF accelerating
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50 PEP-II and the Interaction Region

system. It also spreads the SR power over a large area, reducing
the thermal stresses on the vacuum system. The LER has the
same circumference as the HER; asymmetric machines with unequal
circumference rings su�er from beam-beam dynamics complications
that are avoided by having identical circumferences. Any savings
from a LER with a smaller circumference would, in any case, likely
be absorbed by the cost of civil construction of a separate tunnel.

The PEP tunnel has six arcs, and six long straight sections with
surface access (IR halls). The detector will be located in the IR2
hall, which is 22 meters wide along the beam and 35 meters long.
A wall of movable shielding blocks divides the hall, so the detector
can be assembled while PEP-II is being commissioned. The HER
RF system will be located in IR8 and IR12; the LER RF system
will be in IR4. The original PEP RF system was located in these
IR's, so the electrical and cooling utilities have adequate capacity.
Injection into the HER occurs at IR10, and injection into the LER
is at IR8. The existing injection beam lines from the SLAC linac
beam switchyard to PEP will be used with modest upgrades.

The SLAC Linear Collider (SLC) will be somewhat modi�ed for
PEP-II injection. The SLC e+ and e� damping rings and high-
power e+ production system will be retained, but two new extrac-
tion points from the linac will be introduced at locations where the
beam energies will be adjusted to equal the PEP-II ring energies.
These extraction points will be located at Sector 4 for the low-energyTwo new injection bypass

lines from the SLC will be
built for PEP-II

beam and Sector 10 for the high-energy beam. The beams will be
transported in new bypass beam lines to the end of the existing
linac tunnel where they will join the PEP injection beam lines.
The bypass lines avoid the di�culties of transporting low-energy
beam bunches through the wake�elds and higher-energy focusing
of the linac that impeded previous attempts to inject SLC beams
into PEP. It will be possible to recover from complete loss of bothInjection in top-o� mode

(the normal mode of

operation) will take
3 minutes. Injection from

scratch will take 6 minutes

beams in 6 minutes, and to top o� both rings in 3 minutes. For
an injection time of 6 minutes, the optimum time between �lls is
30 minutes, yielding an average of 71% of peak luminosity. The
average luminosity decreases to 65% of peak if the injection time
increases to 10 minutes.

Letter of Intent for the BABAR Detector
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4.2.1 Lattice Design

The original PEP arcs contained 192 half-cells, each of which con-
tained a bend (dipole) magnet, a focusing or defocusing quadrupole,
and a sextupole for chromaticity control. This scheme is being
retained for both rings of PEP-II. The PEP magnets are being
refurbished for the PEP-II HER, while new magnets are being con-
structed for the LER. The LER bend magnets are much shorter than To increase the damping

rate, the LER bends are

shorter than the HER
bends

the HER bends, since it is desirable to increase the LER damping
rate by increasing the synchrotron radiation. New supports will
carry the HER magnets somewhat closer to the 
oor than PEP,
and the LER magnets will be mounted above the HER magnets on
corresponding supports.

The FODO quadrupole lattice of the arcs will be maintained through
most of the straight sections in both the HER and LER (this re-
quires some additional HER quadrupoles to be constructed). In
particular, the RF straight sections in PEP-II will have consider-
ably lower beta values than in PEP, to minimize synchro-betatron
coupling problems at the RF cavities. The injection straight sections
have special optics with a central high-beta point. This makes
the beam size larger compared to the septum size, to make the
construction and operation of the injection components easier. Two There are wiggler magnets

in the LER for control of
the damping rate

of the LER straight sections have special optics to accommodate
wiggler magnets. The wigglers can be used to increase the damping
rate in the LER to be as large as in the HER. The optics of the
interaction region is of course special, and is discussed in detail
below.

4.2.2 Vacuum System

The vacuum chamber in the HER arcs will be made of copper, as
is the HERA electron ring. Copper has a low gas photo-desorption
coe�cient from synchrotron radiation compared to aluminum. This
allows the vacuum requirement of 10 nTorr in the arcs to be achieved
by the conventional means of distributed ion pumps integrated into
magnets. The distributed pumps will be supplemented by conven- The vacuum system uses

discrete and distributed

ion pumps
tional ion pumps between the bend magnets. In the LER, most
of the synchrotron radiation is absorbed between the short bend
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magnets rather than inside them. Conventional discrete ion pumps
will be used in the region between the bends. In both rings, the
straight section vacuum chambers will be primarily stainless steel,
with one discrete ion pump per quadrupole.

4.2.3 RF System

Since PEP-II will have beam currents far larger than in past e+e�

machines, the beam currents will excite far larger �elds in the RFTo minimize impedance,

the two PEP-II rings have
a total of 30 RF cavity

cells, compared to 120 for
PEP

system. It is desirable to apply the accelerating voltage required
to overcome synchrotron radiation losses with as few RF cavities
as possible, to minimize multibunch instabilities. Thus PEP-II has
only 20 cavity cells for the HER and 10 for the LER, compared
to 120 for PEP. The high beam currents also imply that more
power must be transmitted to the beam for a given RF voltage,
so the power absorbed by the cavity walls is less important than in
lower-current machines. In fact, the minimum number of cavities
is determined more by the power-handling capacity of waveguide-
to-cavity couplers than the cavities themselves. Thus, there is
little advantage to superconducting cavities, and the PEP-II RF
cavities are made of copper. The higher order modes (HOM) of
the cavities are damped by three waveguides terminated by RF
absorbers. These waveguides propagate the HOM power, but not
the fundamental accelerating mode. Low-power tests of the cavity
design show that the HOM driving the worst beam instabilities are
reduced by more than three orders of magnitude.

Despite the damping of the RF cavity HOMs, one longitudinal and
two transverse beam instability modes are expected to have growth
rates greater than the damping provided by synchrotron radiation.
PEP-II therefore has longitudinal and transverse feedback systems.
The longitudinal system measures the phase of each bunch every
time it passes a pickup, continuously analyzes the data in a digi-
tal processor farm, and applies the bunch energy corrections withLongitudinal and

transverse feedback

systems are required to
damp instabilities

a broadband accelerating-structure kicker. Prototypes have been
constructed, and have been tested at SPEAR at SLAC and at the
Advanced Light Source at LBL. The transverse feedback system is
very similar, with many components derived from the longitudinal
system. Information from beam position monitors approximately
90� apart in betatron phase is used to calculate a transverse cor-
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rection for each bunch on each turn. The correction is applied by a
transverse kicker on the next ring turn.

4.3 Interaction Region

The PEP-II interaction region (IR) must take beams from two
separate storage rings with energies di�ering by a factor of three,
combine them to a common axis, focus them to sub-pinhead sizes,
collide them a few centimeters away from the closest detector ele-
ments, then separate them and return them to their respective rings.
The layout of the PEP-II interaction region is seen in Figure 4-2. It
is described fully in the PEP-II Conceptual Design Report [PEP93,
pages 55-58 and 66-74].
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Figure 4-2. Plan view of the interaction region. The low-

energy beam enters from the lower right and exits from the upper

left. The high-energy beam enters from the left and exits on the

right. The vertical scale is highly exaggerated. The dashed lines

represent the beam stay-clear envelopes, and the 300mr detector

acceptance cuto�.

As noted above, if bunches collided or passed closely at any point
except the intended low-beta collision point, the accumulated beam-
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beam tune shift from the parasitic collisions would greatly limit the
luminosity. Particle-tracking studies (see [Ten91], [PEP93, pages
200-208]) indicate that if the beams are separated by at least 7�x
parasitic collisions are unimportant. The IR design achieves 12 �xThe �rst bending magnet,

B1, is only 20 cm from the
interaction point

separation in the horizontal plane at the �rst parasitic collision
at 63 cm by placing the inner end of the B1 dipole magnet at a
distance of only 20 cm from the interaction point (IP). The Q1The high energy beam is

centered on the Q1 axis;
the low energy beam is
o�-axis in the horizontal

plane

quadrupole, the primary vertical focusing element for the low energy
beam (LEB), starts at 90 cm from the IP. The high energy beam
(HEB) is centered on the Q1 axis, but the LEB is o�-axis in the
horizontal plane. The orbit of the LEB is thus de
ected further
away from the HEB. At a distance of 280 cm from the IP, the Q2
quadrupole provides the primary horizontal focusing for the LEB.
Q2 is located on the LEB axis, and the separation of the two beams
is su�cient for the HEB to traverse a �eld-free hole in Q2. The
Q4 and Q5 quadrupoles, at 370 and 595 cm, are the �nal doublet
for the HEB, while the LEB travels through the �eld-free region
outside them.

The B1 and Q1 magnets are inside the 1.5 T detector solenoid �eld.
Conventional iron magnets do not function in this environment, so
the only possibilities are superconducting or permanent magnets.
There is not enough room between the beampipe and the 300mr de-B1 and Q1 are permanent

(SmCo) magnets tector acceptance envelope at the location of B1 to allow a cryostat,
so the only option is a permanent magnet. In the PEP-II baseline
design, Q1 is also a permanent magnet. (A superconducting Q1
design is also being considered. It would not change the IR optics
in a fundamental way, nor would it change the luminosity, but it
would allow greater operational 
exibility, at a signi�cantly higher
cost.)

B1 and Q1 are constructed of rings of samarium-cobalt (SmCo)
permanent magnet material. Each ring is constructed of SmCo
blocks, with their magnetic moments normal to the beam direction
and varying in azimuth around the beam in the manner described
by Halbach [Hal81]. Permanent quadrupole magnets very similar to
Q1 have been used at the Cornell Electron Storage Ring for many
years [Her87a], [Her87b].

The Q2 quadrupole is outside the detector solenoid, so it is a con-
ventional iron and copper magnet. However, the �eld must change
from a high-quality quadrupole for the LEB to a �eld-free region for
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the HEB over a distance of 3 cm. This is accomplished by squeezing Q2, a conventional iron
magnet, is a quadrupole

for the LEB and has a
�eld-free region for the
HEB

the conductor of one quadrant of the quadrupole into the small space
between the pole tips, leaving the normal coil position open for the
HEB to travel through it. The Q4 and Q5 quadrupoles are iron
and copper magnets with similar but less signi�cant perturbations
to allow the LEB to travel in �eld-free regions.

4.3.1 Beampipe Design

The beam pipe at the interaction point is a double-wall structure,
with an inner tube 50mm in diameter and 800�m thick, separated The beam pipe is a double-

walled Be structure,
cooled with helium gas
at 2 atm

by 2mm from an outer tube of 400�m thickness, with helium gas

owing between the tubes to remove the 200 W of beam induced
heating. It is made of beryllium to minimize multiple scattering,
totalling 0.34% of a radiation length. It is brazed to stainless steel
beam pipe beyond the 300mr acceptance of the detector. The
helium 
ow is 22 g/sec at 2 atm, giving a �lm temperature drop
of 2� C and a temperature rise of 1:1� C. The structure is designed
to withstand 50 atm of pressure.

There are water-cooled masks inside the B1 magnet to prevent
synchrotron radiation from striking the beam pipe. There are ad- The synchrotron radiation

masks are water-cooledditional masks to protect the septum region of the Q2 quads from
synchrotron radiation. The IP beampipe and synchrotron radia-
tion masks are described in the PEP-II Conceptual Design Report
[PEP93, pages 357-371].

4.3.2 Support Tube

The two Q1 magnets and the B1 magnets, the IP beam pipe, and The beam pipe, B1 and Q1
magnets and the vertex

detector are assembled in
a rigid support barrel

the vertex detector are assembled into a single rigid support barrel
of 43 cm outside diameter, shown in Figure 4-3. The designs for
B1, Q1, Q2, and the support tube are described in [PEP93, pages
276-301].

The support barrel is assembled and internally aligned outside the
detector and installed by sliding it through the drift chamber. The The support barrel is less

than 0.5% of a radiation

length thick
two end sections of the support barrel, which carry the Q1 magnet
assemblies, are made from stainless steel. The middle barrel section
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Figure 4-3. Support barrel for interaction region components

inside the detector. Only one end is shown.

is carbon �ber composite of 0.5% radiation length thickness. The
total assembled weight is approximately 2500 kg, concentrated in
the end sections.

During installation, when the barrel is supported by its ends, the
highest stress levels occur in the carbon �ber section. This section
is designed with a safety factor of 3. The support barrel is mounted
at each end near its quarter-point balance locations in a vertical
support column. These structures are �xed across the vertical di-One method of holding

the support tube and drift
chamber is using vertical
columns at the two ends

of the coil

ameter of the magnet coil and provide support for the drift chamber
as well as the support barrel. There are some failure scenarios for
the superconducting Q1 option that could apply larger torques than
occur during installation. These abnormal loads would be carried by
the barrel support mounts and not the central carbon �ber section.

4.4 Backgrounds

4.4.1 Overview

The problem of machine-related backgrounds is one of the leading
challenges in the PEP-II project. The detector must be su�ciently
well protected to prevent excessive component occupancies or de-
terioration from radiation damage. In e�ect, what is required is
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to achieve background rates similar to those of existing colliders, Background rates similar
to those at existng

e
+
e
� machines must be

achieved with an order-of-
magnitude more current

but at beam currents an order of magnitude higher. Three primary
sources of detector backgrounds have been considered:

� Synchrotron radiation photons produced in the machine mag-
netic elements,

� Interactions of beam particles with background gas molecules
(Bremsstrahlung and Coulomb scattering), and

� Beam-beamBremsstrahlung at the interaction point, in which
beam particles radiate enough energy to be bent into machine
elements by B1 or Q1.

These background sources can give rise to primary particles that
can either enter the detector directly or generate secondary debris
that ultimately reaches the detector.

A primary design strategy of the machine elements near the detector
was to choose the placement and apertures of these elements in
such a way as to ensure that most (about 90%) of the synchrotron Most of the synchrotron

radiation power generated

close to the collision region
is absorbed far from the

detector

radiation power produced close to the collision point is absorbed
on downstream surfaces far from the detector. This is a key in-
gredient of the design, as it ensures that local sources of scattered
synchrotron radiation are greatly limited. In addition to the careful
placement of magnetic elements, it is also important to provide low
pressure (below 1 nTorr) in the section of beam pipe in each ring
that immediately precedes the detector to reduce the rate of beam- A pressure below 1 nTorr

is required near the

detector
gas interactions.

The following sections describe the current state of the background
calculations. Further discussion of these simulations can be found in
[PEP93, pages 103-143]. Background studies are continuing along
several directions. Tools are being developed to interface the cur- The current background

generation code is being
merged with GEANT for

detailed trigger studies

rent background generation code to a full GEANT detector sim-
ulation, which will allow realistic trigger rate studies. Work is
also in progress towards estimating the rate of inelastic beam-gas
interactions and the resulting trigger rate.
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4.4.2 Synchrotron Radiation Backgrounds

There are several sources of synchrotron radiation backgrounds:

� Direct synchrotron radiation,

� Photons that scatter through a mask tip,

� Synchrotron radiation from elements far upstream of the in-
teraction point, and

� Sources of backscattered photons from downstream surfaces.

Separating the unequal-energy beams by the use of bending mag-
nets and o�set quadrupoles generates several fans of synchrotron
radiation. The geometry of the interaction region optics, however,
is designed to minimize the amount of synchrotron radiation that
strikes nearby surfaces. In particular, the \S-bend" geometry of
the beamlines allows most of the synchrotron radiation generated
by magnetic elements upstream of the interaction region to pass
through the detector region without hitting local surfaces. Primary
masks near the collision point are used to prevent direct radiation
from hitting the detector beam pipe, while at the same time keeping
the number of photons that strike the mask tips to an acceptable
level. The synchrotron radiation fans from both beams are shown
in Figure 4-4.

The Low Energy Beam (LEB) generates synchrotron radiation fans
as it passes through the Q1 and B1 magnets on its way to the col-
lision point. The LEB mask is designed to prevent the synchrotron
radiation (either fan or quadrupole) generated by the upstream
magnets from directly striking the detector beam pipe. The surfaces
of the LEB mask are sloped such that scattered photons cannot
travel directly to the detector beam pipe. The LEB mask absorbs
about 3.6 kW of synchrotron radiation power. Fans generated byThe LEB mask absorbs

3.6 kW, the septum mask
3.5 kW

the LEB in the two B1 magnets and in the downstream Q1 magnet
pass through the interaction region without striking nearby surfaces.
The �rst surface that intercepts the B1 fans is the septum mask in
front of the Q2 septum quadrupole, located 2.8m from the IP. This
septum mask absorbs 3.5 kW of power.

Synchrotron radiation fans generated by the High Energy Beam
(HEB) in upstream bend magnets and o�set quadrupole magnets
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Figure 4-4. Synchrotron radiation fans from the low-energy

(top) and high-energy (bottom) beams. The density of shading

gives an indication of the relative photon intensity from the

various radiation fans.
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Incident Absorbed Absorbed Absorbed Incident
on Be in �rst in second in third on Drift
pipe Si layer Si layer Si layer Chamber

4 < E
 < 100 keV
# of photons 1.24 .028 6:9� 10�4 5:6� 10�4 2:4� 10�5

Energy (keV) 17.6 0.43 2:2� 10�2 2:0� 10�2 3:2� 10�3

4 < E
 < 20 keV
# of photons 0.96 .022 3:8� 10�5 8:6� 10�5 2:1� 10�7

Energy (keV) 9.34 0.17 9:2� 10�4 1:3� 10�4 3:7� 10�6

Detector Limits
# of photons | 2.3 > 2:3 > 2:3 125
Energy (keV) | 95 > 95 > 95 5000

Table 4-2. Synchrotron radiation background simulation re-

sults. The numbers are for each crossing. Multiply by 2:38� 10
8

to get photons per second. In the simulation, the beam pipe

consists of 25�m of Cu and 1mm of Be. The beam pipe inner

radius is 2.5 cm. The Si layers are 300�m thick.

deposit nearly 1 kW of power on the HEB mask. These upstreamThe HEB mask absorbs
nearly 1 kW HEB elements are positioned to ensure that radiation generated by

beam particles even 10� o�-axis in these elements does not strike
the LEB mask. The fans of radiation generated by the HEB as it
passes through the two B1 magnets do not strike any surfaces in the
detector region and are absorbed in a dump about 17m downstream
of the detector.

The geometry of the masking near the IP is such that no synchrotron
radiation can hit the IP beam pipe directly, nor can it scatter o� the
face of a mask onto the IP beam pipe. Scattering through the tips ofSynchrotron radiation

cannot hit the beam pipe
directly

the LEB and HEB masks is the dominant source of photons striking
the detector beam pipe. This process has been simulated in great
detail. The individual photons that strike the LEB and HEB mask
tips are generated from an energy spectrum given by a program
that traces the photons from sources to surfaces of interest. The
photons that end up striking the detector beam pipe are followed
through the detector components by the EGS Monte Carlo program
[Nel85]. Further details of this simulation package can be found in
[PEP93, pages 108-112]. The results of the simulations are the
photon spectra found in Figure 4-5; backgrounds resulting from
synchrotron radiation are shown in Table 4-2.
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Figure 4-5. Photon spectra from synchrotron radiation. Left

plot is for high energy beam, right plot is for low energy beam.

Other sources of synchrotron radiation, such as magnets farther
upstream, and back-scatter from the Q2 septum masks, produce
negligible contributions to the detector background compared to
primary mask tip scattering. While a high photon 
ux strikes the
dump for HEB radiation from the B1 magnets, the small solid angle
of the detector beam pipe as seen from this source, the small angle
of incidence photons from this source have on the beam pipe, and
the fact that most of the beam pipe is shielded by the LEB mask,
together reduce the background the 17m dump to a low level.

The e�ect of magnet misalignments on detector backgrounds has
also been evaluated. There is a threefold increase in the background The e�ect of misalignment

of the interaction region
magnets on detector
backgrounds has been

evaluated

rate in one direction for a 5-mm displacement in x of Q1, Q4 or
Q5. The rest of the misalignment checks produced small (< 50%)
increases in backgrounds, with some con�gurations producing rates
that are actually below the nominal background rate. None of
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these misalignment checks resulted in synchrotron radiation photons
directly striking the detector beam pipe.

4.4.3 Detector Backgrounds due to Lost Beam

Particles

Bremsstrahlung and Coulomb scattering of beam particles from
residual gas molecules in the beam pipe can lead to high-energy
electrons and photons striking masks and the beam pipe near the IP.Lost beam particles are

a source of detector
occupancy and radiation

damage

The resulting electromagnetic showers can cause excessive detector
occupancy and/or lead to radiation damage.

In calculating the rates at which particles strike near the IP due to
bremsstrahlung and Coulomb scattering, both the HER and LER
lattices have been simulated for a distance of 185 m upstream of
the IP (halfway around the adjacent arc). The beam particles that
have interacted with the residual gas (lost beam particles) are trans-
ported through the ring optics to the IP region. Particles striking
the beam pipe near the detector start electromagnetic showers that
are simulated with EGS.

The rate estimates are based upon a nominal beamline pressure
of 1 nTorr (N2 equivalent) for a distance of 35-60m upstream of
the IP. For the HER, a lower pressure (0.2 nTorr) is assumed from
35 to 3m upstream of the IP, and for the LER, the region from
15 to 2m upstream of the IP is kept at 0.2 nTorr. For both rings,
the pressure close to the IP is taken as 1 nTorr. In the discussion
below, the background rates are quoted per microsecond, since 1 �s
is a typical integration time for detector elements. One microsecond
corresponds to 238 beam crossings.

The number of rays striking near the IP is reduced by suitably
placed upstream masks. A graded aperture is employed in this
region of the machine lattice (�60m from the IP), that is, pro-Upstream masks are

arranged to form a graded

aperture
gressively larger apertures are used as one approaches the IP. This
masking scheme essentially eliminates rays from the higher-pressure
(about 5 nTorr) upstream arc regions that start 60m from the IP
in each ring. Some of the remaining rays, from soft bremsstrahlung
interactions, remain inside the beam stay-clear envelope until they
are well inside the detector region. The rate of these lost particles is
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First Second Third Drift CsI
Si layer Si layer Si layer Chamber Calorimeter

Hits per �sec 20 14 7 0.4/layer 0.8
Dose (krad/yr) 10 3.3 0.8 0.001 C/cm/yr 0.009
Detector Limits
Hits per �s 140 260 360 7-30/layer 10

Dose (krad/yr) 200 200 200 0.1 C/cm/yr 10

Table 4-3. Summary of predicted average occupancy and

radiation dosage for the silicon detector, drift chamber and CsI

calorimeter for lost beam particle backgrounds. Tolerable levels

for each subsystm are indicated under detector limits. The rate

in the calorimeter is for photons of greater than 10MeV in energy,

averaged over the entire calorimeter above 45 cm radius.

controlled by maintaining a low pressure in the region immediately
upstream of the detector.

Using the EGS Monte Carlo code with an interface for complex
geometries [Hea91], the hits per �sec in the various detector compo-
nents have been determined. The simulation includes the geometry The OBJEGS package

is used to estimate the
number of lost particle

hits per microsecond

and material type of the beam pipe, masks, magnets, and detector
components as well as the IR optics and detector magnetic �elds.
The occupancy and radiation dosage for each detector component
are listed in Table 4-3. Figure 4-6 shows the energy and azimuthal
distribution of electrons and photons incident on the inner layers of
the silicon, the drift chamber, and the inner face of the calorimeter.

Based on the results in the Table 4-3, occupancy and radiation dose Occupancy and radiation

doses are within
acceptable limits for all

detector systems

are well within acceptable limits for the silicon detector, the drift
chamber, and the CsI calorimeter.

4.4.4 Detector Backgrounds due to Radiative

Bhabhas

Radiative Bhabhas produced at the collision point generate a spec-
trum of o�-energy beam particles that can be swept into the detector
by the downstream B1 and Q1 magnets. This process is similar
to beam-gas bremsstrahlung except that it occurs solely at the IP
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64 PEP-II and the Interaction Region

Figure 4-6. Energy and azimuthal distributions of photons

(solid) and electrons (dashed) incident on the inner face of

the silicon detector, drift chamber and CsI calorimeter for lost

beam particle backgrounds. Rates correspond to the number of

incident particles per microsecond.
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rather than being distributed throughout the beamline. Because of
this similarity, the same analysis procedure that was used for beam-
gas bremsstrahlung can be employed here to study this process as
well.

The main source of detector background comes from photons with
energies near the minimum absorption cross section (1{2MeV).
These photons are remnants of showers that develop when o� energy
beam particles hit the beam pipe and machine components inside The main source of

detector backgrounds is

few MeV photons from
showers produced by lost
beam particles

the detector. These photons are not uniformly distributed but
are concentrated in azimuth on the side where the degraded beam
particles hit, and in z toward the ends of the drift chamber. The
photons Compton scatter in the chamber producing spurious hits
and increased radiation dosage. Estimating the peaking factor due
to the nonuniform � and z distributions to be about 5, the maximum
charge deposition in the drift chamber is found to be 0.009 C/cm/yr,
which is 11 times below our maximum acceptable level of 0.5 C/cm
over a �ve-year operating lifetime.

4.4.5 Summary

The masking design for synchrotron radiation produces detector Synchrotron radiation

and lost-particle induced
backgrounds are well

within acceptable limits

backgrounds that are �80 times below the speci�ed limits for ra-
diation damage and detector occupancy. A detailed study of lost-
particle backgrounds in the detector found that all devices are well
within acceptable limits for both radiation damage and average
occupancy, with typical safety factors relative to conservative limits
of more than 20 for a �ve-year operating life. The e�ect of radiative
Bhabhas on the detector has also been studied, indicating a safety
factor of at least 11 in the regions of the central drift chamber where
this source deposits excess energy.
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5

Vertex Detector

T
he purpose of the vertex detector is to provide precise infor-
mation on both the position and direction of charged particle

trajectories close to the interaction point. When combined with
tracking information from the drift chamber, the precision of the
vertex detector dominates the measurement of the particle's posi-
tion near the interaction point both along the beam axis and perpen-
dicular to it. It also contributes signi�cantly to the measurement
of azimuthal and polar angles. For very low momentum charged
particles, the track parameters must be completely determined in
the vertex detector.

These track parameters (especially slope and position near the in-
teraction point) are used to measure the location of B, D and
� decays. For CP violation studies, it is particularly important
to measure the location of the B decay along the beam direction
(the z axis). The mean distance between B decays at PEP-II
(with �
 = 0:56 at the �(4S)) is about 250�m. Both analytical A measurement of the z

position of the B decay
vertex to a precision of
�90�m is adequate, but
better precision improves
background rejection and
vertex-�nding e�ciency

calculations and Monte Carlo simulations show that the reduction
in precision of CP -violating asymmetries due to imperfect vertex
resolution is less than 10% if the distance between the reconstructed
B vertices is measured with a resolution equal to half the mean sep-
aration [LeD90a, LeD90b]. Therefore, our goal is to measure the z
position of a single B decay with a precision of 125�m=

p
2 � 90�m

or better. However, pattern recognition, vertex-�nding e�ciency
and background rejection all bene�t from greater precision.

In this chapter, the required vertex resolution is shown to be achiev-
able with double-sided silicon microstrip detectors. A conceptual The conceptual design

is a �ve-layer device,
allowing e�cient track-
�nding within the vertex
detector itself

design is presented based on �ve layers of silicon sensors with a
readout pitch of 100�m in the inner layers and 200�m in the outer
layers. Given the material in the beampipe and the �rst layer of
silicon, the track parameter resolution is dominated by multiple-
scattering errors, and not by intrinsic position resolution, except for
the highest momentum tracks from B decays. Mechanical support
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issues and the electronic readout requirements for such a system are
discussed.

R&D is described for a small high-precision Time Projection Cham-
ber based on microstrip gas chamber readout. The potential for such
a system to provide increased acceptance in the forward region is
being explored.

Finally, an outline is given of the features of a pixel-based silicon
detector that make it attractive as a potential future upgrade. Also
identi�ed are the challenges that must be overcome to reap the
bene�ts of the improved intrinsic spatial resolution of a pixel system.

5.1 Design Considerations

The measurement errors on each of the charged-track parameters
depend on both the intrinsic detector resolution and multiple scat-
tering. The precision of the measurement device should be good
enough so that its contribution to the track error is not signi�cantly
larger than that from multiple scattering. The multiple scattering
contribution to the impact parameter resolution is dominated by
the material upstream of the measurement system (in this case the
beam pipe and the �rst detector layer). It varies as the squareThe required precision

of the vertex detector is
set by the limitations
of multiple Coulomb
scattering in the
material upstream of the
measurement

root of the number of radiation lengths multiplied by the radial
position of this material. Section 5.4 (curve (a) in Figure 5-5)
shows that the multiple-scattering contributions to the uncertainty
on the track position and angle for the highest momentum particles
from B decays are approximately 12�m and 0.5mr, respectively, at
normal incidence for realistic choices of detector radii and material
thickness. Thus the precision of the measurement device need not
be signi�cantly better than these values.

For the simple case of two measurements z1 and z2, the errors on
the impact parameter along the beam direction, z0, and the tangent
of the dip angle, tan�, from the detector resolution only (i.e. no
multiple scattering) are

�2z0 =
r22�

2
z1
+ r21�

2

z2

(r2 � r1)2
and �2tan� =

�2z1 + �2z2
(r2 � r1)2

;

where r1, r2 are the �xed radii of the measurements and �z1 , �z2
are the errors on the z measurements. From the �rst equation, it
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can be seen that �z0 is approximately equal to �z1 if the lever arm
(r2 � r1) is large compared to r1. Therefore, the error on the �rst
measurement should be as small as possible, but does not have to
be much smaller than the contribution from multiple scattering (�
12�m). The resolution for the second measurement should satisfy
�z2 < r2�z1=r1; the bene�t of reducing it much below this value is
marginal. From the second equation, it can be seen that for normal The precision of the �rst

measurement of the decay
vertex position should be
as high as is practical

incidence an angular precision of 0.5mr can be achieved with a
10 cm lever arm and an intrinsic resolution on z2 of about 50�m.
The same conclusions apply to the x{y plane if the momentum is
assumed to be determined with the drift chamber.

These considerations lead to the following design guidelines:

1. The product r1
p
X0 should be minimized, where r1 is the ra-

dius of the �rst measurement andX0 is the amount of material
traversed by the particle through the �rst measurement layer.

2. The resolution in z and r� for the �rst measurement on the
track should not be much larger than � 12�m at normal
incidence.

3. The resolution in z and r� for the outer measurement(s) should
be � 50�m or less.

A design concept based on double-sided silicon strip detectors has
been developed that satis�es these guidelines and meets the goals
for the vertex detector. The achievable intrinsic resolution for sil-
icon strip detectors is �rst discussed and then a particular layout
presented.

5.2 Intrinsic Resolution of Microstrip

Detectors

With silicon strip detectors, a resolution of 15�m is readily achieved A resolution of 15�m is
readily achieved at close
to normal incidence with
50�m pitch detectors

with 50�m pitch (center-to-center spacing of strips) for tracks close
to normal incidence in the plane perpendicular to the strips. How-
ever, as the angle of incidence increases, the resolution degrades due
to ine�ciencies in the readout for strips with small signals at the
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ends of the cluster of hit strips. A Monte Carlo-based simulation
has been used to study this e�ect, taking into account 
uctuationsThe degradation of the

resolution at larger angles
of incidence has been
studied with a detailed
Monte Carlo calculation

in energy loss, di�usion, channel-to-channel gain variations (5%)
and noise. This simulation was used to study the e�ects of strip
pitch, noise levels, threshold levels and readout schemes on intrinsic
position resolution.

The position of the charged track can be determined using several
di�erent algorithms. The simplest is a digital algorithm that calcu-
lates the average of the center positions of the �rst and last strips
with a signal larger than a particular threshold. The second method
uses analog readout information to correct the digital centroid byDigital and analog

centroid-�nding al-
gorithms have been
compared

the quantity (P=2)(SN � S1)=(SN + S1) where P is the strip pitch,
and S1 and SN are the pulse heights in the �rst and last strips
in the cluster, respectively. The �nal method assumes that every
second strip is 
oating so that charge is capacitively partitioned
to adjacent strips. Analog pulse height information is read out for
the strips between the 
oating strips and the centroid of the charge
distribution is calculated.

The intrinsic resolution for 300�m-thick silicon is shown as a func-
tion of incident angle (�) in Figure 5-1 for 50 and 100�m pitch
digital readout with a noise level of 1200 e�, corresponding to
a signal-to-noise ratio of about 20 for perpendicular tracks. The
readout threshold is set to 4 times the noise. For 50�m pitch, the
resolution is signi�cantly degraded for large angles of incidence and
becomes worse than that for 100�m pitch at about 45�. Further
studies have shown that this degradation can be reduced by lowering
the threshold. However, the resolution is then worse for small angles
of incidence for 50�mpitch and for all angles of incidence for 100�m100�m readout pitch with


oating strips provides
excellent resolution at
small angles with only
very modest degradation
at large incident angles

pitch. For these pitches, the analog algorithm does not improve
the resolution signi�cantly. However, the analog centroid method,
combined with 
oating strips, results in improved resolution for
small angles of incidence. In particular, 100�m readout pitch with

oating strips gives a resolution equivalent to 50�m readout pitch
without 
oating strips for angles less than 45�. Above 45�, it is
equivalent to 100�m readout pitch. Floating strips also improve
the resolution at small incident angles for digital readout.

The resolution is shown in Figure 5-2 for the same noise and thresh-
old assumptions but for 150 and 200�m pitch for the digital and
analog algorithms. For these larger pitches, there is no degradation
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Figure 5-1. Calculated intrinsic resolution for a 300�m-thick

silicon vertex detector as a function of the angle of incidence of

the charged track in the plane perpendicular to the strips for 50

and 100�m pitch, for digital readout. The noise level is 1200 e�

and the readout threshold is 4 times the noise. The waves in

the curves are due to the absence of position smearing for the

particle origin in the Monte Carlo.

of the resolution with angle and the analog centroid improves the
resolution signi�cantly at large angles of incidence. The same read-
out pitch with 
oating strips improves the resolution by another
factor of two at small angles of incidence.

5.3 Silicon Strip Baseline Design

Based on the guidelines and the predictions for intrinsic resolution
discussed in the previous sections, a conceptual design has been
developed based on double-sided silicon strip detectors with 90�

stereo angle. This design has the following elements:

1. Two high-precisionmeasurements as close to the beam pipe as
possible. Since the �rst measurement is crucial for z0, two lay-
ers of silicon are needed to deal with possible ine�ciencies in
the �rst layer. A readout pitch of 100�m with 
oating strips
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Figure 5-2. Calculated resolution for a 300�m-thick silicon

vertex detector as a function of the angle of incidence (�) of the

charged track in the plane perpendicular to the strips for 150 and

200�m pitch for (a) a digital readout scheme and (b) an analog

readout scheme.

provides adequate intrinsic resolution (� 12�m for normal
incidence). For r� readout, one could use 50�m readout with
or without 
oating strips.

2. Two measurements (for redundancy) at larger radii with some-
what reduced precision (200�m pitch with 
oating strips),
mainly for the angle determination and for linking tracks to
the drift chamber.

3. One measurement at an intermediate radius for purposes of
pattern recognition, especially for low-momentum tracks.

A layout consistent with these design guidelines is shown in Fig-
ure 5-3. The �rst three layers of detectors are organized in barrel-The reference design has

three barrel-only inner
layers and two outer layers
with a barrel section
and inclined endcaps
(\lampshades")

type structures while the outer two layers have a barrel section in the
central region and inclined sections (\lampshades") in the forward
and backward regions. These lampshade detectors are inclined to
minimize both the amount of material traversed by particles and the
area of silicon. They are mechanically and electrically connected to
the barrel detectors.
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Figure 5-3. Layout of a vertex detector based on double-sided

silicon strip detectors. The radii of �ve layers in the barrel region

are given in mm.
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Figure 5-4. Material traversed by a particle inside the support

tube, for the layout shown in Figure 5-3, with (curve d) or

without (curve c) some of the electronics inside the active volume.
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In this layout, all of the electronic readout is located outside the
�ducial volume (i.e. below 300mr in the forward region and 500mr
in the backward region). The total amount of material traversedThis layout permits all

electronics to be located
outside the �ducial volume

by a track between the interaction point and the outside of the
vertex detector is shown as curve (c) in Figure 5-4. The material
is dominated by the silicon but also has contributions from the
beampipe (about 0:5% of a radiation length at normal incidence)
and the support structures.

To bring the signals from the z strips to the readout electronics
outside the tracking volume, a kapton insulator is glued to the
detectors and metal traces on the kapton are wirebonded to the
readout strips. To read out all the strips at the narrow end of thez signals are routed on

traces mounted on a
bonded kapton layer

wedge-shaped lampshade detectors, up to three strips are ganged
together and routed to the same preampli�er channel. This scheme
results in �150k readout channels for the entire detector.

Curve (d) in Figure 5-4 shows the increase in material in the case
that detailed engineering of the forward region just outside the ac-
tive volume forces us to move the electronics into the �ducial region.
The e�ect of this extra material on the vertex detector performance
is negligible because it is located after each measurement plane, but
it has some impact, which is under study, on the overall tracking
performance.

5.4 Resolution of the Baseline Design

The track parameter resolution for the vertex detector design shown
in Figure 5-3 plus the drift chamber described in Chapter 6 was cal-
culated with a program that takes into account intrinsic resolution,
multiple scattering, energy loss and energy-loss 
uctuations [Inn93].
The results for z and tan� are shown in Figure 5-5 as a function
of polar angle for a range of momenta, calculated in the center-of-
mass frame. The position resolution of the detectors is assumed
to vary with track incident angle in a manner consistent with the
resolution expected for 100�m readout pitch in the �rst three layers
and 200�m readout pitch in the outer layers with intermediate

oating strips.
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Figure 5-5. Single-track resolution in z and tan� as a function

of the polar angle in the center-of-mass frame for the design

shown in Figure 5-3. The curves correspond to various particle

momenta. For curve (a), the intrinsic resolution is assumed to

be perfect.

The z resolution for a 3GeV=c track has been calculated, including
multiple scattering but assuming perfect intrinsic resolution. This
is shown as curve (a) in Figure 5-5. The results show that the reso- Except for the highest

momenta, z resolution is
dominated by multiple
scattering

lution is dominated by multiple scattering, and not by the intrinsic
position resolution of the silicon detectors, except for the highest
momentum tracks from B decays.

Using the track parameter resolutions shown in Figure 5-5, the
vertex resolution in z has been determined for three B decay modes:
B0 ! �+��, B0 ! J= K0

S and B0 ! D+D�. The di�erence
between the reconstructed and generated B0 vertex position in the
z direction is shown in Figure 5-6 for the three �nal states. In
each case, the distribution is �t with a sum of two Gaussian func-
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Figure 5-6. Distribution of the di�erence between the recon-

structed and generated B0 vertex position in z for three decay

modes. Fits to these distributions with a sum of two Gaussian

functions (dark curve) yields resolutions for the narrower Gaus-

sian of (a) 22�m, (b) 34�m and (c) 41�m. The wider Gaussian

alone is shown as a light curve.

tions, shown as the dark curve in the �gures. The standard devi-The z vertex resolution
for three representative
B decay modes to
CP eigenstate ranges
between 22�m and 41�m

ation of the narrower function is 22�m for B0 ! �+��, 34�m for
B0 ! J= K0

S, and 41�m for B0 ! D+D�. The contribution of the
wider Gaussian, shown as a light curve in the �gures, is not very
large, indicating that the e�ect of poorly measured tracks at small
polar angles is not signi�cant.

5.5 Acceptance for Low-Momentum

Particles

In PEP-II, a large number of low-momentum pions are produced
from B decays, � decays, and direct charm production. The soft
pions produced in D�+ decays represent one particular source. The
reconstruction of D�+ mesons is important for CP violation studies
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Figure 5-7. Distribution of the maximum radius reached by

the soft pions in D�+ decay from B meson decays in a 1.5 T

magnetic �eld.

in B decays such as B0 ! D�+D��, and for charm studies such as

D0D
0
mixing.

With a 1.5 T magnetic �eld, many low-momentum particles will
not travel very far into the central drift chamber. Figure 5-7 shows
the maximum radius reached by the soft pions produced in D�+

decays from the decay B0 ! D�+D��. This study was done using
a GEANT simulation in order to incorporate the curvature change
due to energy loss in materials. Figure 5-7 shows that 30% of the
pions do not reach a radius of 30 cm, the minimum radius for at
least four drift chamber measurements. Some of these particles A vertex detector capable

of stand-alone pattern
recognition improves the
reconstruction e�ciency
for low momentum tracks
in a 1.5 T �eld

can be reconstructed if the vertex detector independently has the
capability to �nd and fully reconstruct low-momentum tracks. Of
the pions that do not reach a radius of 30 cm, about 60% traverse
all �ve layers of silicon. This represents a sizable potential increase
in reconstruction e�ciency, particularly for B0 ! D�+D�� where
the D�+ e�ciency enters twice. The desire for stand-alone track
reconstruction in the silicon is one of the motivating factors for a
�ve-layer detector.
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5.6 Detector Speci�cations

Double-sided silicon strip detectors provide two-dimensional posi-
tion information with a minimum amount of scattering material.
They provide a conservative choice for the vertex detector for BABAR,
as the technology is now well established [Bat91]. The detectors
are fabricated on 300 �m-thick high-resistivity (4{8 k
 cm) n-typeThe detectors are

fabricated using 300 �m-
thick high-resistivity n-
type silicon

silicon substrate. The readout electrodes consist of p-doped strips
on the junction side and n-doped strips on the ohmic side. On
both sides, a thin insulating layer (SiO2 and/or Si3N4) covered with
aluminum is deposited on top of the strip to provide AC coupling
to the preampli�er input (C> 20 pF= cm) and to ensure su�ciently
low strip resistance (R< 50
= cm).

On the ohmic side, p-doped strips are placed between the n-doped
readout strips to increase the otherwise low interstrip resistance.
This leads to higher capacitance on the ohmic side than on the
junction side. Therefore the junction side will be used for the zThe junction side is used

for z strips and the ohmic
side for the orthogonal �
strips

strips and the ohmic side for the orthogonal � strips. This re
ects
the greater importance of the z measurements compared to the �
measurements and also partially compensates for the extra capac-
itance of the kapton fanout used to bring the signals from the z
strips to the preampli�ers.

Each strip is individually biased from a ring surrounding the active
region, either with a poly-silicon resistor or with the punch-through
mechanism. Poly-silicon resistors are straightforward to implementBoth poly-silicon resistor

and punch-through biasing
are under consideration

but require extra processing steps. Their resistance can be of the
order of 10M
. Punch-through biasing, obtained by carefully ad-
justing the distance (a few �m) between the detector strip implant
and the biasing ring, o�ers a very high dynamic resistance (> 1G
)
without extra processing steps in the detector production [Kem93].
Both methods are being studied and should be su�ciently radiation
hard.

An alternative approach to kapton fanouts for z strip readout (de-
scribed in Section 5.3) is a second layer of metal strips separatedA second metallized layer

is an alternative to kapton
routing of the z strip
signals

from the �rst layer by a 2 { 5�m-thick silicon oxide or polyimide
deposit. The implications of the two solutions in terms of yield,
cost, mechanical design and performance are being investigated.
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To reduce the amount of scattering material, detectors as thin as Fabrication on thinner
substrates could reduce
multiple scattering

150�m are also being considered. In this case, a di�erent substrate
crystal orientation [100] would increase mechanical stability.

The detector layout described in Section 5.3 requires both rectan-
gular and wedge-shaped detectors. The exact geometry of the strips Rectangular and wedge-

shaped detectors must be
fabricated

on the wedge detectors will require further studies. In the detailed
design of the vertex detector, the detector dimensions will be chosen
to make e�cient use of the area on a silicon wafer.

5.7 Mechanical Support

The silicon detectors and the readout hybrids are assembled in a
single mechanical unit, called a module, whose rigidity is provided A structure, such as

Kevlar beams, glued to
the detectors provides the
mechanical support

by a light-weight support structure, such as Kevlar beams, glued
to the detectors. At each end of a module, a beryllium oxide or
aluminum block, referenced to the strips on the detector, provides
the required mechanical precision and acts as a heat sink for the
electronics.

In the �rst three layers, the modules are stacked in hextants, each
containing one module from each layer. The hextants and the The vertex detector

structure is supported
by the inner permanent
magnet dipoles of the
accelerator

outer layer lampshades are mounted on two support cones (SCF
and SCB in Figure 5-3) that run along and are supported by the
B1 dipole magnets. The support cones are divided into halves to
allow the vertex detector to be assembled in two halves and then
mounted on the B1 magnets. The sti�ness of the overall structure Overall sti�ness is

provided by a low-mass
space frame

is provided by a very low-mass space frame, constructed out of
carbon �ber tubes, connecting the forward and backward support
cones. The motivation for this space frame stems mainly from the
possible relative motion of the two B1 magnets during the assembly
procedure.

The assembly and alignment of the beam pipe and the magnets
take place in a staging area outside the interaction hall. After the
vertex detector is installed on the B1 magnets, the support tube
(see Chapter 4) is slid over the entire assembly and mated to the Q1 Assembly and alignment

are done before the vertex
detector is installed in the
interaction region

quadrupoles. The assembly is now su�ciently rigid to be moved to
the interaction hall, but during transportation the B1 magnets can
move with respect to each other by as much as 1mm, although they
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will return to the original position once installed in the accelerator.
The support of the detector from the magnets must allow for this
relative motion without placing stress on the silicon wafers. The
forward support cone is therefore �xed to the B1 magnet by a
mechanical joint (J1 in Figure 5-3) that constrains all but one
of the six degrees of freedom of the vertex detector assembly. It
allows the detector to rotate about a horizontal axis perpendicular
to the beam (that is, it hinges up and down). The mounting of the
backward cone (J2 in Figure 5-3), on the other hand, constrains
only the vertical position of the vertex detector with respect to the
magnet. This allows the B1 magnets to twist with respect to each
other. The proposed mounting scheme provides reproducible and
accurate positioning of one end of the vertex detector with respectUtilities are routed along

along the B1 magnets to
points outside the active
region

to one of the B1 magnets. The space frame and support cones
form a rigid structure. The connections to the B1 magnets isolate
the detectors from stresses when the magnets shift. Cooling water,
power and signals are routed along the B1 magnets to points outside
the active region where manifolds for the cooling water and drivers
for the electronics are located.

5.8 Machine-Related Backgrounds and

Radiation Hardness

The dominant machine-related backgrounds originate from beam-
beam interactions and from bremsstrahlung or Coulomb scattering
of the beam particles (see Chapter 4). The background rate has a
1=r2 dependence and, as shown in Figure 5-8, is strongly peaked
in a small region in the horizontal plane spanning a few degrees
in azimuth, with a ratio between peak and average of about 10.
Background considerations in
uence several aspects of the design:
readout segmentation, electronics shaping time, data transmission
rate, triggering and radiation hardness. The readout issues will
be discussed in section 5.9; this section is mainly concerned with
radiation damage.

The expected radiation dose in the worst region of the detectorThe design goal is
radiation hardness of
ten times the expected
worst-case yearly dose

(�rst layer, near the horizontal plane) is about 150 krad/year. The
design goal is set at 10 times this number, 1.5 Mrad, corresponding
to an equivalent proton 
uence of about 2:5 � 1012 protons/cm2
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Ionizing radiation also produces signi�cant changes in the charac-
teristics of MOS devices and integrated circuits. Radiation-hardRadiation-hard processes

are available to fabricate
the front-end electronics

technologies are available and have been characterized for three
foundries: UTMC, Harris and Honeywell, with feature sizes of 1.2
and 0.8�m. For these processes, radiation e�ects saturate after
about 100 krad and the devices are stable up to at least 100 Mrad.

5.9 Front-End Electronics and Data

Transmission

The front-end electronic readout of the vertex detector will be im-The 4ns bunch spacing
of PEP-II mandates an
asynchronous architecture

plemented as monolithic integrated circuits, mounted directly on the
detector. The very small bunch spacing at PEP-II (4 ns) requires
an asynchronous architecture similar to front-end designs developed
for the SSC. Because of space constraints in the region near the
B1 magnets, the size of the electronic readout hybrid must be
minimized, limiting the size of the readout ICs, the number and
size of external components (including optical drivers/receivers),
and the space available for cabling. Three types of readout systems
are being evaluated: digital, analog, and time-over-threshold. The
decision on which system to use will depend on issues such as impact
on position resolution, IC size, and power consumption.

The readout architecture and circuit implementation are dominated
by background considerations. A recent report [Lev94] shows that
occupancy in the worst readout sections of the �rst two layers is
0.5% and 0.2% (for 1�s time intervals and 50�m readout pitch).
Although an architecture in which all data are transmitted to the
data acquisition system (\data-push") could operate with an ac-
ceptable ine�ciency (< 2%), it would be di�cult to accommodate
the safety margin for increased backgrounds that seems prudent at
this time. Therefore, a \data-pull" architecture is being designedA \data-pull" architecture

provides better safety mar-
gin against backgrounds

to transmit data from the front-end ICs on the silicon detector to
the data acquisition system when requested by a fast trigger signal
generated by the trigger electronics after a �xed latency. However,
a prompt output formed by a logical OR of all strips monitored by
a single front-end IC will be provided in a \data-push" manner to
be used in the formation of the trigger, as discussed in more detail
in Chapter 11.
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A triggered readout requires some form of extended bu�ering to
accommodate the hits occurring during the trigger latency time.
One possibility is to use a linear pipeline, the length of which is
the latency time divided by the time resolution. An alternative
is to use a common bu�er for all channels on a chip, for example A �nal decision on the

pipeline structure has not
yet been made

a RAM or CAM structure. The decision will depend on whether
analog information is transmitted, on expected background rates,
and on the impact of the bu�er and control logic on the chip size.
The number of cells in the data bu�er depends on the required time
resolution. This will be the result of a compromise between noise
considerations, which imply a preference for a long shaping time,
and the need to keep the strip occupancy low.

The achievable noise levels depend on the lengths of the strips to be
read out and the leakage current, as well as the pulse shaping scheme
and time constant. Since the choice of time constant is driven by
the hit rate per strip, the optimum value is likely to be di�erent for
inner and outer layers. A system with an adjustable time constant
is being considered. For a 100 ns peaking time, noise levels that Time-stamping to

�100ns can be achieved
with adequate noise
performance

have been achieved with existing ampli�ers fabricated by a 1.2�m
CMOS process are 490 electrons equivalent noise charge for a 7 cm
long detector and 940 electrons for a 14 cm detector. The major
power contributions in the analog stage are from the preampli�er
(0.6 mW), the shaper (0.25 mW) and the comparator (0.1 to 0.25
mW). The data bu�er and readout circuitry will add about 0.5 mW
per channel, so the total power could be about 1.5 mW per channel.
The 150k readout channels in the layout shown in Figure 5-3 would
generate less than 250 W.

Data from the silicon vertex detector must be transported from
the front-end ICs mounted on the detector to the trigger and data
acquisition electronics. The design of the data transmission system
is driven by three requirements: to provide the required band-
width to avoid deadtime; to minimize the amount of material in
the detector �ducial volume; and to minimize the power dissipation
and cooling.

After receiving the fast strobe from the trigger system, the data in
each front-end IC will be compressed and merged with data from
the other ICs on the same silicon detector module to form one data
packet from each module. This data packet will be transmitted
with a trigger tag and necessary error detection codes to the data
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acquisition system. Its actual format has not yet been determined.
The details of its design depend critically upon the decision whether
to transmit analog or digital data from each strip, but estimates
have been made of the data rates expected for each alternative.

Two technologies are being considered to transmit the data: elec-
tronic transmission over low mass cables made of kapton and alu-
minum, or optical transmission over �bers.Data transmission using

either kapton/Al traces
or optical �bers is being
considered

Both of these options are based on existing commercial technolo-
gies but require some customization in order to meet the detector
needs. A likely choice will be that the front-end ICs transmit data
directly over low mass cables to the area just outside the active
detector volume (near the beam line magnets) where an optical
system transmits the signals the remainder of the distance to the
data acquisition and trigger electronics.

5.10 Forward �TPC Option

The �TPC is a technology being explored to provide tracking in the
forward region close to the beampipe. It consists of a cylindrical
Time Projection Chamber with a drift distance of about 10 cm.
The �TPC would replace some of the silicon detectors in the for-A �TPC could provide

tracking information at
small forward polar angles

ward region and would potentially provide tracking at smaller polar
angles, more space-point measurements per track and less material
than a silicon system in this region. The motivation for a �TPC is
the observation that the unequal beam energies at PEP-II increase
the number of particles produced at angles less than 300mr with
respect to the beamline, a region in which there is no drift chamber
tracking due to the shadow of the B1 dipole magnet. Although the
region between 200 and 300mr from the beamline accounts for only
2.5% of the solid angle in the forward hemisphere, 6% of charged
particles from B decays fall in this region.

5.10.1 �TPC Setup and Performance

The �TPC [Wor93] design, shown in Figure 5-9, consists of a cylin-
drical drift volume with an electric drift �eld parallel to the mag-
netic �eld of the detector solenoid. The gas mixture is 80% Ar, 20%
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Figure 5-9. A vertex detector setup with �ve layers of silicon

and a �TPC in the forward region.

CH4. The ionization electrons drift up to 10 cm toward a microstrip
gas chamber (MSGC) [Sau93] located at z = 18 cm. The readout
endplate is a glass substrate with thin metal anode and cathode
strips. The �TPC extends from 3 to 9 cm in radius. The entrance
windows consist of two thin epoxy foils (typically 70�m thick),
glued to a light honeycomb structure for sti�ness. The fraction of
a radiation length due to the �TPC traversed by a particle is 0.1%
before and 2% after the �TPC measurements. The silicon detectors
in the three inner layers would have to be read out entirely in the
backward region to minimize the amount of material in front of the
�TPC.

The measurement of the z coordinate of the track is provided by a
timing measurement. The r and � coordinates are provided by an
array of crossing strips on the MSGC endplate. The cathodes and The measurement of the

z coordinate of the track
is provided by a timing
measurement. The r

and � coordinates are
provided by an array of
crossing strips on the
MSGC endplate

anodes are formed by semicircular strips with 200�m pitch. Two
thousand radial \petals" for � readout are separated from the anode
strips by a 2�m-thick layer of SiO2. With this array of strips, the
number of space-point measurements along a track is 100 at 300mr
and 22 at 200mr.

The z impact parameter resolution expected for this combined silicon-
�TPC system is shown in Fig 5-10. The solid line represents the
combined system and the dashed line corresponds to the all-silicon
setup described in Section 5.3. For the �TPC, the spatial resolution
is assumed to be 30�m in the r � � plane and � 350�m in z.
The calculated resolution is up to 30% better for the �TPC system
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Figure 5-10. Resolution on the z impact parameter for a

combined silicon/�TPC system (solid line) and an all-silicon

system (dashed line).

for cos �cm > 0:7 (� less than 30� in the laboratory frame). A
similar result is obtained for resolution on tan� [OSh94]. The
momentum resolution for tracks below 300mr is modest: �p=p �
0:1p with a beam constraint of 30�m in the plane perpendicular to
the beamline.

The potential improvement in reconstruction e�ciency provided by
the increase in acceptance has been studied for the decay modesThe potential increase in

reconstruction e�ciency
provided by the �TPC has
been studied

B0 ! J= K0

S and B0 ! D�D� with simulations based on para-
metric track-resolution functions using the ASLUND Monte Carlo.
Mass constraints on intermediate resonances (J= ;K0

S ; D
�) are

used to compensate for the poor momentum resolution for tracks
reconstructed with the �TPC only. The B mass resolution can
be recovered to a large extent by applying these constraints. The
simulations show a net gain in acceptance of 20% for B0 ! J= K0

S

and 25% for B0 ! D�D� compared to the silicon-only design,
due to the increased angular coverage. There is no indication of
a signi�cant increase in background from B decays. The increased
charged-particle coverage provided by the �TPC may also help in
reducing background in the decay B� ! ���� .
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5.10.2 R&D Issues and Prototype Schedule

The operation of a �TPC with a 10 cm drift volume read out by
a one-dimensional MSGC has recently been demonstrated with a
laser beam and in a low-intensity proton test beam. A test with a
stray magnetic �eld similar to the one produced by the B1 magnet
was done, showing a track displacement of the order of 40�m, which
in principle can be corrected.

Two potentially serious background issues for the �TPCmust be ad- Remaining questions
concerning the viability
of the �TPC in a high-
background environment
are being addressed

dressed: space charge e�ects and occupancy. On average, the inte-
grated radiation load to the MSGC is expected to be small compared
to what has already been achieved with such chambers [Sau93].
However, space charge in the drift volume could cause track distor-
tions at the 100�m level in the r � � and r � z planes. A static
blocking grid could be considered to prevent the ions from drifting
back into the drift volume. It is not clear whether the latency of
the Level 1 strobe trigger would be adequate for this purpose. The
occupancy, and the resulting track visibility, are currently under
study using a full GEANT simulation and local pattern recognition.
The precise design of the strips and pad segmentation will follow
from this study. To address some of the operational questions,
an extensive set of tests with two-dimensional readout, including
a high-intensity beam test in a magnetic �eld, is scheduled for the
summer of 1994.

5.11 Pixel Detector Option

Silicon pixel detectors have several properties that make them po- Pixel detectors could
provide better tolerance
to high backgrounds,
improved spatial
resolution and three-
dimensional space points

tentially very attractive for use at PEP-II. The relatively small
capacitance of the charge collection structures leads to high signal-
to-noise ratios (�100) permitting the use of very thin detectors
and resulting in an intrinsic spatial resolution of a few microns for
both normally incident and angled tracks. The two-dimensional
segmentation of pixel detectors would also provide high tolerance
to backgrounds and e�cient pattern recognition.

Both hybrid [Sha90] and monolithic [Ken92] pixel arrays have been
developed, fabricated and studied in the laboratory and in test

Letter of Intent for the BABAR Detector



90 Vertex Detector

beams. Recent improvements in design have resulted in arrays
featuring a data-push architecture, which allows the passage of
the particle itself to initiate the read cycle [Sha93]. Prototypes of
these data-push arrays have been successfully tested in the labora-
tory, demonstrating low noise (< 100 electrons rms) and adequate
band width to record a particle's passage in less than 200 ns. A
detector based on 30 � 135�m2 pixels with a hybrid thickness of
200�m (150�m detector and 50�m electronics) is described else-
where [Atl93] along with mounting and cooling designs.

To take full advantage of the precision of a pixel detector, the
multiple scattering in the beam pipe must be reduced below the
levels currently being contemplated. If the challenges of building aA new low-mass beam

pipe design would be
required to take advantage
of the improved spatial
resolution of pixel devices

very thin beam pipe can be overcome and if pixel detector systems
(including readout and cooling) can be built with minimum mate-
rial, then pixel detectors could provide the high resolution necessary
for extracting CP -violating asymmetries in the B0

s system produced
at the �(5S), where the oscillations are expected to have very high
frequency. Therefore, a pixel detector is considered as a potential
future upgrade for the BABAR detector.
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6

Main Tracking Chamber

T
he objectives of the BABAR experiment place a strong empha-

sis on the reconstruction of exclusive �nal states from B de-

cays. This in turn requires e�cient detection and identi�cation of

both charged and neutral particles, together with precise measure-

ments of their kinematic properties. The main tracking chamber

provides a precision p? measurement for charged particles above

60MeV=c along with a determination of the mean ionization depo-

sition (dE=dx) for particle identi�cation. In ful�lling these func-

tions, design optimization for tracking is constrained by the cost

and performance of particle identi�cation and calorimeter systems

located behind the chamber. These factors e�ectively limit the size

of the tracking volume and require that the structural material of

the chamber be minimized.

The principal function of determining transverse momentum in the

tracking chamber requires precision measurements of the curva-

ture of charged-particle trajectories in the detector magnetic �eld.

However, the chamber also provides measurements of track angles, The main tracking
chamber should provide

good spatial and dE=dx

resolution

locates secondary vertices that are outside the silicon vertex detec-

tor, supplies input for the reconstruction in the vertex and the parti-

cle identi�cation systems, contributes (as a veto) to neutral particle

identi�cation, and augments the dedicated particle identi�cation

device with ionization loss measurements. Finally, fast charged-

particle tracking information is an essential part of the detector

trigger design.

The full tracking system will consist of a silicon vertex detector and

a �280 cm long cylindrical drift chamber in a 1.5 T axial magnetic

�eld. The drift chamber is located radially between the support

tube on the inside and the particle identi�cation system on the The chamber provides a
maximum of 40 measure-

ments per track
outside. For charged particles of transverse momentum greater than

180MeV=c, up to 40 spatial and ionization loss measurements are

provided by layers of small cells arranged between radii of 22.5 cm

and 80 cm. By using a helium-based gas and wires of a low-density



94 Main Tracking Chamber

material, the e�ect of multiple scattering on p? resolution will be

signi�cantly reduced.

6.1 Requirements

Acceptance requirements for B decays produced from a boosted

�(4S) de�ne the geometry of the experiment as a whole, and the

tracking chamber in particular. Figure 6-1 shows the integrated

e�ciency for a variety of all-charged B decay modes as a function

of the momentum and polar angle acceptance. The channels B0 !

�+��, B0 ! J= K0
S with K0

S ! �+�� and B0 ! D+D� with

D+ ! K��+�� have been used in the upper two plots in Figures 6-1

to demonstrate the importance of the forward angle cuto�. For

example, a factor of 6.5 would be lost in the D+D� e�ciency if

good momentum and particle identi�cation information were not

available beyond cos � = 0:8. The backward angle requirement is

considerably less stringent. For the highest and lowest momentum

requirements illustrated in the lower two plots of Figure 6-1, the

channel B0 ! D�+D��, with its subsequent cascade decay D�+ !

�+D0 producing a soft pion, is the most stringent requirement. A

minimum momentum cuto� of 200MeV=c would have zero accep-

tance for this mode. The ability to �nd and reconstruct charged

particles down to �60MeV=c is clearly required for good e�ciency

in this mode and in other channels containing one or more D�+

mesons.

These considerations, along with the ability to operate in the en-

vironment of the PEP-II collider, lead to the following principal

design considerations for the main tracking chamber:

� The tracking system must cover the polar-angle range allowed

by the beam-line components, namely down to 300mr in the

forward direction, or about j cos �cmj < 0:9, with maximum

track reconstruction e�ciency for charged particles with p?
as low as 60MeV=c in a 1.5 T magnetic �eld.

� Excellent transverse momentum resolution must be provided

in order to reconstruct exclusive �nal states with high preci-

sion for good background rejection. A resolution of �p?=p? '

0:3% � p? for p above 1GeV=c (e.g., for B0 ! �+��), and
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Figure 6-1. Starting clockwise from upper left, dependence of

B reconstruction e�ciency on minimum detectable �, maximum

detectable �, maximum detectable momentum and minimum

detectable momentum for charged particle detection from B0
!

�+�� (solid), B0
! J= K0

S , J= ! `+`�, K0
S ! �+�� (dash-

dot), and the dashed curves representing B0
! D+D�, D+

!

K��+�+ for the angular distributions and B0
! D�+D��,

D�+
! �+D0, D0

! K��+ for the momentum distributions.

�p?=p? ' 0:3% for momenta between 0.1 and 1GeV=c (e.g.,

for B0 ! D+D�) should be achievable.

� The main tracking chamber should provide a z resolution of

�1mm at its inner radius for linking to the silicon vertex

detector measurements and for reconstruction of K0
S mesons

with vertices outside the silicon detector. At the outer radius,

the requirement on z resolution for extrapolation to the par-

ticle identi�cation system and the calorimeter depends upon

the choice of PID technology, and ranges from 0.5 to 2.0mm.
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� Measurements of dE=dx with su�cient precision to provide

good K=� separation at momenta up to 750MeV=c should be

available. This is especially important for the extreme back-

ward direction, where there is no other particle identi�cation

device.

� The above speci�cations must be satis�ed in the presence of

expected charged-particle backgrounds of 1 MHz/layer at the

inner radius. The drift chamber should remain operable at

much higher rates.

� The material in the cylinder walls, endplates, electronics, and

cabling must be minimized to prevent degraded performance

of the particle identi�cation and calorimeter systems; less than

10% of a radiation length for the forward endplate should be

possible, and only a few percent for the outer cylinder wall.

� The layer arrangement of the drift chamber should permit a

fast Level 1 trigger determination.

6.2 Design Considerations

Neglecting material, the transverse momentum resolution is directly

proportional to the single-cell spatial resolution, and inversely pro-

portional to the square root of the number of measurements, to

the magnetic �eld strength, and to the square of the measured

arc length in the transverse plane. However, for most momenta

encountered in this experiment, multiple scattering in the material

within the tracking volume is also an important factor, dominating

the resolution below 0.5GeV=c.

Given these considerations, the most critical parameter is the mag-

nitude of the radial tracking length which is uninterrupted by sig-

ni�cant material. In the present design, the vertex detector and

beam pipe together constitute about 3.5% of a radiation length

at normal incidence. In contrast, the material within the driftThe material within the
drift chamber can be kept

to 0.12% X0

chamber can, with care, be kept to around 0.12% of a radiation

length for its entire 56 cm (interior) radial thickness. If there were

no support tube between the silicon and the main tracking chamber,

the e�ective track length for the p? measurement would extend

from the outermost layer of the silicon through the entire tracking
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chamber. With a support tube representing 0.5%X0 of material and

located at a radius of 21.5 cm, the e�ectiveness of the vertex detector

measurement is degraded, as may be concluded from Table 6-1.

The outer radius of the drift chamber is restricted by the cost of

the calorimeter and, depending on the particle identi�cation device,

will be about 80 to 96 cm. Thus, the external factors of support tube

and calorimeter radius severely limit the design choice for tracking

length.

Another parameter which is available to improve resolution at high

momentum is magnetic �eld strength. Table 6-1 shows that in-

creasing the magnetic �eld from 1.0 to 1.5 T improves B mass A 1.5 T �eld is desirable

for momentum resolution
in a necessarily small

tracking chamber

resolution by about 30%. There are, however, drawbacks to using

a strong magnetic �eld. It compromises the low momentum accep-

tance of the drift chamber as a stand-alone tracking device. Higher

magnetic �elds restrict the gas choice to those with su�ciently A high magnetic �eld
may present problems for
pattern recognition and

triggering

small Lorentz angle, so that excessively slow drift velocities or cell-

de�nition problems do not arise. Trigger and pattern recognition

e�ciency may be degraded by the larger track curvature or by tracks

which loop within the tracking volume. Nevertheless, given the

restricted tracking length, the detector should be designed for a

1.5 T �eld.

With this magnetic �eld, only tracks with p? above 180MeV=c can

reach the drift chamber outer wall. Those with p? < 60MeV=c Tracks must have p? >

180MeV=c to reach the

outer layer of the drift
chamber. Tracks with
p? < 60MeV=c must be

measured in the vertex
detector alone

do not enter the drift chamber and must be tracked in the vertex

detector alone. The vertex detector should be capable of providing

independent pattern recognition and reconstruction for such tracks.

For tracks which traverse both measurement systems, the role of

the drift chamber is primarily to measure transverse momentum,

while that of the vertex detector is to determine track direction and

vertex location.

The e�ect of multiple scattering on p? resolution is discussed in

Section 6.5. By comparing the last two entries in Table 6-1, it can

be seen that minimizing the number of radiation lengths of material A helium-based gas
can considerably
reduce the multiple{

scattering contribution
to momentum resolution

in the detector is at least as important as achieving the best possible

position measurement resolution, particularly for lower momentum

tracks. To this end, the proposed chamber uses low-density wires

and a helium-based gas.

Finally, the average single-cell resolution depends on the amount of

primary ionization, on the di�usion properties of the gas, and on
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the cell size. Having selected a low-mass gas, and recognizing that aResolution of 110{150�m
can be achieved using a

helium-based gas
larger cell size implies a smaller number of measurements per track,

no large gains can be made over previous detectors. Prototype

studies and experience elsewhere indicate that a spatial resolution

of 110-150�m can be achieved using a helium-based gas.

Table 6-1 shows the mass resolution of reconstructed B mesons in

the B0 ! �+�� and B0 ! D+D� channels for a variety of detector

con�gurations. These data are obtained from a parametrized simu-

lation [Inn93] and, though they provide a relative comparison, the

absolute values must still be veri�ed with a detailed Monte Carlo

simulation.

Outer Support- Gas- Resolution B-Field Mass Resolution [MeV/c2]

Radius [cm] Tube Wires [�m] [Tesla] B0 ! �+�� B0 ! D+D�

80 Yes He-Al 140 1.0 30.7 � 0.3 5.69 � 0.09

80 Yes He-Al 140 1.5 20.8 � 0.2 4.70 � 0.08

80 No He-Al 140 1.5 17.1 � 0.1 4.37 � 0.08

95 Yes He-Al 140 1.5 14.0 � 0.1 4.07 � 0.07

95 No He-Al 140 1.5 12.5 � 0.1 3.73 � 0.06

80 Yes Ar-Cu 140 1.5 25.2 � 0.2 5.76 � 0.09

80 Yes He-Al 210 1.5 26.0 � 0.2 5.09 � 0.09

Table 6-1. The e�ect of chamber parameters on mass resolu-

tion for B ! �+�� and B ! D+D�. The bold-face entries

represent the parameters of the baseline design. The underlined

values denote a variation with respect to the baseline.

6.3 Conceptual Chamber Design

The drift chamber is a cylindrical annulus of outer radius 80 cm,

inner radius 22.5 cm, and length 280 cm. Two internal geometries

are being investigated: an axial/stereo chamber consisting of 4 axial

superlayers and 6 stereo superlayers, and an all-stereo design in

which the sign of the stereo angle alternates either layer-by-layer or

by superlayer. There are approximately 7000 sense wires and 37,000

�eld wires strung between the endplates, each of which carries an

axial load of �2400 kg.
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6.3.1 Geometrical Shape and Dimensions

The ideal chamber would provide equal momentum resolution at

all polar angles in the center of mass. This requirement leads to a

rather long chamber of around 350 cm, which raises problems of wire The length of the chamber
represents a compromise

between coverage and
performance

tension and stereo angle; it also leads to a prohibitively expensive

calorimeter. On the other hand, making the chamber too short

degrades the mass resolution and introduces non-Gaussian tails into

invariant mass distributions. A study of the CP channels B0 !

�+�� and B0 ! D+D� (see Figure 6-2) shows that the loss of

mass resolution is small as long as at least half the layers of the

chamber are traversed by particles at the 300mr acceptance limit.

This results in a chamber with a forward length of around 167 cm

from the interaction point. The length in the backward direction

is set to 111 cm to provide adequate coverage for dE=dx purposes.

A particle at �430mr in the backward direction will pass through

half the layers in the chamber before exiting. These choices lead to

a maximum wire length of 278 cm at a radius of 51.25 cm.

The current endplate design uses truncated cones with the outer

part of the chamber endplates inclined at 20� to the vertical, as The endplates are sloped
at a 20� angleshown in Figure 6-3. In the forward direction, the tip of the cone

lies on the 300mr line.

The primary motivation for the conical shape at large radii is to

allow particles to enter the particle identi�cation device at close-to-

perpendicular incidence. This reduces the CsI volume and. improves The conical endplates

improve the performance
of the particle identi�ca-

tion and electromagnetic
calorimeter systems

the low-energy performance of the calorimeter by reducing the amount

of material traversed before reaching the crystals. The reduction

comes both from the near-normal angle of incidence, and from the

structural strength of the conical shape, which permits a thinner

endplate.

These arguments only apply to the outer region of the chamber; at

smaller radii outside the acceptance region, the endplate surface

either could be made conical or kept nearly 
at. The double- The conical endplates
slightly compromise the

momentum resolution at
certain angles

conical endplate design reduces the wire length at large and small

radii. This allows a larger stereo angle at these points, and hence

better z resolution in an all{stereo design. The disadvantage is

a slight loss of momentum resolution at certain angles because of

the reduced tracking length; this is an issue which is coupled to the

overall chamber length. Nearly 
at endplates may ease access to the
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Figure 6-3. The tracking chamber geometry showing a possi-

ble concept for truncated cone endplates. The chamber is o�set

in z from the interaction point and extends 1.67m in the forward

direction and 1.11m in the backward direction. A ten-superlayer

structure is indicated.

tors are likely to dominate the amount of material present. While

high-precision drilling of 
at surfaces is easily accomplished, the

drilling accuracy for a conical surface still needs to be investigated.

Solutions for conductivity and RF-shielding are being studied.

The force between the two endplates is carried almost entirely by

the outer shell of the chamber. Engineering calculations indicate

that this could be accommodated by a 1.6mm thick, 0.7% X0, The outer drift chamber
wall is a 1.6mm thick,

0.7% X0, carbon-�ber
shell

carbon-�ber shell. It is anticipated that the chamber will operate

at constant gas pressure resulting in a pressure di�erential (30{

40 mbar) between the chamber and atmosphere. The inner wall

is designed to act as a gas seal, but it must be able to support

this di�erential pressure. A 0.5mm beryllium wall is more than

adequate for this purpose; thinner options are under investigation.
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Endplate Model
Thickness Radiation De
ection

[cm] Length [%] [cm]

Flat Aluminum 2.4 27 0.46

Flat Carbon Fiber 1.6 7.2 1.73

Flat Carbon Fiber + core 0.15 1.4 1.73

Aluminum, double cone 0.61 6.8 0.07

Carbon Fiber, double cone 0.35 1.6 0.08

Table 6-2. Endplate thicknesses and calculated de
ections at

the inner radius for a variety of structural materials and shapes.

6.3.3 Cell Design

The small-cell design of the drift chamber features a 20�m diameter

gold-plated tungsten-rhenium anode wire, surrounded by 55�m di-

ameter low-density cathode wires. The cathode wires, which could

be either gold-plated aluminum or gold-plated silicon carbide, are

arranged to form either a hexagonal or square cell. The cells are

approximately 14mmwide, and there are 5{6 cathode wires for eachSmall cells of �14mm

width will be employed anode wire.

The surface �eld on the cathode wires is < 20 kV/cm. The electro-

static forces have been calculated for tensions of 53 g on the sense

wires and 50 g on the �eld wires. The wires are stable, with a

maximum electrostatic de
ection of �160�m, and a gravitational

sag of 120�m.

The cell resolution, time-to-distance relationship and pulse shapes

over the cell volume have been studied for the hexagonal and squareHexagonal and square
cell geometries have been

studied with a detailed
simulation

cells. A program simulating the drifting of electrons in the chamber

gas in a 1.5 T magnetic �eld has been used to map out arrival times

of ions from tracks in the cells. The simulation has become a valu-

able tool for understanding the basic characteristics of drift cells;

further investigations will include a comparison of these predictions

with experience at presently operating chambers.

Cell resolution has been studied by simulating tracks at various

angles to, and distances from, the sense wire. One such analysis

determines the regions of a cell that has good resolution by mapping
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out tracks that have at least 1.3mm of track segment contributing

to the �rst 10 ns of pulse. It is found that 75% of the hexagonal cell

satis�es this criterion, while square or rectangular cells are good over

69% to 71% of their cross-sectional area, depending on how many

�eld wires are used. These e�ciencies are for near normal-incidence

tracks and do not explore the full range of cell performance.

Time-to-distance relationships have been studied for tracks at vari-

ous angles to and distances from the sense wire. For each simulated

track, the time was taken from the �rst arriving electron. There

is very little di�erence in the time-to-distance function for tracks

within approximately 6mm of the sense wire. At the far edges of the

cell, i.e. at a distance of 8 to 9mm, the time-to-distance relationship

changes rapidly with track angle and distance for both hexagonal There is little di�erence
in the time-to-distance

relationship for hexagonal
and square cells

and square cells. The time-to-distance function is also simulated for

cells at the interface between axial and stereo superlayers, where the

radial size varies along the wire. The conclusion is that there is little

di�erence in the time-to-distance relationship for hexagonal and

square cells, and that the varying cell size at superlayer boundaries

does not degrade resolution in a signi�cant way.

Pulse shapes have also been simulated in the two cell types. The The corners of square cells
yield somewhat longer

pulses due to low electric
�elds and, therefore, low

drift velocity in a non-
saturated gas

corners of the cells are regions of low electric �eld, and therefore low

drift velocity. This leads to long electron-collection times for tracks

passing near the corners. The simulated pulses are lengthened for

square cells, but the e�ect is small when averaged over all radii and

angles of incidence.

6.3.4 Layer Arrangement

Two arrangements of layers within the drift chamber are under

consideration. In the �rst, the axial/stereo design, the wires are

arranged in 4 axial and 6 stereo superlayers (three with positive There are 4 axial and

6 stereo superlayersstereo angle, three with negative), each superlayer comprising four

individual layers. If hexagonal cells are used, cells in the two layers

bounding a superlayer become pentagonal to accommodate the su-

perlayer structure, as illustrated in Figure 6-4a. Measurements of

the z coordinate are provided by stereo wires. The current design

employs stereo angles of approximately 60mr. A larger angle, which

would improve z resolution, is precluded due to the increase of the
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Figure 6-4. Two possible cell designs: A segment of three

superlayers from an axial/stereo design (left). The hexagonal

cells of 1 cm side are truncated at the layer boundaries. A

segment of an all-stereo design incorporating 1.6 cm square cells

(right).

(z-dependent) displacement of sense wires in the pentagonal cells.

A quadrant of the chamber is shown in Figure 6-5.

The second option is the all-stereo chamber design [HEL92]. This

option has approximately the same number of layers as the �rst, but

incorporates only layers with positive and negative stereo angles.

The layers may be arranged either in superlayers or in an alternatingAn all-stereo design is also

being considered pattern; trigger requirements favor the former, while lowmomentum

acceptance favors the latter. Another possibility would be to use

alternating layers for the inner radii and superlayers for the outer

radii. The absence of axial layers allows the stereo layers to nest

together, since adjacent layers have nearly the same sagitta. With

no axial/stereo boundaries the size and shape variations of cells

across the chamber are minimized. Allowing the stereo sag to be at

most the size of one cell, stereo angles of 90-150mr can be achieved.

The all-stereo arrangement features more uniform cell size and shape,

which may facilitate calibration, and provides better z resolution for

tracks that do not reach the outer radius of the drift chamber. In

addition, the larger stereo angles provide the required z resolution

without requiring the use of cathode strips, thereby reducing the

material in the chamber, and eliminating the complication and

expense associated with such a system.
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Figure 6-5. On the left, a quadrant of the axial/stereo cham-

ber, and on the right, a quadrant of the all-stereo chamber.

The principal disadvantage of an all-stereo chamber is that it elim-

inates one of the three track views provided by an axial/stereo

design, and therefore reduces the redundancy available for pattern

recognition; another complication in pattern recognition is that The pattern recognition

and triggering character-
istics of axial/stereo and

all-stereo designs are being
compared in detail

tracks in an all-stereo chamber do not project to form arcs of circles

in either view, although they do still form locally-smooth track

segments. In addition, concerns about triggeringmust be addressed,

although these are not expected to be insurmountable. The question

of pattern recognition e�ciency in the all-stereo case have been

studied [Bri93], but a detailed simulation must be carried out to

verify that the potential loss of track-�nding e�ciency is acceptable,

even in the presence of high backgrounds. Neither the all-stereo nor

the axial/stereo chamber design poses major construction di�cul-

ties.

6.3.5 Wires and Feedthroughs

In order to minimize multiple scattering in the drift chamber, mate-

rial in the gas and in the wires of the chamber must be minimized.

Aluminum, which has a long radiation length compared to other
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metals, is therefore a good candidate. However, bare aluminum

is undesirable because it oxidizes, forming an insulating layer on

the wire surface, which can lead to electrical discharge. A gold

coating solves this problem, but thin layers of gold on aluminum

have been di�cult to produce. A thicker layer of gold becomes

a non-negligible contribution to the radiation length. AluminumField wires will be made
of aluminum or silicon

carbide
wires are also known to su�er `creep', whereby wires gradually lose

tension over time, although this can be minimized by a careful choice

of tension and type of wire. The other material being considered

is a high-strength �ber wire such as silicon carbide (SiC), coated

with aluminum and gold to provide good conductivity and surface

quality. The radiation length of SiC is slightly larger than that

of aluminum, but the thickness of the gold-plating may be the

dominant factor di�erentiating the two choices. SiC has an elastic

modulus which is almost ten times that of aluminum, which may

reduce the incidence of broken wires. Another advantage is the good

match of thermal expansion coe�cients between SiC and the carbon

�bre structural cylinder. However, SiC is brittle and the feasibility

of crimping and its use in a large chamber need investigation.

A modi�ed version of a feedthrough pin used in two TRIUMF-built

chambers, both of which have aluminum wires, may be employed

here as well. In this design, the wires are held by crimping. TheWires will be crimped

inside a brass pin within a
Celanex feedthrough

pins are made of brass with an inner diameter of 100�m and can

be molded into a Celanex sleeve. The entire piece can then be

press-�tted into a precision-drilled hole in the endplate.

6.4 Gas

For the BABAR experiment, helium provides an excellent alternative

to argon or other conventional chamber gases, because its radiation

length is 50 times longer. Heliummust be used in combination with

other gases for quenching and to increase the number of primary ion

pairs produced. Test data is already available for the following com-

binations: He:CO2:C4H10 [Boy92, Pla92]; He:DME [Pla92, Cin91];

and He:C2H6 [Uno93].

The properties of various helium-based gas mixtures are shown in

Table 6-3. The drift velocities and Lorentz angles are determined

with the Boltzmann integration code MAGBOLTZ [Bia89]. The
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Figure 6-6. The prototype drift chamber results for HRS gas

and He:C02:C4H10 [Pit94], (shown as trangles) with smooth line-

�t results from previously publishedHe:DME [Pla92, Cin91], and

He:C2H6 [Uno93] studies.

dE=dx calculations were performed with a modi�ed version of code

from Va'vra [Vav82]. The table shows that most helium mixtures

under consideration have a radiation length �ve or more times larger

than that of HRS gas, a commonly used argon-based mixture. On

the other hand, since helium in a mixture produces only �6 primary Helium-based gases have

a spatial resolution
comparable to argon-
based gases, despite a

lower yield of primary ions

ions/cm, some helium-based mixtures are expected to provide fewer

primary ion pairs than the HRS mixture. This should lead to a

degraded spatial resolution close to the sense wire. However, recent

measurements shown in Figure 6-6 seem to refute this argument.

The drift velocities in helium-based gases are relatively low. Fig-

ure 6-7 shows the drift velocities for some of the gas mixtures.

For drift �elds of about 600 V/cm, drift velocities range from 8{ Drift velocities in helium-

based gases are relatively
low

30�m/ns; none of the gas mixtures has a saturated drift veloc-

ity. Although the He:DME mix would provide the best spatial

resolution, its low drift velocity could prove problematic in a high

background environment.
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dE=dx K=� separation

Gas mixture Ratio X0 Primary vd �L resol p for 3� #� at

[m] Ions=cm
h
�m
ns

i
[deg] [%]

h
MeV

c

i
2.6 GeV/c

Ar:CO2:CH4 89:10:1 124 23:6 49 52 7.3 665 2.4

He:C2H6 50:50 686 23:1 31 54 6.6 720 2.1

He:DME 70:30 723 22:4 6 8 6.7 720 2.1

He:C3H8 70:30 733 24:1 24 36 6.5 730 2.2

He:C4H10 80:20 807 21:2 22 32 6.9 710 2.1

He:CO2:C4H10 83:10:7 963 14:9 19 26 8.5 660 1.7

Table 6-3. Properties of various gas mixtures at atmospheric

pressure and 20
�C. The drift velocity (vd) and Lorentz angle (�L)

are given for an electric �eld of 600 V/cm with no magnetic �eld

and with 1.5 T, respectively. The dE=dx resolution is calculated

for a minimum-ionizing particle. Also listed are the momenta

below which there is at least 3� K=� separation, and the K=�

separation at 2.6GeV=c.

Using a small-cell prototype chamber, the behavior of several helium

mixtures in terms of resolution and operability is presently under

investigation. Tests will be performed to study the ageing charac-

teristics of these mixtures. Drift velocities will also be determined

and studies will be made of whether small amounts of CF4 additive

would be useful in extending the chamber lifetime.

6.5 Performance

Figures 6-8 and 6-9 show the expected momentum resolution de-

pendence on momentum and center-of-mass angle, as calculated

by TRACKERR [Inn93] using the Kalman-�lter technique to ana-The speci�ed momentum
resolution of � 0:3% is

attainable with a helium-
based gas

lytically propagate the error matrix and add appropriate multiple

scattering contributions [Bil84]. A resolution of � 0:3% is clearly

attainable for radiation lengths corresponding to helium-based gas

mixtures.

This calculation represents the performance of the baseline design

tracking system, comprised of the �ve-layer silicon detector and the

40-layer drift chamber, including scattering material (beam pipe,

silicon, support tube, and drift chamber), in a 1.5 T magnetic �eld,
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Figure 6-7. Calculated and measured drift velocities as a

function of electric �eld for zero magnetic �eld. The calculations

use the code of Biagi (see text). The solid curve and crosses

[Pla92] are for the He:C4H10 80:20 mixture; dot-dashed curve and

squares [Boy92] are for He:CO2:C4H10 78:15:7; the dotted curve

and diamonds [Cin91] are for He:DME 70:30; and the dashed

curve and circles [Boy92] are for argon:CO2:CH4 89:10:1 (HRS

gas).

and assuming the particle is a pion. For simplicity, the material of

the drift chamber wires is taken to be uniformly distributed over the The gas and the wires

contribute approximately
equally to the number of

radiation lengths

tracking volume. In this approximation, the wires add nearly the

same number of radiation lengths to the chamber as a gas with an

800m radiation length. The e�ect of discrete wires will be studied.

Figure 6-9 shows both the transverse and total momentum res-

olution expected for the full tracking system. At low momenta,

the total momentum resolution is dominated by the uncertainty in

the polar angle determination due to multiple scattering e�ects,

especially in the silicon. At higher momenta, the error in the

transverse component is seen to dominate.
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Figure 6-8. Momentum resolution expected for pions at �lab =

90
� in a drift chamber with 40 cylindrical layers from 22.5 to

80 cm in radius and a �ve-layer silicon detector in a 1.5 T �eld.

The assumptions for the radiation lengths of the gas and the

average single-cell resolutions are listed for each curve.

The dE=dx performance in the drift chamber is estimated by using a

modi�ed version of the simulation programs of Va'vra [Vav82]. For

40 samples, each 1.35 cm in length, the predicted dE=dx resolutionThe estimated dE=dx

resolution with an 80:20

helium:C4H10 mixture is
6.9%

is 6.9% for the He:C4H10 (80:20) gas mixture. The expected K=�

and K=p separations are shown in Figure 6-10. The K=� separation

is better than 3� for tracks of momentum less than 710MeV=c. For

momenta of 3GeV=c, the K=� separation is at best 2�.

The z resolutions at the particle identi�cation device as obtained by

the full tracking system including the silicon vertex detector in the

axial/stereo and all-stereo designs are shown in Figure 6-11. The

approach of providing the z information solely from the stereo layers

allows a more homogeneous response to all particles regardless of

momentum or origin. If better z resolution is required in the barrel

section, the use of cathode strips may be necessary in an axial/stereo

design.
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Figure 6-9. Transverse momentum resolution vs. center-of-

mass angle for pions produced with three di�erent center-of-

mass momenta. The dotted curves show the total momentum

resolution, �p=p. The gas model used a radiation length of 800m

with 140�m single cell average spatial resolution.

6.6 E�ect of Backgrounds

Wire ageing and chamber occupancy due to beam-related back-

grounds are two issues of concern for the operation of wire chambers.

Ageing refers to changes in gain or increases in noise due to material Beam-related backgrounds

raise concerns about
chamber ageing and
pattern recognition

deposited on the wires from the gas-avalanche process. Chamber

occupancy is the fraction of cells that contain random hits during

the event resolving time, i.e. the full drift time. If the occupancy

exceeds a few percent, pattern recognition becomes di�cult.

Bremsstrahlung radiation and scattering on residual gas in the ac-

celerator upstream of the detector causes beam particles and pho-

tons to strike machine and detector components, producing elec- Chamber backgrounds due

to lost beam particles and
synchrotron radiation
photons have been

simulated in detail

tromagnetic showers. Debris from these showers is detected by

the drift chamber. Simulations have been performed to estimate

the background rates as a function of radius and z in the drift

chamber [Pit93]. For the innermost layers, a background rate of
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Figure 6-10. The predicted dE=dx separation as a function of

momentum for pions and kaons, and for protons and kaons.

0:013=�s/wire is predicted. The distribution of this background is

shown in Figure 6-12. These simulations are ongoing, and more

detailed studies are underway.

Using the above background rate, the accumulated charge on a sense

wire over 5 years of operation would be about 0.02 C/cm. This

assumes a worst case scenario where the background is concentrated

over only 20 cm of the wire length. An avalanche gain of 5 � 104

is used. Azimuthal variation of background around the beam line

could possibly increase this value by a factor of 2{3. Preliminary

investigations of ageing [Kad94] in several helium-based gases look

promising even for an integrated charge of 1 C/cm.

For a signal collection time of 500 ns, the occupancy for the pre-

dicted background rate above is only 0.6%. A factor of ten increase

can be tolerated before there would be any impact on pattern recog-

nition.
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Figure 6-11. The z resolution as a function of momentum

for two center-of-mass angles for the axial/stereo and all-stereo

chamber con�gurations. The calculations include the z resolution

provided by the silicon vertex detector.

6.7 Front-End Electronics

The front-end electronics provides ampli�cation and shaping of the

signals for optimal timing and pulse height (dE=dx) resolution. The

shaping time and required dynamic range depends on the drift gas

selected and the mode of drift time measurement (TDC, FADC)

and are the subject of simulations. In order to minimize power, the The preampli�ers will be
bipolar ASIC'spreampli�er consists of a bipolar ASIC chip serving several channels.

The front-end electronics are mounted on PC boards which connect

directly to the feedthrough pins on the backward endplate. The

same boards distribute high-voltage to the sense wires.
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Figure 6-12. The expected background rate in the drift

chamber due to converted photons from showers produced by

upstream beam-gas interactions.

6.8 High Voltage and Control System

An automated control system is required to monitor chamber volt-

ages and currents, pressure, temperature, and gas properties. Com-

mercially available electronics will be used for these functions.

The drift chamber operates with its approximately 7000 sense wiresThe sense wires are at

�2 kV, the �eld wires at
ground

at �2 kV, while the �eld wires are at ground potential. Groups of

sense wires are combined into 20-40 zones, each with a separate HV

supply. The HV supplies must be capable of providing about 3 kV

and 1 mA, with controls for fast ramp-up and ramp-down. The

high voltages is controlled by the online system.

The slow control system is also used to monitor the voltages and

currents in the preampli�ers, using slow ADCs. There are approx-

imately 40 low-voltage supplies. Slow ADCs are used to monitor

ambient temperatures and pressures at various locations, and gas

gain. Gas 
ow switches are controlled using parallel registers.
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6.9 R&D Program

Although the overall design concept of the drift chamber is rapidly

converging, many details of the actual implementation remain to

be determined. Simulation and prototyping e�orts underway in

many of these areas, including cell geometries, orientation, and

layer packing, will continue, as will the study of di�erent pattern

recognition and track reconstruction techniques. Development of a

full simulation of the drift chamber is currently underway.

A small-cell prototype chamber has been built and is being used A 2.5m long small-cell
prototype chamber is
currently under test

to study electrostatic stability, feedthrough design, front-end elec-

tronics, cell crosstalk, and wire and gas properties. The prototype

is 2.5m in length, with 72 anode wires of 20�m diameter gold-

coated tungsten, and 512 cathode wires of 55�m diameter unplated

aluminum 5056 arranged into three superlayers of hexagonal cells.

The center superlayer is positioned at a 50mr stereo angle.

Studies of suitable drift gases are continuing with the prototype

chamber using cosmic ray particles. To date, the three component

gas mixture He:CO2:C4H10 (83:10:7) has been investigated. Prelim-

inary results are included in Figure 6-6, along with measurements

from previous gas studies. Plans are underway to study other gas Additional low{mass gas
mixtures will be studiedmixtures including He:C3H8, He:C4H10, and He:DME. The possibil-

ity of including CF4 as an additive to counter ageing will be inves-

tigated. With the availability of a test beam, a prototype chamber

could be used for dE=dx studies of these gas mixtures. After a gas

has been chosen, the front-end electronics will be prototyped and

the entire readout chain will be tested with the prototype chamber.

The candidate wire materials, aluminum, tungsten, and silicon car-

bide, are currently being evaluated. The prototype will be at least SiC wire will be studied
in the prototype chamber;

techniques to accurately
locate drilled holes in

composite materials will
be studied as well

partially strung with gold-plated SiC wire. Present plans include

evaluation of the successful TRIUMF crimped{pin design with sil-

icon carbide wires. The present endplate design also requires ex-

tensive tests of composite materials and their properties, and of the

accuracy of locating feedthrough holes at an angle relative to the

surface or, alternatively, the redirection of the wire through the cho-

sen stereo angle at the feedthrough. Engineering and prototyping

work in this area is underway.
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The performance of the gas will have to be monitored continuously

during operation. Studies of candidate monitoring systems will be

undertaken.
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Particle Identi�cation

E
xcellent particle identi�cation for hadrons and leptons over a

large momentum range is an essential design element in reach-

ing the physics objectives of the experiment. In particular, mea-

surements of CP violation require particle identi�cation, both to

reconstruct exclusive �nal states and to tag the quark content of

the other B in the event. Information from the central tracker, A dedicated particle
identi�cation system is
required to distinguish
high momentum pions
and kaons. The system
must have minimal impact
on the detection and
measurement of photons
consistent with good
performance

calorimeter and instrumented 
ux return can be used to identify

most particles. However, these systems are not su�cient to distin-

guish pions and kaons with momenta greater than approximately

0.7GeV=c or protons above 1.3GeV=c. The goal of a dedicated

particle identi�cation (PID) system is to identify high momentum

charged hadrons within the geometrical and cost constraints of the

detector without signi�cantly degrading the ability of the calorime-

ter to measure soft photons.

7.1 Physics Requirements

7.1.1 Inclusive Spectra and B-Flavor Tagging

The momentum spectrum of charged kaons for B decays are shown

in Figure 7-1; the correlation with polar angle due to the boost

(�
 = 0:56) is evident. The relative abundances of pions, kaons and Due to the boost of
�
 = 0:56, the mean
momentum of hadrons is
a factor of �2.5 higher in
the forward direction than
the backward direction

protons in inclusive B decays is approximately 7:1:0.2. The average

� (K) momentum depends on the polar angle, ranging from about

0.3 (0.45)GeV=c in the backward direction to about 0.75 (1.1)GeV=c

in the forward direction. Because the forward region subtends a

larger fraction of the center-of-mass solid angle, the forward region

is both proportionally more important for acceptance and more

di�cult for particle identi�cation.
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Figure 7-1. Inclusive momentum spectrum in the laboratory

frame for kaons from B decays as a function of polar angle. The

banded region is an enhanced population of kaons from the decay

B0
! �+K�.

Charged kaons will be used to tag the 
avor of B mesons: a b-

quark decay leads to a K� while a b-quark decay leads to a K+.

For this purpose, identi�cation is needed up to momenta of about

1.6GeV=c; both high identi�cation e�ciency and high purity are

required. The e�ective e�ciency is �eff = �tag�(1�2w)
2, where w isSince the e�ective

e�ciency of tagging for
CP violation studies is
�eff = �tag � (1 � 2w)2,
where w is the fraction
of incorrectly tagged
events, high purity particle
identi�cation is important

the fraction of incorrectly tagged events. Wrong-sign contamination

from Cabibbo-suppressed decays and from kaon pairs leads to a min-

imum of about 10% for w. For good e�ciency, the contamination

introduced by the PID system must be small in comparison. Given

the relative abundances noted above, a small misidenti�cation rate

for pions is particularly crucial. Misidentifying 1% of the pions as

kaons would reduce �eff from 22% to 19%.

In terms of the required particle identi�cation coverage, it should

be noted that only 3% of all kaons will be found in the solid angle
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subtended by the backward endcap, and most of these will have No particle identi�cation
system beyond dE=dx is
required in the rear endcap
region

momenta less than 0.6GeV=c. Therefore, no dedicated PID system

is needed in the backward endcap; coverage will be required only

between 300mr in the forward direction and 785mr in the rear.

The primary design criteria for the PID system rest on the require-

ments for CP violation in B decays.There are however many studies

of inclusive and exclusive decays of charm and tau physics which Charmed meson and
� lepton studies also
bene�t from hadron
identi�cation

would directly bene�t from high-momentum hadron identi�cation.

One example is the inclusive decays of � leptons into �X and

KX. In general, the study of these channels requires the separation

of pions and kaons at considerably higher momenta than for B-

tagging; indeed if the full acceptance is used, particle identi�cation

up to 8GeV=c is needed in the forward direction.

7.1.2 Exclusive B Decays

High-momentumparticle identi�cation is also an important element

in separating many exclusive �nal states. Examples of particularly

challenging modes for the PID system are distinguishing B0 ! B0
! �+�� is a

benchmark decay
mode producing high-
momentum hadrons

�+�� from B0 ! �+K� and B0 ! ���� from B0 ! ��K�.

The banded area in Figure 7-1 illustrates the momentum range

populated by kaons in the mode B0 ! �+K�. A clean sample

of B0 ! �+�� decays is critical to the measurement of Vub and, if

the other B is tagged, of CP violation; the B0 ! �+K� mode is

of interest in its own right, since the decay mechanism is a penguin

diagram which is sensitive to the presence of heavy particles in the

loop. All these processes are rare, with branching ratios of the

order of 10�5, and their relative rates are unknown. The �+�� �nal

state produces pions ranging from 1.5GeV=c to 4.5GeV=c in the

laboratory frame, with 50% having a polar angle above 60�.

7.1.3 Summary of Requirements

For exclusive channels, kinematic separation is not likely to be

su�cient to distinguish di�erent �nal states. Some additional sep-

aration can be obtained using the dE=dx measurements provided

by the central tracker, except for momenta near 1GeV=c. A very
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good TOF counter system could be adequate for K-tagging of B

decays. However, the combination of dE=dx and TOF is unlikely

to provide the redundancy and robustness desirable for the high

rates and potentially large backgrounds at PEP-II. More impor-

tantly, such a system would not match the full range of physics

requirements noted above. The development of a dedicated PIDA Cherenkov-based PID
system is needed to
provide the required
performance

device based on Cherenkov techniques is considered the most likely

route to achieving the required performance. Options under devel-

opment at this time include aerogel threshold counters and ring-

imaging devices. The system that is �nally chosen must provide

high-momentum hadron separation with fast time response, the

lowest possible mass and robust operation. These requirements

represent a large extrapolation from existing techniques and their

implementations. At the moment there is no fully-proven solution,

although intensive research and development is underway on several

promising alternatives.

7.2 Options for Particle Identi�cation

7.2.1 dE=dx and Kinematic Separation

Ionization information (dE=dx) will be available from the main

tracking chamber, with as many as 40 samples per track (see Chap-

ter 6). In the low momentum (1=�2) region, this will provide

excellent separation of all species; for momenta above about 2GeV=c

there also may be � and K separation at the 1.5{2.0� level fromdE=dx gives excellent
separation at low
momentum, but is
marginal elsewhere

the relativistic rise. Simulations predict a resolution of 6.9% for

40 samples with a relativistic rise factor of 1.43 from minimum to

plateau for a 80:20 He:isobutane mixture. Tests are required to

demonstrate that these predictions can actually be realized with

the �nal gas choice and cell design adopted for the central tracker.

On the basis of the predicted resolution, pions and kaons are dis-

tinguished at about the 1.5� level for normal incidence outside the

momentum range 0.8 to 2.0GeV=c (Figure 7-2). This region of

ambiguity is somewhat less of a problem for K=p identi�cation

where the (1=�2) region extends to considerably larger momenta.

In addition to considerations for B-tagging, the region of ambiguity

is also rather serious for modest multiplicity decay modes. For
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Figure 7-2. K=� separation in rms as a function of momentum

for time-of-
ight system alone at cos � = 0 and 0.8 (solid lines)

and K=proton separation at cos � = 0:8 (dot-dash). Also shown

is the K=� separation for dE=dx alone and the quadratic sum of

the dE=dx curve and the cos � = 0:8 TOF curve.

example, in the decay B0 ! D+D� where D+ ! K��+�+, 45% of

the tracks have less than 1.6� separation and 60% have less than 3�.

Coverage of the �=K overlap region for kaon tagging alone requires

that a separate PID system be included as part of the detector.

If the design values for momentum and dE=dx resolutions can be

achieved in practice, the combination of kinematic separation and

dE=dx could be used for distinguishing some exclusive �nal states,

e.g. B0 ! �+�� and B0 ! �+K�, assuming comparable branching

ratios. Using Gaussian resolution functions, the di�erence, ��2, be-

tween the �+�� hypothesis and either ofK+�� or �+K�alternatives

has been calculated for the decay B0 ! �+��. Two cases have been

considered, with two di�erent radial requirements for the central

tracker re
ecting the di�erent radial requirements of the Fast RICH,
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aerogel and DIRC systems. Both scenarios have the calorimeter

starting at a radius of 105 cm in a magnetic �eld of 1.5 T.

RCDC
max = 80 cm RCDC

max = 96 cm

Information used ��2 = 4 10 16 ��2 = 4 10 16

Kinematics only 39 5 0 69 36 7

dE=dx only 34 6 0 44 11 0

Kinematics + dE=dx 72 59 9 89 72 40

�+�� mass resolution 21.5MeV=c2 14.6MeV=c2

Table 7-1. Probability (%) for accepting the correct assign-

ment in the decay B0
! �+�� as a function of the �2

di�erence between the �+��,K+�� and �+K� hypotheses using

kinematics and dE=dx. Gaussian errors, nominal means and

resolutions assumed.

A realistic analysis would require some reasonable separation, possi-

bly 2{4 standard deviations, depending on the background rejection

requirements. This would also remove sensitivity to systematic

errors, including spatial variation, in the mean values of PID system

responses to di�erent particles, or to non-Gaussian tails in the

resolution functions. In a common implementation, unique PID

assignments would be made if the relative likelihoods for all com-

peting hypotheses were less than some reasonable value, e.g. 5%,

corresponding roughly to ��2 ' 6.

As shown in Table 7-1, this kind of approach would lead to accep-

tances of between 60% and 80% (depending on chamber radius) for

the combination of kinematics and dE=dx; the acceptance would

fall precipitously for a more stringent requirement on hypothesis

separation. A conversion of the ��2 di�erence to a separation prob-

ability would require a detailed understanding of the PID system

response functions. Thus, the combination of kinematic separation

and dE=dx information appears to be marginally e�ective for this

particular channel. Further study is required to address questions

such as a corresponding prediction for misidenti�cation rates, as

well as the impact of overlaps, possible saturation e�ects in dE=dx

at large angles, or imperfections in calibration. For most channels,

such as B0 ! ����, which involve a neutral pion in the decay chain,

kinematic separation would not be nearly as e�ective.
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7.2.2 Time-of-Flight Counter System

A time-of-
ight (TOF) system would be a relatively simple choice

for a particle identi�cation system. Such a system could be assem-

bled using new \�ne mesh" photomultiplier tubes (PMTs) and fast

plastic scintillators. These PMTs may be able to operate with good

time resolution inside the 1.5 T magnetic �eld of the detector, which

would allow them to be mounted directly on the plastic scintillation

counters without the need for light guides. This geometry provides

excellent time resolution, as has been demonstrated by beam tests at

KEK. Resolutions of � 60 ps have been achieved in these studies for

geometries similar to those required here. Allowance for additional

time jitter from the bunch length and electronics results in an

expected system resolution of about 80 ps.

Assuming that a system resolution of 100 ps could be achieved,

such a TOF system would be able to distinguish pions from kaons

at the 3� level up to a momentum of at least 1.1{1.3GeV=c, de-

pending upon the polar angle (Figure 7-2). This is inadequate for

high momentum hadron identi�cation, but simulations show that

kaons would be useful for tagging in at least 80% of events having A TOF system can
provide tagging, but not
high momentum particle
identi�cation

tracks within the �ducial volume. Thus, TOF is considered to be

a reasonable backup choice as a PID system which satis�es most

of the tagging requirements; it may also be considered as part of

a hybrid system in combination with aerogel threshold counters.

Further development will be pursued only in this context, while we

continue to evaluate the potential of the primary Cherenkov-based

alternatives.

Conceptual Design

The geometric coverage of a TOF system would be divided into

two regions: a barrel section between (�0:75 < cos � < 0:85) and

a forward endcap over the region (0:85 < cos � < 0:96). In the

barrel region, there would be about 90 counters of 3m length, 5 cm

thickness, and about 6.6 cm width. The exact segmentation would

require a careful examination of occupancy and background issues,

as well as timing performance. The amount of scintillator material A conceptual design of
a TOF system is being
developed as a backup

(PVT) in the TOF system corresponds to about 12% of a radiation

length at normal incidence. As the scintillator is fully active, it may
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be possible to correct for the energy loss due to conversions in the

counter material so as not to degrade signi�cantly the calorimeter

resolution. In the endcap region, three designs are being considered;

a reference layout consists of 16 sectors, each with �ve scintillators

5 cm thick and about 10 cm wide, with the long dimension lying

along the azimuthal direction. Each endcap scintillator is read out

with two PMTs attached by a beveled mirror to allow the alignment

of the tube axes at the appropriate angle to the magnetic �eld.

Alternative designs use fewer PMTs, but may not have adequate

timing resolution.

Optimization of the counter designs, including the scintillator thick-

ness and width, would be based upon an existing Monte Carlo

program. Included in this program are light 
ux, decay and rise

times for the scintillator, the PMT time response, light propagation,

e�ect of �nite beam bunch size, PMT jitter, and e�ect of the TDC

threshold. This program has given a predicted resolution for the

KEK counters which agrees very well with results from beam tests.

The electronics would consist of both a TDC and an ADC for each

PMT. With an ADC in the TOF readout electronics, an energy loss

measurement would be obtained. The ADC measurement would

also be useful to determine whether or not there are single hits in

the counter, and to compensate the calorimeter measurement for

the energy losses in the TOF counter. The fast TOF signal mayA pipelined system with
time resolution adequate
for TOF has not been
designed

be useful in the trigger system. A method for pipelining the TOF

information with adequate time resolution is not in hand at this

time. A monitoring system would be needed to ensure long-term

stability of the time and dE=dx resolutions. This could be supplied

by a nitrogen laser system using �ber optics.

Proof-of-Principle and R & D Plans

Much preliminary investigation of the possible TOF systems has

already been accomplished by the KEK group, including impor-

tant beam test results. Their studies also included the e�ects of

a magnetic �eld of up to 1.2 T. Although requiring con�rmation,

these measurements and a long history of TOF systems in general,

constitute a basic \proof-of-principle" for this option. Plans are

underway to perform cosmic ray and beam tests with a �ne mesh

PMT and a scintillation counter with dimensions appropriate to
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the barrel in order to understand the performance in detail and to

con�rm the basic features of the angular and length dependence of

the timing resolution at 1.5 T.

7.2.3 Dedicated Cherenkov Devices

As demonstrated in Table 7-1 above, kinematic separation in com-

bination with dE=dx is of marginal bene�t in rejecting correlated

backgrounds to B0 ! �+��; for B0 ! ���� it is considerably less

e�ective. This limitation holds generally for inclusive and exclusive

decays involving hadrons with momenta above about 1.5GeV=c; as

such it represents a powerful argument for including in the detector

baseline design a dedicated PID system based on a Cherenkov tech-

nique. Three options are under active consideration at this time:

ATC Aerogel Cherenkov counters with two indices of refraction

chosen to allow �=K separation up to 4.2GeV=c; read out

with �ne mesh phototubes, micro-channel plates or Hybrid

APDs;

DIRC An internal re
ection imaging device using quartz bars to

generate a Cherenkov image observed by an external array of

phototubes;

Fast RICH A ring-imaging system using a freon radiator and a

solid CsI photocathode in a fast proportional counter.

Technical descriptions, R&D progress, and predicted performance

for these systems are given in the succeeding sections. However, the

improved separation in B0 ! �+�� brought about by such dedi-

cated systems is instructive. Shown in Table 7-2 are the acceptances

for identi�cation of B0 ! �+�� after requiring ��2 to range from 4

to 16. Kinematic and dE=dx errors are assumed to be Gaussian; for

the dedicated PID systems, the number of photoelectrons is chosen

from a Poisson distribution with either Gaussian measurement er-

rors (Fast RICH and DIRC) or an exponential model of phototube

responses (ATC). Misidenti�cation rates are much more di�cult to

calculate, and require further detailed study. Dedicated Cherenkov

systems can be seen to improve identi�cation acceptances to the

range of 84{96% for ��2 = 10; the performance of such systems is
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also much more robust with respect to the exact value chosen for

this cuto�. Thus, even with this rather simple model which neglects

complications of systematic problems and realistic resolution func-

tions, dedicated PID systems can be seen to be an essential addition

to the physics performance of the detector.

RCDC
max = 80 cm RCDC

max = 96 cm

Information used ��2 = 4 10 16 ��2 = 4 10 16

Kinematics, dE=dx + ATC 97 89 72

Kinematics, dE=dx + DIRC 99 96 90 99 98 94

Kinematics, dE=dx + RICH 95 84 66

Table 7-2. Probability (%) for accepting the correct assign-

ment in the decay B0
! �+�� as a function of the �2

di�erence between the �+��,K+�� and �+K� hypotheses using

kinematics, dE=dx and a dedicated Cherenkov device. In the case

of the DIRC, the solid angle coverage in the forward endcap is

covered with a Fast RICH device.

7.3 Aerogel Threshold Counters

Aerogel Threshold Cherenkov (ATC) counters based on low-density

silica aerogel may provide an attractive low-mass PID system. Such

a detector could cover both barrel and endcap regions without

major breaks or discontinuities. The expected performance does

not appear to be sensitive to the angle of incidence, although some

consideration may be required to the relative orientation of the

photodetection system and the detector magnetic �eld. The system

adds � 8% of a radiation length in front of the calorimeter, except

when a photodetector is struck. Together with dE=dx measure-

ments in the drift chamber, an aerogel PID system with refractive

indices of n ' 1:008 and n ' 1:06 could provide �=K separation overAn aerogel system
provides �=K separation
over the full momentum
range

a momentum range up to ' 4:2GeV=c (Figure 7-3) as required for

CP violation studies in the PEP-II environment. K=p identi�cation

would not be possible below 1.5GeV=c and again between 2.9{

4.3GeV=c, leaving a gap in coverage for B-tagging from the end

of the (1=�2) region in the dE=dx measurement.
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Figure 7-3. Calculation of the threshold e�ciencies and

misidenti�cation probability for an ATC system with layers of

n = 1:008 and n = 1:06, assuming 10 photoelectrons in each

aerogel block.

The passage of a particle of charge Z and velocity � through a di-

electric medium of thickness dx with refractive index n can produce

photons according to the Cherenkov formula:

d2N

dxd�
=

2�

�2
�emZ

2(1�
1

n2�2
) (7.1)

The number of Cherenkov photons in the wavelength region � =

200{800 nmproduced by a Z=1 and �=1 charged particle traversing

10 cm of n=1.008 aerogel is thus about 270. The key issue of

the aerogel PID system is e�cient collection of these Cherenkov

photons. Several criteria need to be met: (1) the aerogel itself must

have a long optical absorption length; (2) the material used to wrap

the aerogel must have high re
ectance; (3) the photon detector must

have a high quantum e�ciency which matches the output photon

spectrum.

In order to collect Cherenkov photons e�ciently inside the solenoid,

the photon detector must work in magnetic �elds up to 1.5 T, have

a large sensitive area with high quantum e�ciency extending as far

as possible into the UV region, and have low noise. At the present
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time, consideration is being given to �ne mesh photomultiplier tubes

(FM PMT) from Hamamatsu and newly developed GaAsP micro-

channel plate photomultiplier tubes (MCP PMT) from Intevac. ThePhotomultipliers using
both �ne mesh and
microchannel plate dynode
structures are being
considered

FM PMT has a conventional bialkali photocathode; the MCP PMT

has quantum e�ciencies of ' 10% at � = 350 nm and ' 30% at

� = 500{600 nm, providing a better average e�ciency for Cherenkov

light. Hybrid photodiodes are a third alternative. The fast timing

response of all these devices helps background rejection.

7.3.1 Conceptual Design

Two options are being considered for the ATC system layout. Fig-

ure 7-4 illustrates a two-layer design of an aerogel PID system, while

Figure 7-5 depicts a two super-layer (multi-layer) design.

IP

35°

Lower refractive index aerogel

1.007+1.0551.008+1.061.01+1.06

3cm diffuse space

82

19

110 178

72° 35°
17.2°

Higher refractive index aerogel
(readout by 1.5" FM PMT)

r-φ view of a barrel section at 90˚

(readout by 2" FM PMT)

Figure 7-4. Conceptual design of a two-layer aerogel PID

system with graded refractive indices to optimize �=K separation

vs. polar angle.
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17.2°
30°

82

21

lower refractive index aerogel

higher refractive index aerogel

25mm MCP PMT

 (segment and readout  not shown)

IP
Figure 7-5. Conceptual design of a multi-layer aerogel PID

system.

Two-Layer Design

The two-layer design employs about �3380 aerogel blocks. In both

barrel and forward endcap regions, aerogel cells with lower and

higher refractive indices are appropriately tapered to provide pro-

jective geometry, with the lower refractive index cell being placed

in front of the higher refractive index cell. The indices of refraction Aerogel blocks of two
indices of refractive
(�3380 in total) are
arranged in projective
geometry

are varied with polar angle to optimize performance. Cell size at

90� is '10x10 cm; cell depths are '10+3 cm (aerogel + di�usion {

space) for the lower refractive index aerogel and '4+2 cm (aero-

gel + di�usion { space) for the higher refractive index aerogel,

respectively. The di�usion space in both cells improves the photon

collection e�ciency, and reduces �-ray and calorimeter back-splash

background. The �-ray contamination in the lower refractive index

aerogel is reduced by placing the ATC about 2 cm away from the

drift chamber.

The aerogel blocks are wrapped in water-resistant PTFE te
on and

housed in light-tight containers made of a low-density material, The blocks are wrapped in
a PTFE di�use re
ectorsuch as aluminized mylar. The PTFE te
on is a highly e�cient

di�use re
ector, having a re
ectance of about 95% over a wavelength

region of 300{700 nm. The possibility of coating the PTFE with
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wavelength shifter (WLS) to increase photon collection e�ciency is

under study.

Each aerogel block is read out by two photon detectors embedded in

neighboring cells. This arrangement allows for the observation of an

adequate number of Cherenkov photons for an a�ordable cost. The

redundant readout allows � 99% detection e�ciency, even in the

case in which a charged particle passes through one of the photon

sensors. The lower refractive index aerogel is read out by either 200

FM PMTs or the newly developed 25mm MCP PMTs, while the

higher refractive index aerogel is read out by 1.500 FM PMTs or the

MCP PMTs.

Super-Layer Design

The multi-layer option has two projective superlayers. The lower

refractive index superlayer consists of three layers of 4.6 cm aerogel

counters, while the higher refractive index superlayer consists ofThe superlayer design has
a total of six thinner layers
of aerogel, with larger
transverse dimensions

three layers of 2.0 cm aerogel counters (Figure 7-5). The transverse

dimensions of an aerogel block at 90� is about 35 � 20 cm2. Each

aerogel cell has a WLS plate embedded and is read out by four

photon detectors. The aerogel blocks and photon detectors are

arranged in such a way that a particle from the interaction point

crosses at least two aerogel counters of the same index of refraction

without striking photon detectors. If a coincidence between two

counters is required, this arrangement can substantially suppress

background due to �-ray production and calorimeter back-splash,

at the expense of detection e�ciency.

Detector Components

Aerogel with good optical quality can be produced by Airglass,

Lockheed, Jet Propulsion Laboratory (JPL), Lawrence Livermore

National Laboratory (LLNL), Aerojet and the Institute of Catalysis

in Novosibirsk. Caltech's Space Radiation Laboratory regularly

uses large aerogel blocks from Airglass in balloon-based CherenkovThere are a number of
suppliers of high quality
aerogel with low refractive
index

detectors. Lockheed's production facility can, in principle, produce

enough high quality aerogel for the BABAR detector in 10 months

[Men94]. The aerogel produced by JPL is hydrophobic and has good

optical transmittance [Tso94]. A new two-step process technique
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for aerogel production has been developed by LLNL; the process is

being transferred to a commercial company, Aerojet [Hru94].

The di�use re
ector for the aerogel wrapping must be of low density,

highly re
ective and stable over a long period. Candidate materi-

als are PTFE te
on, millipore paper, and Kodak paint. All are

hydrophobic and commercially available.

The characteristics of FM PMTs, MCP PMTs and hybrid pho-

todiodes (HPDs) in magnetic �elds have been extensively studied

at KEK, DESY [Kic93, Suz86], and at CERN [Des94]. Hama-

matsu FM PMTs have been widely used in high energy experiments There are a number of
high gain photosensor
candidates

[Gil88] for many years. Novosibirsk Institute of Semiconductors

has successfully produced an InGaAsP MCP PMT with a quan-

tum e�ciency of �50% at � = 600 nm[Alp94]; Intevac's GaAsP

MCP PMTs, used for night vision, have �50% quantum e�ciency

in the visible region [Edg92]. Recent studies show that the FM PMT

can provide a gain of 4� 105 at 1.5 T if tilted by 45� with respect

to the �eld [Kic93, Suz86, Ham94].

Calibration and Mechanical Support

An embedded blue LED or �ber optics driven by a 
asher will

provide pulsed light to each aerogel block for on-line electronics

test and calibration. During data-taking, Bhabha events, dimuon

events and pions from K0
S decay will be utilized for calibration and

to monitor the performance of the system.

Mechanical engineering for a conceptual design is under way. The

ATC system is very light; the only signi�cant weight is in the

photon detectors, each of which weighs 100{200 g. Each aerogel

layer is surmounted by a light multi-layer PC board that supports

the readout photon detectors, and distributes high voltage to the

PMTs and pre-ampli�ed signals to ADC's outside the detector. A

similar structure, in planar geometry, is also appropriate for the

endcap.
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Index Size Readout Photon Yield Monte Carlo Photon Yield

cm3 Device Cosmic Ray Prediction �=1

1.067 (4.3)x4.5x4.5 PMT 34.3 pe 37.4 pe 11 pe/ cm

45mm

1.067 (2.2)x4.5x4.5 PMT 15.6 pe 14.6 pe 10 pe/ cm

25mm

1.032 (8)x6x3 PMT 14.8 pe 15.7 pe 2.6 pe/ cm

200

1.008 (d=4.4), 5.8 PMT 4.4 pe 4.8 pe 1.4 pe/ cm

44mm

Table 7-3. Aerogel photon yield measurements. The num-

bers in parentheses indicate the aerogel thickness traversed by

the cosmic ray muon. The predicted photon yields for �=1

charged particles have been corrected for the cosmic-ray muon

ine�ciency.

7.3.2 Expected Physics Performance

A series of photon yield measurements have been performed with

small blocks of low-density aerogel. Photoelectrons have been suc-

cessfully detected with a 200 bialkali PMT (RCA C31000M) from

Cherenkov radiation in n=1.067, 1.032 and 1.008 silica aerogels.

The observed results listed in Table 7-3 are well reproduced by

a detailed Monte Carlo simulation of the response of individualExperimental results on
light collection in low-
density aerogels are well
reproduced by Monte
Carlo calculations

aerogel blocks. A signal of 6 photoelectrons ( pe) shown in Figure 7-6

has been obtained in a recent measurement using cosmic ray muons

with a 9� 9� 7 cm3 (formed by seven 9� 9� 1 cm3 pieces) aerogel

block (n = 1:0095) provided by JPL. On average, cosmic ray muons

in low-density aerogel give about 70% of the Cherenkov photon yield

that would be predicted for � = 1 particles. While these studies look

promising, full-size monolithic aerogel blocks have yet to be tested.

In addition, FM PMTs have not yet been used for the readout nor

have the e�ects of a 1.5 T detector magnetic �eld been investigated.

For the two-layer design, the detailed Monte Carlo shows that a

�=1 charged particle passing through the aerogel should produce a

signal with � 10 photoelectrons in both lower- and higher-refractiveAn aerogel system provid-
ing 10 photoelectrons per
block meets the required
particle identi�cation
requirements

index aerogel blocks. Studies based on the 10 pe signal [Oya94]

indicate that the aerogel PID system will give �=K separation up to

' 4:2GeV=c and K=p separation between 1.5GeV=c and 2.9GeV=c,
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Figure 7-6. Recent measurement of photoelectron yield in a

9� 9� 7 cm3 aerogel block with n = 1:0095.

as shown on Figure 7-7a. As an example of the physics impact of

such a system, a simple statistical example shows that an aerogel

PID system could provide identi�cation of B0 ! �+�� and B0 !

�+K� at a con�dence level �99% over 95% of the tracking volume,

as shown in Figure 7-7b. In the transition region (1:5 < p <

2:0GeV=c), where pions have not reached full e�ciency in n=1.008

aerogel while kaons can already produce Cherenkov radiation in the

n=1.06 aerogel, the system may misidentify a pion as a kaon. The

misidenti�cation probability in this transition region starts at about

5.7% at 1.5GeV=c and decreases exponentially to 0.8% at 2.0GeV=c.

This results in a total ine�ciency� 1% for detecting B0 ! �+��.

For the multi-layer design, the Monte Carlo simulation predicts that The multilayer design has
lower e�ciency, but fewer
problems with charged
particles passing through
photodetectors

the passage of a � = 1 charged particle yields 2.8 photoelectrons in

each layer. This leads to a 99% detection e�ciency if one takes the

sum of two same refractive index aerogel layers and a 88% detection

e�ciency if one requires a coincidence of two layers.
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Figure 7-7. Calculated e�ciencies of identifying the �+�� and

�+K� decay modes.

Since each cell is read out by more than one PMT, charged particlesEach cell is readout by at
least two phototubes passing through a PMT pose little problem for particle identi�ca-

tion. One background source consists of shower leakage from the

calorimeter. For incident photons, this is generally not a problem,

as no track will point to that cell; one can actually use the photons

to measure the size of the e�ect. Back-splash from electromagnetic

showers consists mostly of photons or of particles below Cherenkov

threshold. The photons cause a problem only to the extent that

they convert in the material of the PID system.

�-ray production is a potential problem for an aerogel threshold

Cherenkov system, since a kaon below threshold can knock out

an electron with momentum above Cherenkov threshold and can

therefore be misidenti�ed as a �. A detailed study of this e�ect has

been performed by Grove and Mewaldt [Gro92]. Both an analytic�-ray backgrounds have
been simulated in detail calculation [Oya94] and a detailed GEANT simulation [Shi94] have

been used to study the e�ect. In the forward direction, the study

shows that �2% of 4GeV=c kaons may be misidenti�ed as pions,
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due to �-ray production in the drift chamber wall and back-splash

from the calorimeter. With ' 99% detection e�ciency for pions,

the system still provides better than 4� �=K separation at 4GeV=c.

Though �-ray production and back-splash cause �2{3% probability

for misidentifying a low momentum (p � 1:2GeV=c) kaon as a pion,

it does not a�ect B ! �� and B ! �K separation since both

daughters from these decays have p � 1:5GeV=c. In the worst case,

this K ! � misidenti�cation results in a B-tagging ine�ciency of

� 3%.

The misidenti�cation probability due to �-ray production and calor-

imeter back-splash can be substantially reduced with the multi-

layer design. Requiring the coincidence of two aerogel counters,

one can suppress the kaon contamination down to �0.5% while still

retaining�88% detection e�ciency. This again corresponds to �4�

�=K separation.

7.3.3 R&D Program

Proof-of-Principle

In the near term, tests will be conducted with full-size aerogel blocks

of the design density using the primary choices for optical readout. Tests with full size aerogel
blocks and the actual
photodetectors are being
prepared for a 1.5 T �eld

UV sensitive 200 FM PMTs, three HPDs and two 18mmMCP PMTs

have already been obtained. Large blocks of aerogel from JPL,

LLNL and Lockheed are on order. Development of high quality

aerogel will be pursued with these suppliers. Improvements to

the Cherenkov photon detection e�ciency will also be investigated.

Tests of the readout system will include measurements of gain, dark

current, quantum e�ciency and uniformity of response, as well as

the e�ect on these parameters of operation in a 1.5 T magnetic �eld.

Finally, light yield below the Cherenkov threshold will be studied.

Long-Term Issues

Once the characteristics of aerogel and photon detectors have been

well understood, a beam test of a prototype would proceed at SLAC

or CERN by Spring, 1995. This test will allow the investigation of a

number of important issues in system development or design, includ-
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ing aerogel housing, wrapping, potential use of wavelength shifters,A beam test is necessary
to map out the threshold
behavior and to study
system issues

readout electronics and mechanical support. Electron beams at

SLAC can be used to examine directly the photon yield for a � = 1

charged particle. Pion and electron beams will be needed to map

out the threshold behavior and study the response of the system for

charged particles below threshold Beam tests of the prototype will

require serious consideration of mechanical support issues and data

acquisition electronics to �nalize the design of the aerogel particle

identi�cation system.

Other Photodetector Options

Another candidate for a readout photosensor is the hybrid avalanche

photodiode (HAPD). A measurement with a pulsed green LED

demonstrates that one can clearly see at least three individual pho-

toelectron peaks above the pedestal. The separation between the

single photoelectron peak and the ADC pedestal is about 6.5 �.

The HAPD has been used to observe Cherenkov photons produced

by electrons from a Ru106 � source in an n=1.032 aerogel. The

spectrum, shown in Figure 7-8, looks promising, and is consistent

with that observed with a masked PMT of the same e�ective area

[SLA93]. Improvement in light yield may also be possible through

(1) use of newly developed GaAsP or green-extended bialkali pho-

tocathodes; (2) coating aerogel blocks with appropriate wavelength

shifters (for example, 3HF) on a di�use re
ector, and/or (3) using

a focusing mirror.

7.4 DIRC

The DIRC (Detection of Internally Re
ected Cherenkov light) is

a ring-imaging device which utilizes the total internal re
ection of

light in long thin quartz radiator bars to form a velocity-dependent

image. The light is observed by an array of photomultiplier tubesThe DIRC images
Cherenkov light trans-
ported down a quartz bar
by total internal re
ection

displaced from the end of the bar to allow the pattern to expand to

form a proximity focussed image. Thus, it uses only conventional

components to provide a fast signal with a large number of photo-

electrons for high quality particle identi�cation. The principle of

operation is illustrated schematically in Figure 7-9. The thinness
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Figure 7-8. Light yield distribution obtained by using an

HAPD for Ru106 electrons passing through an n=1.032 aerogel.

of the bar allows for either a more compact detector geometry or

a larger tracking volume. The fast timing contributes to very good

background rejection. Recent studies on a prototype bar provide Prototype results agree
well with Monte Carlo
predictions

results on the number of photoelectrons collected and on the angular

resolution. Both agree closely with predictions. The properties of

the DIRC and design issues associated with it are discussed in more

detail elsewhere [Rat92].

7.4.1 Conceptual Design

The basic unit of the DIRC radiator is a 1:5�3�460 cm3 (tx; ty; tz)

quartz bar. When supports are included the radiator module is 14%

of a radiation length thick radially, and occupies 4 cm (plus 4 cm for

clearance) of radial space. The bars are grouped into modules which The quartz bars are
observed by PMTs
attached to a large water-
�lled tank

then form a 20-sided polygonal surface, as viewed from the end of

the detector, and cover about 95% of the azimuth. The detectors

are closely packed arrays of 1.12500 diameter conventional PMTs
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Figure 7-9. Schematic of a single radiator bar of a DIRC

counter; the particle trajectory is shown as a line connected by

dots; representative trajectories of Cherenkov photons are shown

by the lines with arrows.

(16,000 in the reference design), which are placed at a stando�

distance of 120 cm. The photo-detection surface approximates a

partial cylindrical section in elevation and a toroid when viewed

from the end. The stando� region has a re
ecting surface along

the inner radius and an outer re
ecting surface at a 1 radian angle

in the same plane to reduce the number of phototubes required.

To maintain good photon transmission for all track dip angles,

the stando� region is �lled with water. The large photodetector

structure presents di�cult engineering issues of shielding of the

photomultipliers from the fringe �eld of the magnet and providing

ready access to inner detector components that remain to be solved.
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The DIRC detector has several important advantages for the de-

tector geometry. These include a thin homogeneous radiator and

a readout outside the sensitive detection region. The thin radiator The detector is thin and
compactallows a compact design in the detector volume. An overall opti-

mization of the experiment may take advantage of this by designing

either a smaller and cheaper calorimeter or by allowing a larger drift

chamber for better momentum resolution. The quartz bar provides

a modest amount of material situated near the calorimeter, with a

homogeneous distribution in polar angle and a simple, well-de�ned

distribution in azimuth. The absence of electronics and cables in

the sensitive region will minimize the impact of this detector on the Impact on the calorimeter
is minimized in the barrel
region

calorimeter resolution and allow straightforward modeling of the

detector material for Monte Carlo simulation and reconstruction.

7.4.2 Geometric Layouts

In the following sections we present a description of two geomet-

rical con�gurations of the DIRC. The �rst is motivated by the

desire to maintain a continuous and uniform calorimeter response

in the forward direction; it �ts into the basic geometry described

in other sections of the Letter of Intent. The second represents

a more complete optimization of the capabilities of the DIRC, at

the expense of overall electromagnetic calorimeter performance. It

provides signi�cantly more robust particle identi�cation, particu-

larly in the forward direction where the separation between particle

species actually improves at steeper angles, and allows the DIRC to

be made thinner. At the same time it allows for a more compact,

hence cheaper, calorimeter.

Short Barrel

Figure 7-10 shows a schematic of the short barrel design. The

con�guration of the calorimeter and tracking systems is essentially

the same as described in other chapters of this Letter of Intent. One

exception is that the main tracking chamber has been increased in

radius to take advantage of the approximately 17 cm of radial space

made available by the DIRC option. The forward endcap requires

a PID system with a di�erent technology.

Letter of Intent for the BABAR Detector



142 Particle Identi�cation

Figure 7-10. Schematic view of a detector incorporating a

DIRC readout at the back.

The readout of the DIRC is in the backward direction to avoid

penetrating the forward calorimeter. This increases the path length

for Cherenkov photons from forward tracks which are re
ected from

the far end of the quartz bar. This is not expected to cause insur-

mountable di�culties, but some loss of photons down the bars is

unavoidable, precisely for the high-momentum particles which are

most di�cult to identify. Measurements of the size of this e�ect areA DIRC read out in the
backwards direction is
essentially compatible
with the geometry
required for the other
two candidate particle
identi�cation systems

discussed below. The loss of Cherenkov photons has been partially

compensated in this design by increasing the radiator thickness. A

more favorable con�guration would be to read out the DIRC in the

forward direction so that the Cherenkov photons produced by the

majority of high-momentum particles are imaged after a shorter

path length in the quartz. This would also improve the access to

the tracking chamber electronics located on the backward end of the

chamber. However, it requires separating the forward calorimeter

into distinct barrel and endcap regions. These can be arranged to

have a high degree of overlap but the e�ect on energy resolution of

the calorimeter in this region has not yet been established. The large

radius tracking chamber provides excellent dE=dx and momentum

Letter of Intent for the BABAR Detector



7.4 DIRC 143

resolution, but at signi�cant cost. If the tracking radius were to be

kept at the nominal value of 80 cm described earlier, the cost for

the DIRC itself would be substantially reduced, as would that of

the calorimeter.

Long Barrel

The long barrel design covers the entire �ducial region down to Long barrel designs
accommodate the DIRC
in a natural way, but are
problematic in other areas
and have therefore not
been adopted

300mr forward without the need for endcaps. It allows for a smaller

inner radius (about 88 cm) for the calorimeter (due to the thin

DIRC) while preserving the full tracking volume. The readout for

this system is ideally in the forward direction, providing the bene�ts

noted above without the drawback of splitting the calorimeter. The

increased tracking length in the forward direction improves the

dE=dx measurements, augmenting the robustness of the system.

One drawback of this design is the need to provide a superconduct-

ing magnetic shield around the PEP-II quadrupole Q2. Conceptual

designs for this shield exist, albeit with some access di�culties and

cost increments. Another consideration, which has been studied to

some extent [Atw92, Spi94], is the e�ect on the calorimeter perfor-

mance of an elongated barrel section, although the advantages of

eliminating the traditionally problematical barrel-endcap transition

region are quite evident. For these reasons the long-barrel option

has not been adopted as a proposed geometry in this Letter of

Intent.

7.4.3 Existing Experimental Measurements

Since the DIRC is a new concept, it is important to understand and

prototype it as thoroughly as possible to avoid surprises. The design

concept is quite straightforward and makes use of well-understood

conventional components (quartz radiators and PMTs); therefore

its performance should be predictable based upon known properties

of these materials and devices. A major technical issue is the

construction of long quartz radiator bars which meet appropriate

speci�cations. Eight moderate length (� 1=4 full length) bars have Quartz bars of � 1=4 full
length have been shown to
meet requirements

been produced to date and a number of lab studies have veri�ed

that these bars meet or exceed the required performance parame-
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ters [DIRC93]. For example, the absorption length of the material

exceeds 30m over the entire wavelength region (300{600 nm). The

internal re
ection coe�cients substantially exceed 0.999, and the

edges are sharp and free of chips. Direct observation of the imaging

properties of the bars with an arti�cial, laser-produced \Cherenkov"

cone has demonstrated that the bar surface �gure exceeds the re-

quirements. The conceptual prototype, Prototype I, including one

of these bars imaged by a small array of phototubes, is under test

with cosmic rays, and has demonstrated the proof-of-principle in

preliminary tests. A substantially larger device to image the entire

Cherenkov pattern is now being designed.

Conceptual Prototype

The goals of the conceptual prototype are (a) to demonstrate that

the number of photoelectrons observed with Cherenkov light is ad-

equate by measuring this number as a function of angle and length

along the bar, and (b) to measure the single photoelectron resolu-

tion. The apparatus uses a hardened cosmic ray beam as shown

schematically in Figure 7-11.

��
�����
�
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Detector Array
with 11 Tubes
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Figure 7-11. Schematic drawing of the conceptual prototype

device.
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Figure 7-12. The observed photoelectron yield as a function

of dip angle �D, measured 60 cm from the phototube.

The cosmic ray telescope includes �ve scintillation counters which

require the triggering particle to pass through the DIRC bar and

then through a 700MeV energy-loss stack of iron plates within 7.5�

of the vertical. For the cosmic ray muon spectrum with this mo-

mentum cuto�, the variation of the Cherenkov angle has a standard

deviation of 2.4mr. The prototype bar can be rotated about the

horizontal axis and displaced in length so that the performance can

be fully studied as a function of angle and distance along the bar.

In one set of studies, a 120 cm long, 4.6 cm wide, and 1.67 cm thick

quartz bar (Vitreosil 055) was directly coupled to a 200 diameter

RCA-8850 PMT. The gain of the PMT was calibrated using thermal

electrons from the photocathode.

Figure 7-12 shows the dip angle dependence of the photoelectron

yield. This measurement was done at the middle of the bar. The

solid line is a Monte Carlo simulation with N0=124 cm
�1 (corrected

for length dependence). The number of photoelectrons, NPE, can

be written as

NPE =
�dN0 sin

2 �c

cos �Dip
; (7.2)

where � is the collection e�ciency of the bar as determined by

Monte Carlo simulation, d is the thickness of the bar, �c is the

Cherenkov angle, and �Dip is the dip angle of the track. The

quantum e�ciency of the PMT and other factors are lumped to-
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gether in the \Cherenkov Quality factor" N0. A substantial number

of measurements of this factor have been made in a variety of

experiments for many of PMTs [Eig79]. For a good-quality glass-

windowed PMT, it is expected to be around 100 cm�1. The Monte

Carlo simulation with N0=124 cm
�1 reproduces the measurements

rather well. There is an enhancement at large dip angles due primar-

ily to the track length within the radiator and to a lesser extent,

to improved collection e�ciency. More photons are seen near 0�There is an enhancement
in the number of photons
at large dip angles where
the fastest particles are
produced

because the collection e�ciency for these particles is increased by

re
ections from the other end of the bar. Small deviations from

the Monte Carlo as a function of angle can arise from a number of

sources, including variations in calibration and tube performance as

a function of photon angle and polarization.
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Figure 7-13. The observed photoelectron yield at a dip angle

�D = 30
� as a function of length: the lines are a Monte Carlo

simulation with N0 = 135 cm�1; dashed for absorption length

� = 100m and surface re
ectivity � = 0:9999; dot{dashed for

� = 10m and � = 0:999; and dotted for � = 1m and � = 0:99.

Figure 7-13 shows the position dependence measured at �Dip = 30�.

A small position dependent e�ect can be seen along the bar. In

general, the losses are a convolution of photons with di�erent paths

in the bar which will therefore have di�erent characteristic behaviors

as a function of the bar length. When viewed against bar length,

the integrated curve is expected to have a steeper drop at short

lengths and to 
atten out as the length increases. Nonetheless, if

losses are small, the loss rate should �t an exponential (or linear)
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hypothesis reasonably well over modest lengths. The results of a

simple exponential �t are shown by the solid line. The e�ective loss The e�ective loss rate is
11 � 3% per meter of bar
length

corresponds to 11� 3% per meter of bar length.

The conceptual prototype is now running with an array of forty-

seven phototubes (11
8

00 EMI 9124A) to demonstrate the imaging

properties of the DIRC. The coupling between the array and the

bar is air, which allows for easy variation of the stando� distance.

Initial measurements have been made at a stando� distance of

66 cm and a dip angle of 60�. The preliminary results are shown Initial measurements
made on a conceptual
prototype con�rm
feasibility

in Figure 7-14. The measured resolution is about 12.5mr/photon

as expected, given the known geometrical and chromatic aberrations

and the relatively modest stando� distance. The observed number

of photoelectrons is consistent with the measurements described

above (see Figure 7-12), after correcting for simple geometrical

factors.

The program for Prototype I is nearing completion. Measurements

to date are consistent with initial expectations, and if attained in a

full-scale device, would allow the DIRC to provide the performance

shown in Figure 7-16. This conceptual prototype program is ex-

pected to be completed by about the end of the second quarter of

1994.

7.4.4 Expected Physics Performance

The performance of an imaging Cherenkov device is a strong func-

tion of momentum, because the separation (in Cherenkov angle)

between particle species is a rapidly varying function of momentum.

The response also depends on the angular accuracy of the photon

measurement by the detector, which in the DIRC is a function of the

phototube size, the stando� distance, the bar thickness, and thus

the number of phototubes. It is also a function of the dip angle of

the incident track, primarily because the production and transport

of photons is angle dependent, and the readout direction because of

light losses and, perhaps, emittance growth down the bar.

There is a natural enhancement in the separation power of the DIRC

at the larger forward dip angles due mainly to the increased amount

of radiator traversed. This is, of course, where the fastest particles
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Figure 7-14. The distribution of Cherenkov angles from cos-

mic ray muons measured in Prototype I at a dip angle �D = 60
�

and stando� distance of 66 cm.

at an asymmetric machine are produced. With backward readoutThe long light path in a
backward readout scheme
results in somewhat
degraded performance

this e�ect is somewhat diminished because of light transmission loss

due to the longer path length.

The predicted performance has been calculated by Monte Carlo

using parameters for the number of photoelectrons and the length

dependence of the bars as determined in the Prototype I studies

discussed above. The angular dependence of the device matches

very well the requirements imposed by the B decays. For example,

for the B decay channel with the highest momentum particles,

B0 ! �+��, the discrimination is excellent over the whole region, as

shown by the solid line in Figure 7-15. The very forward angles areThe DIRC meets the
performance requirements
at all angles

not covered by a barrel DIRC in this geometry. For comparison, the

dotted line shows the response of a long barrel DIRC which is read

out in the forward direction. The readout direction is responsible for

the overall performance di�erence|the long barrel geometry shows

the e�ect of the endcap on the acceptance.
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Figure 7-15. The predicted �=K separation for pions from

the reaction B ! �+�� as a function of (a) momentum and

(b) cos �lab for this geometry with backward readout (solid

line); for comparison, a long barrel DIRC with forward readout

(dotted line) is also shown. The bands demonstrate the e�ect

due to di�erent assumptions concerning the loss rate (5% to

17%/meter).

The di�erence in performance is driven by the observed number of

photoelectrons. Figure 7-16 shows the number of photoelectrons

expected for a backward or forward readout system for the reaction

B0 ! �+��. To provide an indication of the robustness of the

device and its dependence on readout directions, bands are provided

for photon loss rates which di�er by �2� from those measured with

the prototype.

7.4.5 R&D Program

Large-Scale Prototype

Planning is now underway to scale up to a much larger system,

Prototype II, so that the full Cherenkov image can be observed at

a set of track angles, and the resolution (in mass or d�) can be

measured on a track-by-track basis. This prototype will contain A 500 channel DIRC
prototype is being plannedapproximately 500 channels of photon detection and readout, a

water-�lled stando� region coupled to a DIRC bar, and associated
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Figure 7-16. The expected number of photoelectrons for

forward-going pions in the short barrel geometry from the

reaction B0
! �+�� as a function of momentum for di�erent

readout directions with the photon loss rate as measured in

Prototype I (11%/meter). The bands show the e�ect due

to di�erent assumptions on the loss rate (5% to 17%/meter);

backward readout (open circles); forward readout (solid circles).

mechanical support equipment. The device will also allow us to

test engineering concepts for the support of the quartz bars, and

for the large water-�lled stando� region with its windows, mirrors,

and couplings to the bar and phototube array. Since it is clearly

important to demonstrate directly as many of the features of the

detector as feasible before the CDR, there is time urgency to this

project. Data taking is planned for the fall.

Engineering Issues

For the longer term, there are a number of other studies underway

as brie
y outlined below. These studies aim to optimize the per-

formance of the DIRC and ensure its compatibility with the rest of

the detector, develop the required engineering designs, and minimize

the costs.
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For example, there is a program underway to explore techniques

for the production of very long bars either by gluing or, preferably,

by direct production. The optical properties of the bars that are

produced will be examined, and issues such as temperature stability,

radiation damage, stress relief, and moisture penetration will be

addressed. In addition, an overall system design, at full conceptual

engineering detail, will be developed for the mechanical, optical,

electrical, and readout portions of the system. As input to this

design, detailed studies of the performance of the DIRC in the pres-

ence of backgrounds, and further exploration of the e�ects of DIRC

system mass and geometry on the calorimeter are also required.

The options for the photodetection system will also be examined

more thoroughly in order to optimize performance, detector access

and cost. Finally, if pixelated photodetectors with appropriate

performance and cost become available, it might become possible

to make a focused stando� region which is much more compact.

Thus, such devices will be obtained for further study if they become

available.

7.5 Fast RICH

The Fast RICH was originally proposed in connection with the

design of a detector for the high-luminosity symmetric B Factory The Fast RICH images
Cherenkov rings from
a liquid radiator onto
a proportional chamber
read out with CsI-coated
cathode pads

at PSI [Eic86], and is an attractive possibility for operation at an

asymmetric collider. The distinguishing feature of a Fast RICH is

the use of fast photon detectors with pad readout to provide the

position of the imaged Cherenkov photons. This device couples a

liquid C6F14 radiator via a proximity gap to a pad readout chamber

based on a solid CsI photocathode [Seg90, Ale93]. The principle

is schematically shown in Figures 7-17 and 7-18. The detector

has fast response with good granularity, runs at room temperature

and does not require the handling of di�cult and corrosive gases

such as TMAE. It has the extra advantages of providing tracking

information for the calorimeter and a fast trigger signal.
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Figure 7-17. The Fast RICH conceptual prototype

7.5.1 Conceptual Design

System Overview

The Fast RICH system, as embedded in the overall detector, is

shown in Figure 2.3. The inner and outer radii, and length of

the barrel RICH detector are 82 and 103, and 270 cm, respectively.

Similarly, the endcap disk RICH detector is situated at +172 cm

and is 21 cm thick with inner and outer radii of 38 and 103 cm.

The endcap and barrel detectors are segmented in 24 sectors of 15�Barrel and endcap
detectors are divided into
24 azimuthal sectors

each. The barrel is divided in two longitudinally for the radiators

and likewise for the chambers. It has an internal cylinder of 3mm of

carbon �ber which supports the liquid radiator and the glued quartz

window, and an external cylinder made with hexcell which supports

the chambers with their pad structure and electronics. Figure 7-19

shows an isometric view of the RICH where the radiator, detector

and support structure are indicated. The amount of material at
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Figure 7-18. The Fast RICH engineering prototype

90� is estimated to be 13% of a radiation length, with about 9%

embodied in the liquid radiator plus its support.

Radiator

Liquid freon (C6F14) is the present candidate for the radiator mate-

rial. The liquid is circulated in a 1 cm thick container made of two

thin membranes of composite material (kevlar/glass �ber) covered The liquid freon radiator is
contained in quartz boxes
with 3mm thick walls

with a kapton foil and separated by foam. Similar containers have

been used in the DELPHI RICH for four years and have proven

satisfactory. A 3mm thick quartz window closes the container on

the outward side. A layer of 100�m wires with 5mm pitch are
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Figure 7-19. Isometric view of the Fast RICH

placed on the window for the collection of the electrons from the

ionization in the 14 cm proximity gap.

Photon Detection

The chambers are made of G10 printed circuit boards with 8�8mm2

pads on which a 500 nm CsI layer is deposited by vacuum evapora-A vacuum-deposited
500 nm layer of CsI is
the photon detector

tion. An anode plane made from 20�m gold-plated tungsten wires,

strung in the azimuthal direction with a 2mm pitch, is positioned

at a distance of 2mm from the pads located on the mechanical

structure. The cathode plane consists of a layer of 100�m diameter

gold-plated Cu/Be wires strung in the longitudinal direction and

positioned at a distance of 2mm inside of the anodes.
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Electronics

Possible front-end electronic architectures are currently being re-

viewed. Both analog and digital solutions are being explored; the

former has been more thoroughly examined at this time. In such a Both analog and digital
pipeline solutions are
being studied

solution, each pad would be connected to an onboard ASIC chip in-

cluding a low-noise preampli�er, followed by either a track-and-hold

circuit or an analog pipeline memory. Multiplexing would occur

downstream either on the detector (if power dissipation permits)

or, more remotely, before digitization.

7.5.2 Existing Experimental Measurements

The primary concerns in the Fast RICH design relate to the prop- The quantum e�ciency
and robustness of the
CsI photocathodes are
primary concerns

erties of the new CsI photocathode material. In particular, there

are uncertainties about (a) the quantum e�ciency of the photo-

cathodes, (b) the resolution which can be obtained, and (c) the

robustness of the material and performance under operational con-

ditions. Detailed descriptions of existing measurements with UV

photons from lamp sources can be found in the references [Ale94,

Mal93a, Bra93, Mal93b]. An extensive R&D program is underway An extensive worldwide
R&D program is underwayworldwide to address these concerns, carried out by several groups

for di�erent applications [Seg90, Piu94].

Figure 7-20 shows the quantum e�ciency as a function of wave-

length as measured with UV lamps by many laboratories. The e�-

ciencies vary over a wide range, possibly due to di�erent calibration

or photocathode production methods. The discrepancy is still not

understood at this time and awaits de�nitive beam tests to clarify

the situation.

E�orts have been focussed on studies of solid photocathodes and,

in particular, on CsI photocathodes. As information on such pho-

tocathodes is still new, studies of fundamental properties are being

undertaken both with bench and beam tests, including the quantum

e�ciency, number of photons and resolution, time stability and

pollution problems.

Photocathodes have been produced by installing an evaporator which

deposits thin layers of Cesium Iodide with good control of homo- CsI ageing studies have
been performedgeneity and thickness. A six-month long study of the ageing of
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Figure 7-20. Quantum e�ciency of CsI photocathodes vs.

wavelength as measured by di�erent laboratories and methods.

The curves correspond to SAC: ref. [Ale94], WI/X: ref. [Mal93b],

SEG: ref. [Seg90], AND: ref. [And92], TMAE: ref. [Hol87].

a CsI photocathode has been performed (Figure 7-21). A slight

degradation of the quantum e�ciency is observed, reaching a value

of 7.5% at 190 nm at the end of the full study period. This small

e�ect appears to be due to the presence of water which can be

reduced or controlled.

A �rst beam test was conducted in April 1993 [Ale93] using a

radiator made with a NaF crystal positioned at 7mm from the

photocathode (see [Ale93] for more detail). The observed signal

from the CsI photocathode was seen to be about 1.9 times higher

than that expected from a full Monte Carlo simulation of the exper-

imental setup, assuming a low (10% at 190 nm) quantum e�ciency

for the CsI.

In order to con�rm this result, another beam test was conducted

in June 1993 where the setup was modi�ed to have better control
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Figure 7-21. Ageing study of one photocathode over a period

of 6 months

of the measurements. In particular, the capabilities of moving the

position of the radiator with respect to the CsI photocathode and of

using di�erent radiator crystals (NaF, LiF, CaF2) was introduced.

Furthermore, the photocathode was divided into 5 parts (a central

region with no CsI and 4 petals read out individually).

Figure 7-22 shows the measured number of photoelectrons as a

function of the radiator-photocathode distance for the NaF crystal.

The solid line shows the expected number of photoelectrons using

our full GEANT Monte Carlo simulation. The expected photoelec-

tron yields were obtained using the quantum e�ciency curve with

�=10% at 190 nm. Although the shape of the measured distribution

is in reasonable agreement, the data points are about 1.7 times

higher than the prediction. The results obtained with the April test

are therefore con�rmed by this later measurement. All indications

from our tests with beam particles point to a CsI quantum e�ciency

of about 18% at 190 nm, rather than the 10% obtained with a UV

lamp.

Experimental information on the angular resolution expected per

photon is also available. A 3GeV=c � beam test of a detector [Piu94] Several beam tests have
provided data on CsI
quantum e�ciency and
on angular resolution for
single photon detection

similar to that proposed here, in this case using a 13mm thick

radiator, a CsI photocathode segmented into 1440 8� 8mm2 pads

and a readout with the AMPLEX chip [Beu90], resulted in a single
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Figure 7-22. Measured number of photoelectrons (circles)

compared with a simulation using a low quantum e�ciency for

CsI (solid line). Cherenkov light was generated with a NaF

radiator.

photoelectron resolution of 8.6mr for the Cherenkov angle (Figure

7-23). This is quite encouraging and reasonably well reproduced

with our simulation program. Pollution of the detector is thought

to be the cause of the observed low photoelectron yield.

7.5.3 Expected Physics Performance

The test results indicating a quantum e�ciency of 18% at 190 nm

have been put into a full GEANT simulation which produces cath-

ode pad and sense wire hits. Studies are in progress to simulate

the resolution as a function of the geometry (radiator thickness,

pad size), the magnetic �eld, multiple scattering, and on the pre-

cision of the track parameters as given by the central detector.

Di�erent pattern recognition methods have been tried; the best

method appears to be that which assumes the �ve possible mass

hypotheses and then scans the expected Cherenkov angle. Figure 7-

24 shows the predicted �=K separation as a function of momentum.
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Figure 7-23. Single photoelectron resolution measured in

3GeV=c pion beam. The proximity gap was 7 cm and the radiator

thickness, 13mm.

Table 7-4 summarizes the predictions for the average resolution The maximum momentum
at which 3� �=K

separation occurs is a
function of the dip angle

per photoelectron, the average number of photoelectrons, and the

maximum momentum at which 3� �=K separation occurs as a

function of the dip angle.

7.5.4 R & D Plans

Quantum E�ciency Measurements

A conceptional prototype has been built (Figure 7-17) and will be A conceptual prototype is
under testtested in a beam during runs extending from March through June

1994. The device has design properties which are analogous to

those of the �nal detector: 192 8� 8mm2 cathode pads, individual

VLSI analog electronics on each pad [Beu90], CsI deposition and

C6F14 liquid radiator in closed cell or NaF solid radiator. The

yield of Cherenkov photons will be measured for particles traversing
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Figure 7-24. The predicted �=K separation as a function

of momentum in a Fast RICH counter for a quantum e�-

ciency=18% at 190 nm.

� �� Npe pMAX(3�)

(�) (mr) (GeV=c)

0 6.2 17.3 � 5:5

20 8.9 10.8 4.2

40 12.3 9.3 3.4

60 13.9 10.1 3.3

Table 7-4. Predictions for the average resolution and the

average number of photoelectrons for 4GeV=c pion, and the

maximum momentum at which 3� �=K separation occurs as

a function of the dip angle, for a quantum e�ciency=18% at

190 nm.
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the radiator, and more information collected on the resolution and

robustness of the material under operational conditions.

Large-Scale Prototype

An engineering prototype (Figure 7-18), a one twelfth segment of

the �nal full barrel detector, is being designed, and could be built A large-scale prototype is
being designedand mounted for beam tests by early 1995 assuming encouraging

results of the previous round of measurements. The detector will

have two 300 � 1500mm2 sectors 2 � 15�(full length), two 250 �

700mm2 mobile chambers (1/2 length), one 200� 200mm2 mobile

radiator (1/7 length), and 5500 cathode pads of 8 � 8mm2, with

minimal material and dead space between two chambers. Studies

will be made of the choice of materials, the deposition of CsI on

large surfaces, and the importance of the dead space. Measurements

of the separation of �=K up to 4.5GeV=c will be made. The full

prototype will be equipped with electronics currently used by the

RD26 group at CERN.

R&D on the electronics to be used in the �nal detector is also

proceeding. Speci�cations for the ASIC front-end are currently

being de�ned. The best design should provide (a) an adequate

dynamic range allowing the detection of single photoelectrons with

high e�ciency and the discrimination of charged particles crossing

the MWPC, (b) low noise with a sensitive (peaking) time of less than

1�s and (c) negligible deadtime for a conservative high-background

rate.

7.6 Strategy for choosing a Particle ID

System

7.6.1 Proof-of-principle Requirements for

Cherenkov PID systems

The development and use of a Cherenkov-based particle identi-

�cation system is considered to be of central importance to the

physics performance of the BABAR detector. The speci�cations for
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such a dedicated PID device require either large extrapolations

from the performance of existing devices or the development of

new ones. Thus, extensive R&D e�orts are necessary to exploreProof-of-principle
demonstrations and tests
of engineering prototypes
will be required

performance and feasibility aspects for all potential techniques: the

aerogel threshold counter (ATC) and the two ring imaging tech-

niques, the DIRC and the Fast RICH. The main thrust of this

work can conveniently be divided into two categories: (1) proof-of-

principle tests on a relatively small-scale device to demonstrate that

the basic technique meets the requirements for particle identi�cation

at PEP-II, and (2) engineering prototypes to demonstrate that

important issues of design, construction, and performance in a full-

scale device are under control.

As a summary, the requirements developed by the PID group asCriteria have been
established for what
constitutes \proof-of-
principle" for all PID
systems

proof-of-principle tests are as follows:

Aerogel Cherenkov Counters: Tests with the ATC should mea-

sure a threshold curve for an n = 1:008 block which has the di-

mensions expected in the actual device. The sensitivity to the

1.5 T magnetic �eld and orientation should be determined. The

minimum number of photoelectrons observed for a � = 1 particle

should be about 10, and the number observed below Cherenkov

threshold should be consistent with Monte Carlo calculations.

Ring-Imaging Systems: For the DIRC and Fast RICH, the mini-

mum number of photoelectrons observed for a � = 1 particle at any

angle should also be about 10, motivated by pattern recognition

and robustness considerations. The angular resolution should be

measured at two or more polar angles.

7.6.2 Outlook

It is very di�cult at this time to select a single technology as the

prime candidate for the PID system. Prototypes to demonstrate

the properties of each of these systems at the \conceptual" level

are under development or test, but not yet �nished. Moreover, to

develop con�dence that a large system would succeed, the schedule

has to allow for the construction and extensive tests of a larger

prototype su�cient to demonstrate performance and operational

feasibility at the appropriate scale.
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The optimal PID system may be a hybrid. One example could be

a DIRC in the barrel and a RICH or aerogel system in the end-

cap. This combination would solve some of the geometric problems

associated with the DIRC. A hybrid with aerogel in the barrel and a It may be necessary to
consider a hybrid system,
but such a choice would
have to confront the
additional costs involved

RICH in the endcap would address possible �-ray problems with an

endcap aerogel device and the low photoelectron yield of the RICH

at steeper incident angles in the barrel. Another hybrid design

would be to replace the high refractive index aerogel layer with a

time-of-
ight system in order to reduce the total system cost. A

decision to use a hybrid device would have to confront the higher

cost of designing, constructing and maintaining several systems, but

optimum physics performance may dictate such a con�guration.

The collaboration has attempted to address at an early stage the

question of identi�cation and development of a suitable strategy for

particle identi�cation. An ad hoc committee was formed in April

1994 to examine the present state of knowledge of the proposed

systems. The report of this committee endorsed the continued

exploration of the three options presented in this Letter of Intent,

with a focus on R&D directed towards provided proof-of-principle

and conceptual engineering designs for a review in the early fall. At

that time, a decision should be taken as to which systems should Attempts will be made
to choose a particle
identi�cation system on
a time scale that poses
minimal interference with
the critical path

continue to the stage of a large-scale engineering prototype. The

choice between the Aerogel/Fast RICH technologies on the one

hand, and the DIRC technology on the other has a major impact

on the overall detector layout. There are also signi�cant cost impli-

cations embodied in the PID system choice, including those driven

by variable requirements for radial space. At a minimum, the outer

geometric envelope of the PID system must be de�ned as early as

possible so that engineering studies can concentrate on critical path

items such as the solenoid and calorimeter.

It is obviously advantageous to come to a resolution of the PID ques-

tion as soon as possible, so that the necessary engineering studies

for the entire detector can proceed on a time scale compatible with

the development of the Conceptual Design Report.
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8

Electromagnetic Calorimeter

E
xcellent electromagnetic calorimetry is essential to the physics

goals of the BABAR experiment at PEP-II. The reconstruction of

as many CP eigenstate decays as possible, especially those involving

�
0 decays, requires us to measure photons with the best achievable Excellent photon energy

and angular resolution,
coupled with good
low-energy detection

e�ciency, is important
for reconstructing CP

eigenstates with high
signal-to-background
ratios

energy and angular resolution, thereby providing the best possible

�
0 and B mass resolution. Similarly, high detection e�ciency for

low-energy photons is crucial, in particular for �nal states involving

several �0's. Achieving both of these design goals increases mea-

surement sensitivity by providing high signal-to-background ratios

for decay modes with small branching fractions, which are typical

for CP eigenstates. The calorimeter also contributes to particle

identi�cation, particularly to e=� and e=� separation.

Several choices for an electromagnetic calorimeter have been con-

sidered, including a fully-absorbing liquid-krypton calorimeter, a

scintillating-�ber calorimeter and a thallium-doped cesium iodide

crystal calorimeter. After detailed comparison of these options, as

discussed in Section 8.2, the CsI(Tl) crystal calorimeter has been

selected as the BABAR calorimeter technology.

8.1 Calorimeter Requirements

8.1.1 Physics Requirements

The average multiplicity in B decays for both charged particles

and photons is 5.5, where the latter originate mostly from �
0's.

Figure 8-1a shows the photon energy distribution from generic B The average multiplicity in

B decays for both charged
particles and photons

is 5.5

decays at PEP-II, where the boost of the BB system is �
 =

0:56. More than 50% of the photons have energies below 0.2GeV.

For most decays the �0 momentum is low and thus the �0 mass
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Figure 8-1. Photon energy spectrum in (a) generic B decays

and (b) B0
! �0�0 events.

resolution is dominated by the photon energy resolution. In con-

trast, the photon energy spectrum from B
0 ! �

0
�
0 (which has a

branching fraction < 10�6 [Dea93]) extends above 4GeV as shown

in Figure 8-1b. In this case all �0's have momenta above 1GeV;A measurement of the
B0
! �0�0 branching

ratio is important for

evaluating possible
penguin contributions

to sin 2� as measured in
the decay B0

! �+��

the B0 mass resolution is nonetheless still dominated by the photon

energy resolution. A measurement of the branching ratio for B0 !

�
0
�
0 is important to determine penguin contributions to B

0 !

�
+
�
�, one of the leading channels for measuring sin 2�. In channels

involving both charged particles and �
0's, such as B0 ! J= K

�0

and B
0 ! �

�
�
�, where the �0's have lower momenta, it is again

the photon energy resolution that primarily determines the B0 mass

resolution [Ale94].

The importance of detecting very low-energy photons is demon-

strated in Figure 8-2, which shows �0 and B meson reconstruction

e�ciency for generic B decays versus minimum detectable pho-

ton energy. B meson reconstruction e�ciency for modes involv-
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Figure 8-2. �0 (dashed line) and B meson reconstruction

e�ciency (solid line) vs. photon energy threshold for generic B

decays. (Taken from [HEL92]. E�ciencies exclude geometric

acceptance.)

ing photons has been studied, both as a function of the mini-

mum and maximum measured photon energy and as a function

of the minimum and maximum detectable polar angle, using the

ASLUNDMonte Carlo. The channels considered are (i) B0 ! �
0
�
0,

producing four relatively high-energy photons, (ii) B0 ! J= K
0

S
,

where K0

S
! �

0
�
0, producing four relatively soft photons, and (iii)

B
0 ! �

�
�
�, producing only two photons. Figure 8-3 shows the

results. Generally, for these three modes the losses in the forward

direction (upper left plot) are not as severe as for low-multiplicity For modes involving �0's,
losses in the forward

direction are not as severe
as for all-charged modes

all-charged modes, though �0�0 is somewhat worse than �+��. In

the backward direction (upper right plot) the demands on solid

angle coverage are moderate.

Sensitivity to low-energy photons is the critical parameter for e�-

cient �0 detection. For example, if the photon energy were restricted

to E
 > 0:2GeV, almost half the J= K0

S
decays would be lost

(lower left plot). Similar losses can be expected for most modes Sensitivity to low-energy
photons is critical for

e�cient �0 detection
with two �

0's. The exceptions are those few channels, such as

B
0 ! �

0
�
0, which have high-momentum pions. In this case, the
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Figure 8-3. Starting clockwise from upper left, dependence

of B reconstruction e�ciency on minimum detectable �, max-

imum detectable �, maximum detectable energy and minimum

detectable energy for decay photons from B0
! �0�0 (solid),

B0
! J= K0

S
, J= ! `+`�, K0

S
! �0�0 (dash-dot) and

B0
! ����, �� ! ���0 (dash).

�
0's are produced at or near the kinematic limit; therefore photons

with energies up to �5GeV can be expected (lower right plot).

For B meson reconstruction, it is important to achieve e�cient

photon detection in the energy range 0.02{5.0GeV, along with good

energy and angular resolution over the entire active solid angle.

For other physics processes with low multiplicity �nal states, e.g.

Bhabha scattering, � decays, or tagged two-photon events, the en-

ergy range extends even higher, reaching values near that of the

high-energy beam. In addition to reconstructing BB events, it is

important to recognize rare decays of individual heavy mesons con-

taining b and c quarks, and rare � decays. Rejection of backgrounds
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in searches for decays with small branching fractions requires excel-

lent lepton-hadron separation as well.

These requirements, along with the desire to achieve resolutions

matching those of other detector subsystems, lead us to a design

based on CsI(Tl) crystals. Taking CLEO-II as a baseline, the aim The excellent performance
of the CLEO-II CsI(Tl)

calorimeter can be
improved upon by

having better shower
containment, less
inactive material, lower

electronic noise, and �ner
segmentation

is to improve the energy resolution while minimizing the inactive

material in front of, and within, the calorimeter and maximizing

the solid-angle coverage. The energy resolution target of our design

is:

�E

E
=

1%

4

q
E(GeV)

� 1% (8.1)

The constant term is determined by front and rear leakage as well

as by inter-calibration errors and light collection non-uniformity.

The expression does not include electronic noise, because this con-

tribution has been demonstrated to be negligible with the proposed

readout system, even at low energies (see Section 8.3.3).

8.1.2 Radiation and Backgrounds

The radiation environment at PEP-II is more severe than that

at existing e+e� colliders because of much higher beam currents.

The calculated beam-related background rates shown in Chapter 4

provide a wide safety margin. However, in actual storage ring opera-

tions experience shows that most of the radiation exposure will come

from injection and machine studies. Scaling typical CESR operation

to the beam currents expected at PEP-II gives about 1.5 krad/year The estimated radiation

dose is 1.5 krad/year at
a radius of r=45 cm and

0.5 krad/year at r=1m

at a radius of 45 cm and 0.5 krad/year at 100 cm [Blu86]. The

PEP-II masking system has been designed with graded apertures to

prevent the deposition of large amounts of radiation in the interac-

tion region due to accidental beam loss. It is still desirable, however,

to provide a large safety margin by using detector components that

are intrinsically radiation hard and can survive doses of tens of krads

over the lifetime of the experiment.

The calorimeter is sensitive to cosmic ray and beam-related back-

ground. Simulations indicate that the latter is almost entirely caused

by showers from beam-gas interactions or from o�-axis beam par-
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ticles striking machine elements at or near the interaction region.Most beam-related
background is caused by

lost particles. Synchrotron
radiation photons are
unimportant

Synchrotron radiation photons are a negligible source of background

for the calorimeter [Zis91]. Shower particles have an energy distri-

bution with a median around 500 keV and are expected to cause

about 120 depositions per �s in the barrel, with a total energy

of less than 0.15GeV. There are on average 0.8 depositions perThere are about 0.8 fake
photons per �s above

0.01GeV
�s above 0.01GeV that can produce fake photons in reconstructed

physics events. Due to this background the shaping time for the

calorimeter readout may need to be lowered from the optimal value

for maximizing the signal-to-electronic-noise ratio.

8.2 Choice of Technology

The choice of calorimeter technology has an impact on many as-

pects of the detector design beyond the calorimeter itself. An adThree calorimeter options,

CsI(Tl) as in CLEO-
II, liquid krypton as in

KEDR, and scintillating
�bers as in KLOE, were

considered in detail

hoc committee was formed to evaluate three proposed calorimeter

technologies, a CsI(Tl) scintillating crystal device, a fully-absorbing

liquid-krypton (LKr) device, and a �ne-grained lead scintillating-

�ber device. The committee considered relative physics perfor-

mance, technology risk, relative costs and impact on the construc-

tion schedule.

The Committee's recommendation [BAB94], adopted by the Col-

laboration, was that a down-sized version of an earlier design of the

CsI(Tl) calorimeter [SLA93] be chosen as the sole option for the

Letter of Intent. A discussion follows of the issues upon which the

decision was based.

8.2.1 General Performance

By increasing crystal length, decreasing electronic noise and im-

proving light collection, CsI(Tl) as proposed for BABAR will have

somewhat better intrinsic energy resolution than CLEO-II at low

energies; a LKr calorimeter would likely achieve only comparable

energy resolution to CLEO-II, and a scintillating �ber device will

be signi�cantly worse than either. Both scintillating �ber and LKr

devices have, however, better angular resolution than CsI(Tl) by

virtue of �ner transverse and longitudinal segmentation.
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The CsI(Tl) device and the scintillating �ber devices have compara-

ble detection e�ciencies for low energy photons. The LKr device is

poorer because tracks must traverse about 0.1 X0 of additional ma-

terial in the dewars (and potentially convert therein) before reaching

the active medium.

8.2.2 Physics Considerations

Performance was compared on two benchmark physics reactions

(B0 ! �
0
�
0 and B0 ! �

�
�
�). As the B mesons are nearly at rest in

the center-of-mass system, it was found that energy resolution has

a greater impact on B mass resolution for �nal states containing

�
0's than does angular resolution. Monte Carlo simulations show CsI provides the best B

mass resolution, while
scintillating �ber is

distinctly worse

that while CsI(Tl) has the best mass mass resolution, LKr is only

�5{10% poorer for these processes. A scintillating �ber device is

found to be two to three times worse than either.

The main distinction between CsI and LKr for physics performance Soft-photon detection
e�ciency in LKr is loweris, however, the �10{16% lower detection e�ciency for B meson

�nal states with a single �0 [Hea94]. This re
ects a smaller detection

e�ciency for low energy photons in LKr.

The Committee was unable to evaluate some of the other more

distinctive features of each calorimeter, including the added segmen-

tation in the LKr and scintillation devices which allow better �=e

and �=� separation, and improved beam background and hadron

splito� rejection.

8.2.3 Technology Risk

The CsI(Tl) calorimetry and scintillating �ber calorimetry were

considered to pose little or no technological risks. If adequately

radiation-hard CsI, required for the endcap region, is not available,

several alternatives (longitudinal segmentation or pure CsI) are

available without performance loss (Section 8.7.2). LKr calorimetry

does not su�er from this problem, but does require the development

of very thin state-of-the-art dewars to minimize inactive material;

this was not considered a serious concern, as many cryogenic devices

have been built and the Collaboration has expertise in this area.
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8.2.4 Impact on the Detector

The intrinsic di�erences in radiation length of CsI, LKr and scin-

tillating �ber devices, as well as their di�erent containment re-

quirements result in dramatically di�erent dimensions for the �nal

engineered detector.

While CsI and scintillating �ber devices have a radial thickness of

35{45 cm, the LKr device would require about 85 cm of radial space

for the active medium and the dewars. The additional thickness ofLKr calorimetry
dramatically increases the

detector solenoid length
and radius

LKr implies that the detector length must also increase in propor-

tion, requiring a superconducting magnetic shield for Q2.

LKr geometries having a conventional barrel/endcap and an end-

capless design were considered. Both were found to have a serious

impact on access to inner detector components, as well as beamline

elements. These restrictions were judged to be unacceptable.

8.2.5 Cost and Schedule Impact

The baseline CsI(Tl) calorimeter is the most expensive of the three

options. The cost risks arise from uncertainties in CsI raw material

and production costs. The cost of the scintillating �ber device

is driven by the photodetector cost. It is likely to be about half

as expensive as CsI. The LKr costs are, in isolation, substantially

less than those of CsI, and are driven primarily by mechanical and

cryogenic components. While the baseline LKr device is about one-

half the cost of the CsI system, the cost impact on the rest of the

detector was found to be signi�cant. When the incremental costsNet cost of a LKr system,
including increased

magnet costs, is within
�20% of the CsI option

for the large solenoid, 
ux return steel, Q2 shielding and muon

detectors are included, the net di�erence between the CsI and LKr

systems is reduced to �20%. Furthermore, the LKr option requires

a signi�cantly larger commitment of funding to the solenoid and


ux return in the initial two years of the project.
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8.2.6 Conclusion

While the CsI and LKr options both appeared adequate in physics

performance, matching or exceeding that of CLEO-II; the scintillat-

ing �ber option was found to be inadequate. The serious impact of

a LKr device on access to the inner detector and to PEP-II machine

elements, and the likely need to redesign Q2 made a compelling case

for CsI. The in
uence on the detector schedule resulting from the

large increase in the solenoid and 
ux return costs associated with

the LKr option was viewed as a serious problem.

The modest cost savings of the LKr were therefore not judged to be CsI is the preferred option
for calorimetrysu�cient to outweigh other considerations and hence the CsI crystal

calorimeter was chosen in preference to LKr.

8.3 Calorimeter Description

8.3.1 Cesium Iodide Properties

CsI has a radiation length of 1.86 cm, a density of 4:5 g/cm
3
, and

a Moli�ere radius of 3.8 cm. It has good mechanical and thermal CsI(Tl) has high light

output and a spectrum
suitable for readout with
silicon photodiodes

stability, is only weakly hygroscopic, and is adequately radiation

hard up to tens of krads. The light output of thallium-doped CsI

is high (65000 photons/MeV at room temperature). The photon

spectrum peaks at 560 nm, making CsI(Tl) suitable for silicon pho-

todiode readout. The decay time of the scintillation light is about

1�s.

8.3.2 Geometry and Crystal Dimensions

The geometrical con�guration of the calorimeter shown in Figure 8-4 The CsI calorimeter covers
the angular range between

300mr forward and 400mr
backward, with endcaps
tilted at 20

� for the

bene�t of the particle
identi�cation system

consists of a cylindrical barrel with an inner radius of 105 cm and

a length of 288 cm along the beam line at the inner surface of the

calorimeter. Forward (backward) endcaps extend the angular cov-

erage for fully contained showers to 300 (400)mr in the laboratory.

In order to preserve optimal performance for the Fast RICH particle

identi�cation option, the endcaps are tilted at 20�. This tilt is also
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Figure 8-4. Con�guration of the barrel and endcaps of the

CsI(Tl) calorimeter.

convenient for optimizing the gain of the �ne mesh photomultiplier

tubes used in the aerogel particle identi�cation option. In addition,

the amount of material in front of the endcap crystals is reduced.

The calorimeter is mounted entirely inside the magnet solenoid.

The crystals in the barrel and endcaps are arranged in projectiveProjective geometry is
used in both the barrel
and endcaps

geometry, i.e. each crystal has the shape of a truncated pyramid

with its longitudinal axis pointing to the interaction point. A typical

barrel transverse crystal size is about 4:5�4:5 cm2 at the front face,


aring out to about 5:5� 5:5 cm2 at the rear. Endcap crystals areThere are a total of
�10,000 crystals smaller. There are a total of �10,000 crystals, with �7,300 crystals

in the barrel and �2,700 crystals in the endcaps.

The crystal length varies with polar angle to optimize cost whileThe crystal length is
varied as a function of

polar angle to match the
average energy of the
photons

retaining good physics performance. In the forward endcap and

forward part of the barrel 18 radiation lengths (X0) are used. The

crystal length is reduced to 17 X0 in the central part of the barrel,

16 X0 in the backward region of the barrel, and 15 X0 in the

backward endcap. This results in a total of 54 di�erent crystal

shapes and a total active volume of 8:1m3.
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8.3.3 Light Collection and Readout

The crystals are read out at their rear face by silicon photodiodes.

Optimal energy resolution is achievable only if (a) a high light

collection is obtained, (b) the light collection is uniform, and (c)

the electronic noise contribution of the readout chain is minimal. The crystals are read out
with plastic wavelength

shifters and small
photodiodes

In addition, the readout system should be reliable, stable, compact,

a�ordable and operate e�ciently in a high magnetic �eld. These

criteria can be met by a readout system using silicon PIN photo-

diodes coupled to plastic wavelength shifter plates and low-noise

charge-sensitive preampli�ers [Hol88].

Because CsI(Tl) is slightly hygroscopic, the entire calorimeter is The crystals are sealed
with a thin coating of

Te
on AF
kept in a low-humidity atmosphere. In addition, the crystals are

sealed with a thin coating that does not a�ect their optical proper-

ties. A candidate for such a coating is Te
on AF with a thickness of

about 50�m. Long term aging properties of this material are under

study.

Excellent energy resolution is correlated with high light output from

CsI(Tl). Studies have shown that the light yield is considerably

improved by surrounding the crystals with an optimized white dif-

fuse re
ecting material. Choices that have been investigated are

multilayers of PTFE te
on, Tyvek, aluminum foil, and TiO2.

Because the crystals have a trapezoidal shape, light collection e�- The magnitude and

uniformity of the light
output are governed
by surface treatment

and choice of wrapping
material

ciency in a fully polished crystal is not uniform along the length.

The common method for minimizing this e�ect consists of roughen-

ing the surface at di�erent places until the light collection is uniform.

An alternative method is to vary the re
ectivity of the wrapping

material.

Figure 8-5 shows the crystal-readout assembly utilizing a wave- The 
uorescent 
ux
concentrator/small

photodiode readout
system gives excellent

performance at a
lower cost than direct
photodiode readout

length shifter plate or \
uorescent 
ux concentrator" (FFC) [Lor86]

and two silicon PIN diodes. The FFC, which covers the entire rear

face, consists of a square acrylic plate doped with a 
uorescent dye.

The FFC combines two functions: wavelength shifting and light

concentration. A large fraction of the CsI(Tl) scintillation light is

absorbed by the FFC and shifted towards longer wavelengths where

the photodiodes have higher quantum e�ciency. The FFC also acts

as a wave guide; the re-emitted light is concentrated along the FFC

side faces. This allows the use of small-area (�1 cm2) rectangular
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Figure 8-5. A CsI(Tl) readout assembly (not to scale)

photodiodes, which have low noise and are less expensive than large-

area devices. For redundancy, two photodiodes are glued to two

adjacent side faces of the FFC.

The photodiodes can, alternatively, be placed directly on the back

of the FFC. Both the shifted light and a portion of the primary

light can be detected, thus increasing the detection e�ciency. This

design is particularly favorable if the FFC spectral absorption range

does not extend over the entire CsI(Tl) emission wavelength region.

The option of gluing two large-area (18 � 18mm2) photodiodesDirect readout of the

CsI crystal with large
photodiodes is also an
option

directly on the crystal is also being considered. This technique

is somewhat more expensive, but can potentially achieve the best

noise performance. Direct readout with four small-area photodiodes

is used in the CLEO-II calorimeter [Kub92].

The Hamamatsu S3588 diode (or an equivalent type with similar

geometry) is a candidate for the FFC readout system. The diode

has an active area of 3:4 � 30mm2. Each photodiode is coupled

to a low-noise, charge-sensitive preampli�er, which incorporates the

photodiode bias, and a network consisting of a 100 M
 resistor and

a �lter.

Shielding is needed for protection against coherent pickup noise.Careful electromagnetic

shielding of the readout
system is vital for good

noise performance

The photodiode is shielded by a metallic cap and the length of the

connection between the photodiode and the preampli�er is mini-

mized and fully shielded. The preampli�er has its own EMI shield-
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ing and microphonic protection. The entire calorimeter is itself

shielded by virtue of the metallic support structure.

Full-size crystals have been tested both with FFC/photodiode read-

out and with direct photodiode readout. Figure 8-6 shows the
22Na energy spectrum measured with FFC/photodiode readout. An

18 X0 crystal with a front cross section of 3:4� 3:4 cm2 and a rear

cross section of 4:5�4:5 cm2 was used. A 4�4 cm2 FFC containing

a red BASF laser dye (#339), read out with a single photodiode

(Hamamatsu S2575), yields 5200 photoelectrons (pe) per MeV, and

an equivalent noise charge (ENC) of 280 e� (rms) for a 3�s shaping

time [Hol88]. This corresponds to an equivalent noise energy of

55 keV. For comparison, the Crystal Barrel Collaboration achieves

a noise energy of 200 keV with an FFC/photodiode system [Ake92],

while the CLEO-II direct photodiode readout yields a noise energy

of 500 keV [Kub92].

Using direct photodiode readout of full-size crystals, a noise level

identical to that of the FFC/photodiode readout has been achieved.

Coupling a single Hamamatsu photodiode (model S3584-05 with an Both FFC/photodiode
and direct photodiode
readout of large CsI(Tl)

crystals have achieved an
equivalent noise energy of

55 keV

active area of 28 � 28mm2 and a 500�m thick depletion layer)

via a silastic cookie to a CsI(Tl) crystal with the same dimensions

as for the FFC-photodiode readout, a yield of 12000 pe=MeV and

an equivalent noise energy of 55 keV [Eig94] has been measured.

For purposes of calculating the electronic noise contribution to the

low-energy photon resolution, these bench test values have been

increased to 100 keV/crystal for the full-size calorimeter system.

This increase is intended to conservatively account for coherent

noise, component parameter spreads and variations in crystal light

output, wrapping, and the possible need for using shorter shaping

times to minimize background e�ects.

8.3.4 Mechanical Support Structure

The CsI crystal support structure design must combine mechanical

strength with minimal mass in front of and between the crystals.

The calorimeter support structure must contain the individual crys- The crystal support

structure must not use
the crystals as structural

elements, as CsI is a plastic
material

tal elements with good mechanical integrity for positioning crystals,

without long-term creep and sag of the crystals or the loaded struc-

ture. It may be necessary to provide mounting and attachment
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Figure 8-6. Energy spectrum of a 22Na source measured with

an 18 X0 CsI(Tl) crystal with FFC-photodiode readout

points for inner detector elements such as the particle identi�cation

system and tracking drift chamber. It must also allow for tem-

perature and humidity control as well as electrical shielding and

grounding for the photodiodes. Cesium iodide is a plastic material.

The crystals therefore cannot be used as structural elements or be

placed under signi�cant loading. The support structure must also

meet safety and seismic standards for the SLAC environment.

These design requirements have been met with a calorimeter sup-

port structure that consists of crystal compartments with 75�m

thick aluminum walls attached to aluminum or composite �ber

inner and outer cylinders and end-plates. Individual compartments

are spot-welded or epoxied together into a number of subsectionsUsing �nite-element
analysis, a barrel

mounting structure with
individual 75�m Al
compartments has been

shown to be of adequate
strength

re
ecting the symmetry of the structure. For �nal assembly, the

subsections are attached to an inner and outer cylinder with the nec-

essary strength to support the barrel structure from the magnet coil

cryostat. The endcap structures, of a similar design, are mounted

onto the movable 
ux return doors, which are split vertically to

allow access to the inner parts of the detector. To validate the
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Figure 8-7. Finite-element model of the mechanical support

structure for the barrel.

conceptual design, a �nite-element analysis of the barrel structure

has been performed; the results, an example of which is shown in

Figure 8-7, indicate that the structure is quite rigid and is free of

signi�cant sag or deformation.

The impact on physics performance for this design is currently being

assessed. Preliminary GEANT modeling with 150�m Al between

crystals indicates that the �0 mass resolution is not signi�cantly The material in the
compartments has a
negligible e�ect on �0

mass resolution

a�ected. Alternative crystal compartment schemes have not been

modeled and analysed for strength and performance; however it is

clear that the compartment material thickness will be greater for

schemes involving multiple crystals per compartment.
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Composite structures of carbon and glass �ber composite such as

the L3 BGO structure [Leb90] and the Tau/Charm structure [Per91]Composite structures
are more expensive and

provide little performance
improvement

have also been examined in terms of performance and cost, and are

conservatively estimated to be at least twice the cost of a simple

metal structure for a minimal improvement in performance.

8.3.5 Electronics

The prime requirement for the calorimeter data acquisition sys-

tem is that it not signi�cantly impact the calorimeter resolution

for energy depositions from the lowest photon energy of interest

(�0.02GeV) to the maximum Bhabha energy. Taking into ac-

count the transverse spread of electromagnetic showers and reso-

lution requirements for calibration signals from radioactive sources

(Section 8.5), this requirement mandates a dynamic range of 17 toA dynamic range of 17{

18 bits, along with an
e�ective resolution of 10
bits, is required

18 bits, which covers the range from at least 100 keV to 12GeV,

along with an e�ective resolution of 10 bits.

Optimal shaping times for signals from PIN diodes are in the range

of 1{4�s. The required noise characteristics of the crystal pream-

pli�er are an rms intrinsic noise of no more than 150{200e� for the

unloaded preampli�er and a gradient of � 2e�=pF. The charge

will be integrated by a local shaping ampli�er and then digitized.Two independent

photodiode/ampli�er
channels per crystal are
provided to the digitizer

Alternatively, digitization could occur outside the calorimeter. To

insure against signal loss due to the failure of the diode and/or

preampli�er, two readout channels per crystal are kept independent

at least up to the digitizer.

The proposed data acquisition system (see Chapter 11) is based on

untriggered clocked digitization using fast sampling ADCs. A digi-

tal pipeline is used both for the development of trigger decisions and

for storage of the data until those decisions have been made. WithinThe amplitude and timing

of a shaped CsI(Tl)
signal are extracted from

waveform sampling and
digitization

this context, a shaped detector signal is sampled and digitized

several times in order to determine its amplitude. The �t to several

contiguous time bins, required to ascertain the total charge in the

pulse, also yields an event time with good resolution, well below

100 ns. This, in turn, allows the e�cient rejection of uncorrelated

signals from beam background and delayed neutron capture. The 1{

4�s shaping time implies a digitization rate between 1 and 10 MHz.
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Section 11.5.1 describes the electronics design proposed to achieve

the required dynamic range, resolution, and sampling rate.

8.4 Calorimeter Performance

8.4.1 Factors In
uencing Energy Resolution

A number of e�ects beyond shower statistics contribute to the cal- A number of e�ects other
than shower statistics
contribute to the energy

resolution

orimeter resolution; di�erent e�ects dominate in di�erent energy

regions. Reducing the e�ect of one contribution may facilitate doing

better with another. Most of these lead to design decisions which

have little direct e�ect on cost.

The main contributions to the energy resolution, beginning with

those related to shower development and ending with e�ects exter-

nal to the calorimeter, are:

a) Fluctuations in energy loss caused by leakage out of the front

and the rear of the crystals, losses due to the staggered crys-

tal geometry, and energy deposited in the material between

crystals.

b) Transverse energy spread, which requires optimization of clus-

tering algorithms to minimize the combined e�ects of energy

spread, noise, and backgrounds.

c) Photon statistics of collected scintillation light.

d) Non-uniformity of light collection.

e) Incoherent electronic noise associated with the readout device.

f) Pickup and other coherent noise, which should be kept well below

the level of incoherent noise.

g) Digitizer resolution, which can be made negligible.

h) Calibration of the energy scale, including crystal inter-calibration

and the e�ects of time or temperature dependence.

i) Material en route to the calorimeter, which a�ects e�ciency as

well as resolution.
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j) Beam-related backgrounds.

Noise (listed in items (e) and (f)) a�ects the low-energy range,

while rear leakage (item (a)) dominates at the highest energies.

Fluctuations in energy loss (item (a)), along with contributionsElectronic noise dominates
the resolution at low
photon energies, while

pattern recognition and
shower leakage are the

most important e�ects at
higher energies

from non-uniform light collection and calibration e�ects (items (d)

and (h)), are expected to yield a constant term of the size shown

in Equation 8.1. Transverse shower spread and choice of recon-

struction algorithms (as mentioned in item (b)) are important to

the energy resolution over the intermediate range. Finally, other

e�ects like material in front of the calorimeter and beam-related

backgrounds ((i) and (j)) can impact the energy resolution, mainly

at low energies.

The e�ect of machine-related backgrounds on pileup and resolution

for low-energy photons has been studied [Sny92, Lev94]. Using

EGS, 0.1GeV photons at normal incidence have been simulated

together with a randomly distributed background from lost beam

particles; both are integrated over a 2.0�s shaping time. This sim-

ulation does not include material in front of and between crystals.

Simple energy sums over rectangular crystal clusters are formed.

To estimate the e�ect of the background pileup, the rms energy

spread for a range of cluster sizes has been computed with and with-The random contribution
of energy from lost
particles can have a

signi�cant e�ect on
the resolution for low-

energy photons. This
may motivate the use
of shorter shaping times

in the CsI(Tl) readout
system

out pileup. With 16 crystals summed in a cluster, the rms spread

including background is 2:5�0:2MeV, to be compared with an rms

spread of 2:1�0:2MeV without background. This background thus

exceeds the expected contribution from electronic noise of 0.4MeV

(100 keV/crystal). For the case of 25 (36) crystals, the calculation

shows an increase in rms energy spread from 1.8 (1.6)MeV with-

out background pileup to 2.6 (2.5)MeV with background. Thus,

ampli�er noise, shaping time and pileup all must be considered

simultaneously.

8.4.2 Expected Performance for Photons

The expected calorimeter performance has been studied using a

GEANT Monte Carlo simulation of the full detector. Previous

studies have shown that 18X0 crystals are necessary to keep the res-

olution, �E=E, below 1% at energies above 1GeV, whereas shorter
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crystals give satisfactory performance at lower energies [SLA93].

Taking into account the correlation between (average) photon en-

ergy and polar angle caused by the boost of the center-of-mass

system, crystal lengths are varied as a function of polar angle.

The GEANT model of the calorimeter contains a description of the The calorimeter resolution
has been modeled with a

GEANT simulation
barrel with 17 X0 crystals and the forward and backward endcaps

with 18 X0 and 15 X0 crystals, respectively. The model includes

150�m of aluminum as structural material between the crystals.

In the study described in this section, showers are reconstructed in

the barrel part only. Their energies are determined by summing the

energy deposited in a 5 � 5 crystal cluster, including an incoher-

ent electronic noise contribution of 100 keV per crystal. Since the

distributions typically show a non-Gaussian tail on the low energy

side, the resolution is de�ned as � = FWHM=2:36. In order to

account for e�ects not included in the GEANT simulation, partic-

ularly non-uniform light collection and calibration uncertainties, a

constant term of 0.5% is added in quadrature to �E=E. \Truncated

acceptance" (�) is de�ned as the fraction of entries under a Gaussian

with � de�ned above and with the observed height. Equivalently,

1� � is equal to the percentage of events lying in the non-Gaussian

tail.

Initially, the performance of the barrel calorimeter has been studied

without any material in front of it. Figure 8-8 shows the energy

resolution and truncated acceptance vs. energy, for photons with

polar angles near 90�. Also shown (solid line) is the target energy

resolution, listed in Equation 7.1. The Monte Carlo prediction, The simulated energy
resolution is consistent
with the target resolution

based on 17 X0 crystals, is just below the target resolution at all

energies except the very highest.

The sawtooth pattern at the inner radius of the barrel calorimeter

causes some performance degradation towards small polar angles.

Table 8-1 summarizes the Monte Carlo results for energy resolution

and truncated acceptance vs. polar angle for 0:1GeV and 1GeV

photons. One can see a 40% (20%) increase in resolution for 0.1GeV

(1GeV) photons at the largest j cos �j, where the break between

barrel and endcap occurs. This increase is due to an increased

leakage contribution, mostly out the uncovered crystal side faces.

The leakage problem can be somewhat alleviated, at the cost of

a substantial increase in the number of electronics channels, by

decreasing the crystal transverse dimensions, thereby reducing the
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Figure 8-8. (a) Expected energy resolution, �E=E, and (b)

truncated acceptance vs. energy for photons with polar angles

near 90
�. The solid line shows the target energy resolution,

Equation 8.1. The plateau in truncated acceptance at 90% is

a consequence of the low-energy tail of the energy distributions.

sawtooth e�ect. Lengthening the crystals at large polar angles can

cure the rear leakage problem, although the required lengths are

impractical. Studies have shown that simply �lling in the sawtooth

pattern degrades e�ciency and uniformity of light collection signif-

icantly [Spi94].

Finally, the e�ect on energy resolution and truncated acceptance

from inactive material between crystals is shown in Table 8-2 for

0:1GeV and 1GeV photons for polar angles near 90�.

A photon which converts in the material between the main tracking

volume and the calorimeter can either be lost entirely, or have its

energy so degraded that it will fail to lead to a satisfactory �0 mass.

While energy loss by the conversion electrons is a contributing

factor, even more important is their de
ection by the solenoidal

�eld: one or both of the leptons might not reach the barrel calorime-
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Truncated

j cos �j �E=E (%) Acceptance (%)

0:1GeV 1GeV 0:1GeV 1GeV

0 2.0 1.4 84 90

0.5 2.1 1.4 84 90

0.7 2.2 1.5 84 87

0.8 2.5 1.6 84 89

0.85 2.8 1.7 82 90

Table 8-1. Energy resolution and truncated acceptance for

0:1GeV and 1GeV photons vs. polar angle.

Material Truncated

Thickness (�m) �E=E (%) Acceptance (%)

0:1GeV 1GeV 0:1GeV 1GeV

0 1.8 1.3 84 87

150 2.0 1.4 84 89

300 2.1 1.4 83 86

Table 8-2. Energy resolution and truncated acceptance for

0:1GeV and 1GeV photons at polar angles around 90
� for

di�erent thicknesses of inactive material between crystals.

ter. For the endcaps, in contrast, the conversion leptons will spiral

around the �eld lines and eventually reach the calorimeter not too

far o� course.

Important considerations besides the amount of material traversed The amount and

distribution of material in
the particle identi�cation
system in front of the

calorimeter a�ects the
resolution and detection

e�ciency

include the proximity of that material to the calorimeter (the closer

the better) and whether the particle identi�cation detector can

\
ag" the conversion. The e�ect of a Fast RICH system on photons

near polar angles of 90� has been simulated; at other angles, to

lowest order, the e�ect scales with the amount of material traversed,

i.e. as 1= sin�.

The Fast RICH is modeled after the device described in Section 7.5

with 0.09 X0 and 0.04 X0 of material located 23 cm and 3 cm,

respectively, in front of the calorimeter. The results for energy

resolution and truncated acceptance are given in Table 8-3. Hardly

any e�ect on resolution is visible, since most photons pass through
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the material without converting. Those which do interact, however,

lose a signi�cant amount of energy, resulting in an e�ciency loss

ranging from 8% at 0:05GeV to 2% at 1GeV. More details can

be found in reference [Eis93]; e�ects of �0 reconstruction will be

presented below. Note that aerogel and DIRC particle identi�cation

options have similar or somewhat less material than the Fast RICH.

Truncated Acceptance

Energy (GeV) �E=E(%) Acceptance (%) Ratio R (%)

0.05 2.3 74 92

0.1 2.0 78 93

0.2 1.7 82 95

0.5 1.5 84 94

1.0 1.4 87 98

Table 8-3. Energy resolution and truncated acceptance for

photons at polar angles around 90
� with a Fast RICH detector in

front of the calorimeter. Also given is the ratio, R, of truncated

acceptance with and without material in front.

Figure 8-9. Expected resolution in azimuthal angle vs. energy.

The solid line shows the measured CLEO-II resolution.

Optimization is continuing on the detailed reconstruction algorithms

needed to determine the position of showers. One algorithm being

tried is based on the energy-weighted center-of-gravity. Due to the

�nite granularity of the calorimeter, the resulting shower positions

are biased towards the crystal centers. A correction factor, derived
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from Monte Carlo, is applied in an attempt to remove this bias.

The resulting resolution in azimuthal angle, �, vs. energy is shown in

Figure 8-9, together with a parametrization of the CLEO-II angular

resolution [Kub92]. The result is slightly worse than the CLEO-II

resolution for energies below 1.5GeV and slightly better for higher

values. Given the anticipated low electronic noise levels, smaller

transverse crystal sizes and longer distances to many of the crystals,

somewhat better performance than CLEO-II is expected. This

discrepancy is still under investigation. Nevertheless the algorithm

has been used in some of the �0 mass resolution studies in CP

benchmark processes described below. For studies of �0's recon-

structed from isolated showers in the barrel part of the calorimeter,

a parametrization derived from CLEO-II [Kub92] has been used

instead: �� = 0:9� (2:8=
q
E(GeV ) + 1:9)mr and �� = sin � � ��.

Similar angular resolution is expected for showers in the endcaps

since, in contrast to CLEO-II, the crystals there are arranged in

projective geometry.

8.4.3 Expected Performance for �0's

Most photons detected in the calorimeter arise from �
0's; �0 recon-

struction is therefore the primary task of the calorimeter. To study Single �0's and several

benchmark reactions
have been used to
study �0 resolution and

reconstruction e�ciency

�
0 mass resolution and e�ciency, and the e�ect of material in front

of the calorimeter, single, mono-energetic �0's have been used ini-

tially. As in our single-photon studies, only isolated showers in the

barrel are reconstructed, and the CLEO-based parametrizations for

the angular resolutions are applied; mass resolution and truncated

acceptance are de�ned the same way as in the previous section.

Figure 8-10 shows �0 mass resolution and truncated acceptance vs.

�
0 momentum. In this case, the model includes not only the mate-

rial from a Fast RICH but also from the beam pipe, the silicon vertex

detector, and the main tracking chamber, representing a total of Material in front of
the calorimeter has

a small e�ect on �0

mass resolution, but

a signi�cant e�ect on
reconstruction e�ciency

0.2 X0 at normal incidence. Also indicated is the performance with

no material in front of the calorimeter for �0's with a momentum of

0:1GeV and 1GeV. As with single photons, the inactive material

has very little e�ect on the resolution, but signi�cantly degrades the

e�ciency.
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Figure 8-10. (a) Expected mass resolution and (b) truncated

acceptance for single, mono-energetic �0's vs. �0 momentum for

0.2 X0 in front of the calorimeter. Only �0's with both photons

entering the barrel calorimeter were considered. The crosses

indicate the performance for 0.1GeV and 1GeV �0's with no

material in front of the calorimeter.

In addition, several benchmark processes, relevant for measuring

CP asymmetries, have been used to study �0 mass resolution and

e�ciency: (1) B0 ! J= K
�0 where K�0 ! K

0

S
�
0, (2) B0 ! �

�
�
�

where �
� ! �

�
�
0, and (3) B0 ! �

0
�
0. The �

0's from those

processes have a wide range of momentum, with B
0 ! J= K

�0

yielding the softest �0's and B0 ! �
0
�
0 the hardest.

In one study, only isolated photon showers in the barrel are re-

constructed. For this case, Figure 8-11a shows the 

 invariant

mass spectrum in the decay B
0 ! J= K

�0 with no material in

front of the calorimeter. (Note that J= and K
0

S
decays are not

simulated in this study.) The �0 mass resolution and truncated

acceptance are �m
�
0
= 3:2MeV=c2 and 82% respectively. Also

shown (Figure 8-11b) is the mass spectrum with the material of

the nominal design in front. Again, the additional material leads to
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a relatively small degradation in resolution, to �m
�
0
= 3:3MeV=c2,

but causes a very signi�cant low-mass tail which results in a drop in

�
0 truncated acceptance to 60%. The results for all three channels

are summarized in Table 8-4.

Figure 8-11. 

 invariant mass spectrum from the process

B0
! J= K�0 with K�0

! K0
S
�0 for (a) no material in front

of the calorimeter and (b) 0.2 X0 in front of the calorimeter at

normal incidence.

In a second study, an attempt is made to reconstruct �0's without

requiring isolated showers [Ale94]. Shower energies are determined

using a contiguous cluster algorithm and positions are measured

with the center-of-gravity method described above. Clusters are re-

constructed in both the barrel and endcap. The results are given in

parentheses in Table 8-4. One can see that this yields a substantially

better �0 e�ciency in the channels B0 ! �
�
�
� and B0 ! �

0
�
0, at

the expense of signi�cantly worse �0 mass resolution. This is mainly

caused by position errors for overlapping showers. It is expected,

however, that the mass resolution can be much improved in this

case by performing a mass-constraint �t; this will be the subject of
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�(m�0) �
0 Truncated Full �0

B decay channel (MeV) Acceptance (%) Acceptance (%)

B
0 ! J= K

�0 3.3 (4.0) 60

B
0 ! �

�
�
� 4.7 (6.3) 57 (67) (60)

B
0 ! �

0
�
0 6.2 (7.6) 30 (73) (68)

Table 8-4. �0 mass resolution and e�ciency in various B decay

channels, modeled with all the material in front. Truncated

acceptance is quoted for the barrel region only, or barrel plus

endcaps in parentheses. Full acceptance includes the loss due to

the solid angle coverage of the calorimeter.

further studies. The present technique yields a B0 mass resolution

of � = 43MeV=c2 and an overall reconstruction e�ciency of 50%

for B0 ! �
0
�
0.

8.5 Calibration, Monitoring and Sta-

bility

The performance of the CsI(Tl) crystals, photodiodes and readout

electronics must be monitored periodically to maintain the required

resolutions. Charge injection into the preampli�er frontend is ex-

pected to yield a 1% relative calibration of the gains of the system

beyond the photodiodes. A number of physics processes provide

photons and electrons that are suitable for crystal and photodetec-

tor calibration purposes. Reconstructed �
0 masses, energy depo-Overall calorimeter

performance can be
monitored using high
energy physics processes

sitions from minimum-ionizing particles (typically 0.23 GeV), and

the reconstruction of kinematically constrained �nal states, such as

e
+
e
�, e+e�
, 

, and 


, permit an absolute calibration accuracy

of better than 1% over the energy range relevant for physics events.

High energy processes are, however, not well-suited for tracking

changes in the light-collection properties of individual crystals, since

it takes 1 to 2 weeks to accumulate adequate statistics except withThe performance of

individual calorimeter
channels is best monitored
with an electronic pulser

and radioactive sources

Bhabha events. An independent system to monitor the light output

of each crystal on demand is therefore highly desirable. For this pur-

pose, one can utilize any of a set of long-lived gamma sources, such

as (
 energies in MeV): 137Cs (0.66), 60Co (1.17,1.33), 207Bi (0.57,
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1.06, and a weak 1.33), 214Bi (1.67), or 208Bi (2.6). These sources

would be moved mechanically into place during a calibration run

through a system of tubes.

Higher photon energy sources with short half-lives can provide cal-

ibration signals with greater noise margin. These can be produced

externally in a liquid and pumped through the detector. An ex- Radioactive sources with


 lines from 0.5 to 6MeV
can provide low energy
calibration

ample is the 6.13MeV line from 16O, which can be produced using

a low energy neutron source via the 19F(n; �)16N followed by the
16N! 16O�

e
�
�e reaction in freon. The intermediate 16N state has

a half-life of seven seconds. The activated liquid can therefore

safely be pumped through the detector for a calibration run. The

�nal choice of a calibration source depends on practicality, cost and

radiation safety.

The humidity in the vicinity of the crystals must be kept low, as

the CsI(Tl) crystals are mildly hygroscopic. The temperature of the

calorimetermust be kept stable, as the light output of the CsI(Tl) as The humidity in the
calorimeter must be kept

low and the temperature
must be kept constant

well as the photodiode dark current vary slightly with temperature

[Val93]. Humidity control is straightforward to achieve by circu-

lating dry nitrogen through the crystal calorimeter. Studies from

CLEO-II show that the best stability is obtained at a temperature

of (22� 1)�C. Thermocouples will constantly monitor temperature

at several positions in the calorimeter and will be used to control

distributed heating and cooling elements.

8.6 Procurement and Assembly

The detector construction schedule places stringent requirements The barrel CsI crystals

must be produced in
time to allow them to

be mounted inside the
solenoid coil during the

early phases of detector
assembly

on the procurement of the calorimeter crystals and their assembly

into the mounting structure; the complete barrel section must be

installed inside the solenoid coil during the early phases of detector

assembly in the interaction region. The most critical item in terms

of cost and schedule is the production of the CsI(Tl) crystals. In

order to better understand the process of crystal growth, a detailed

model that includes all phases of crystal production and incorpo-

rates input from industry has been developed. The cost of �nished The cost of the CsI crystals

is driven by the cost of the
raw material and by the

overall production yield

CsI(Tl) crystals is driven primarily by the cost of the CsI salt and

by the yield of the growing, cutting and polishing processes. Most

crystal producers have initial overall yields of 50%, rising perhaps
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to about 65% over a production run. Two crystal growth pilot

projects have been started in an e�ort to understand and optimize

the various stages of the production process: new crystal growth

techniques, machining and polishing, and the CsI salt recycling

process. The recycling of CsI material from aborted growing cycles,

and from the machining of crystals, is an important determinant of

the overall price.

Large numbers of CsI crystals have already been produced for the

CLEO-II, Crystal Barrel, KTeV and BNL E852 experiments. Build-

ing on this experience, the techniques of crystal growth have been

explored in detail with a variety of manufacturers. Production ofThere will be adequate

supplies of high purity CsI
salt

the crystals begins with acquisition of the CsI(Tl) salt. The major

producers of high-purity CsI salt have indicated their intention to

increase their CsI production and recycling capacity to meet the

projected world demand for CsI. This increased capacity will be

available beginning in 1995.

Several producers with sizable CsI(Tl) crystal production capacity

are available in China, the former Soviet Union, Europe, Japan, andCrystal production
facilities can be expanded
to the required level in a

number of countries

the US. A \make-or-buy" study is currently underway to ascertain

whether to grow the crystals using the facilities of several of our

collaborating laboratories.

Special tooling has been developed for �nishing multiple copies of

crystals to the proper tapered shape required for the calorimeter.

Up to 5 crystals at a time can be ground and polished with di-

mensional accuracy of about 25�m. Multiple crystal processing isLarge scale cutting and
polishing techniques are
under development

especially important in mass production because of the labor and

time-intensive nature of these manufacturing steps. Alternative

sawing methods, such as diamond wire cutting of CsI, are also

being investigated to substantially reduce the time involved in rough

cutting CsI crystal out of the boule, and in �ne cutting prior to

grinding and polishing.

The schedule foresees production of a modest number of crystals

(perhaps 15% of the total) in 1995, as manufacturing capacity is

ramped up. The main emphasis in 1995 will be to optimize surface

treatment and to gain experience with handling large numbers of

crystals. Production will increase in 1996, with a plateau reached

in the third quarter of 1996, continuing throughout 1997 into the

�rst quarter of 1998. The production for the endcap crystals will
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begin in 1996 to allow us to understand and perhaps improve the

radiation hardness of the material closer to the beamline.

The second important item is the readout. In the case of FFC/photo-

diode readout, wavelength-shifter-doped acrylic is acquired, ma-

chined and polished. The photodiodes, along with the frontend

electronics package, all of which have been pre-tested, are attached

to the acrylic. The readout plate assembly is then tested and

mounted on the crystal. This work is most naturally performed

at a number of collaborating institutions.

The production of both the photodiodes and the FFCs can proceed

rather quickly, as industry has a large capacity available and can

produce the required quantities within 6 months. The production The production of
the FFC/photodiode

assemblies and the readout
electronics is not a critical

path item

of the charge-sensitive ampli�ers and support elements such as the

bias network, shielding, thermal isolation, etc., is again not on

the critical path because industrial production can be achieved

in relatively short time. The �nal decisions on design details are

required before the end of 1995. The �nal assembly, which is rather

labor intensive, will be done at the collaborating institutions.

The third important element is the support structure. The �nal

assembly of the calorimeter barrel will start in late 1997 and extend Final assembly and testing

of the CsI barrel system
must commence a year

before detector completion

until spring 1998. System tests will start when the barrel is mounted

in a transfer �xture. When tests are completed, the barrel will be

inserted into the magnet. The endcap assembly schedule is not yet

fully worked out, but is less intimately connected with the assembly

of other system components.

8.7 Optimization Studies

8.7.1 Light Collection and Readout

Studies are under way to optimize the crystal size based upon con- Studies are continuing to
optimize crystal sizes and

to improve wrapping and
readout techniques

siderations of energy resolution, angular resolution, and cost. Light

collection and readout schemes used by other experiments, such as

Crystal Barrel [Ake92] and CLEO-II [Kub92], have been studied.

Several improvements are possible and are proposed to be tested in

the R&D program: comparison of various crystal wrapping schemes,
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both for optimal overall light collection and for compensation of

light collection di�erences due to the trapezoidal crystal shapes;

development of wavelength-shifter materials with high refractive in-

dex for enhanced light trapping; studies of new wavelength-shifting

dyes with higher e�ciency; tests of di�erent wavelength-shifter ge-

ometries to increase collection e�ciency; development of photodi-

odes with increased signal-to-noise performance, especially with en-

hanced quantum e�ciency between 600 and 1000 nm; and extensive

reliability studies of all readout components to minimize failures.

The Tau/Charm design, using wavelength shifters and photodiodes

to separately read out crystals that have been split longitudinally

at 4 radiation lengths, will be studied in more detail. This may im-

prove radiation resistance (see Section 8.7.2), light output, and crys-

tal cost at the expense of doubling the number of readout channels.

It also provides more pattern recognition capability for rejection of

background and better �=� and e=� separation.

8.7.2 Radiation Hardness Studies

Large crystal scintillators are a�ected by radiation damage [Daf92].

The main e�ects come from absorption bands, caused by color

center formation, which lead to a reduction of light transmission.

Investigations on radiation hardness of CsI crystals [Zhu94] indicate

that: (a) there are performance changes above 1 to 10 krad of 
Reduction of light

output with radiation
dose appears to be due

primarily to changes in
absorption length for
visible light

radiation, which continue to worsen at high doses; (b) there is es-

sentially no di�erence between Tl- or Na-doped CsI, while undoped

CsI appears to have better radiation hardness; (c) there is little

reduction in the emission of scintillation light with dose, i.e. changes

in pulse height result primarily from changes in transmission; (d) the

amount of damage is a function of the dose rate as well as the

integrated dose; (e) there exist slow self-recovery mechanisms that

restore transparency over long time scales.

A compilation of previous radiation damage studies in CsI shows

inconsistent results [SLA91]. A systematic R&D program has there-

fore been undertaken to better understand radiation damage in

CsI(Tl) [Hit92]. Figure 8-12 shows the relative light output of 2.5 cm

diameter, 2.5 cm long CsI(Tl) crystals grown by Quartz & Silice,

using the 1.275MeV 
 line of 22Na measured with an avalanche
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Figure 8-12. Relative light yield vs. radiation dose of 2.5 cm

diameter, 2.5 cm long CsI(Tl) crystals made by Q&S; measured

using 1.275MeV 
-rays from a 22Na source and avalanche

photodiode readout. [Hit92].

photodiode. These results on small crystals show that small impu-

rities and/or structural defects are the main sources of radiation-

induced color center formation [Gra94]. Measurements on crystals

from di�erent raw materials of well-de�ned purity have not yet been

performed in a systematic way.

A more focused R&D e�ort is now underway. Transmission mea-

surements between 300 and 1000 nm wavelengths after intense irra-

diation with 60Co sources will be correlated with the purity of the A program to improve
our understanding of the

mechanism of radiation
damage in CsI(Tl) crystals

is underway

raw material, the Tl concentration, and the growing techniques, us-

ing small-, and ultimately, full-size crystals. There is some evidence

that pure CsI is su�ciently radiation hard to be considered for use

in the endcap region [Ari92]. While its light output is lower than

that of CsI(Tl), its emission spectrum is a reasonable match to a

conventional photocathode, in which case readout with �ne mesh

photomultipliers could be considered for an endcap implementation.
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8.7.3 A Prototype Calorimeter

After completing the optimization of crystal sizes, the wrapping and

readout system design, and the design of the mechanical support

structure of the calorimeter, a small prototype will be built with 36A prototype calorimeter
will be built to

demonstrate system
performance

to 49 crystals of �nal dimensions in a realistic support structure.

With this prototype the energy and angular resolutions of high-

energy electrons will be measured under various crystal conditions

and tests of both the readout electronics and the calibration scheme

will be made. The availability of test beams at SLAC and elsewhere

is under investigation.
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Muon and Neutral Hadron Detector

T
he iron structure that constitutes the return yoke for the mag-

netic �eld is fully instrumented in order to provide muon iden-

ti�cation and K0

L
detection. This Instrumented Flux Return (IFR)

consists of a barrel, enclosing the superconducting coil, and two
endcaps, and is subdivided into slabs with active detectors inserted
into the intervening gaps. The total steel thickness required to
contain the magnetic 
ux from the solenoid coil is about 60 cm;

this is a good match to the absorber thickness required for a muon
�lter. Particles reaching the iron will have passed through the
inner detectors and the coil (a total of 0.9 interaction lengths); The CsI calorimeter, coil,

cryostat, and iron 
ux

return represent more

than 4.5�int

to emerge from the iron and strike the outermost chamber they
must pass through an additional 3.6 interaction lengths. This is
enough material to reduce the pion punch-through misidenti�cation
probability to the percent level in the momentum range between 1

and 3GeV=c, comparable to the probability for hadron decay to
muons.

Since the measurement of CP -violating asymmetries and the exper-

imental program at PEP-II in general are based on exclusive{state
reconstruction, the measurement of the hadron energy deposition
is not of primary importance; the IFR is not used as a calorimeter The IFR is primarily a K0

L

and muon identi�erfor total energy measurement, but as a neutral hadron (primarily

K0

L
) and muon identi�er. Thus, a strip type detector with digital

readout is envisioned; strips can run along the x or z direction in

the barrel and in the x or y direction in the endcaps. Bi-dimensional
information is possible, either by using strips in both directions or

by measuring the di�erence in arrival time of signals at the ends of

the detector.

Solid angle coverage is complete down to the region occupied by

beamline components. The precise shape of the end cap yoke in

the region near the beam line is not yet de�ned; it is possible that
muon identi�cation could be extended to angles below 300 mrad.

This would not a�ect the cost since the number of readout channels
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would not change signi�cantly, but could allow an increase in B

tagging e�ciency and make the IFR more hermetic. MaximumHermeticity is important

for the measurement of

the branching ratio for

B ! ���

solid angle coverage for hadrons is important, for example, in the

measurement of the branching ratio of B ! ��� . A detailed Monte

Carlo is needed to evaluate the background, and in general to verify

the bene�ts of the IFR covering a larger solid angle than the rest

of the detector.

The IFR could also allow us to veto cosmic rays at the trigger level

by determining the direction (inward or outward) of a track. This

could be done by adding a small number of TDCs (one per chamber

in a few layers) to measure the time of the �rst hit in the chambers.

Cosmic rays could be well separated from events originating at the
interaction point, even with a modest time resolution (in the range
of a few nanoseconds).

9.1 Design Considerations

The physics objectives driving the performance required of the IFR
detector are: B (and D) tagging with muons, study of semimuonic

decays, reconstruction of J= ! �+��, and K0

L
identi�cation in the

B decay products. To reach these goals, the IFR should deliver �-�
separation from �4GeV=c down to as far below 1GeV=c as possible
(muons from the charm quark cascade peak at �500MeV=c), withIt should be possible

to identify with good

e�ciency muons with

momenta as low as

500MeV=c and K0

L
's in

the range 1{3GeV=c

high e�ciency and little misidenti�cation; and K0

L
identi�cation,

with directional information, in the energy range of 1{3GeV. The

momentum spectrum for all muons in �(4S) to B0B
0
decays is

shown in Figure 9-1. The light quark (uds) contribution is almost
entirely from pion and kaon decay.

The total detector surface and the number of readout channels are
the key factors in the cost estimate of this subsystem. DetailedMost Monte Carlo hadron

simulations are not well

benchmarked in the

relevant energy region

Monte Carlo simulation studies of the full detector with single par-

ticle and �(4S) event inputs have begun to address the issues of
IFR design. The hadronic shower Monte Carlos in most common

use are known not to simulate low momentum particles correctly;

di�erent generators use di�erent cross sections and models. This

di�culty is compounded by the fact that there is little data against

which to test the simulations. This issue will be addressed by

researching available data [PS202] and carefully comparing results
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Figure 9-1. Momentum spectrum for muons in �(4S) !

B
0
B
0
events. Muons from pion and kaon decay after the central

tracking chamber were excluded. The contributions from heavy

quark (b,c) and light quark (u,d,s) decay are highlighted.

obtained with di�erent programs. The results reported here were
obtained using the package FLUKA, which is considered to provide
the worst case scenario for pion misidenti�cation.

The optimization process will proceed as more work is performed

in preparation for the CDR. The main points on which activity will The number of layers and

the design of the active

detector elements remain

to be optimized

be focused on are the iron segmentation, both in the barrel and in
the two endcaps, the design of the active detector components, and

the e�ect of the solenoid coil thickness.

The impact of detector ine�ciencies (mostly due to inactive areas)

on performance will be investigated, as well as the merits of using

double layers. The number of readout channels, determined by the

size of the strips and the number of layers to be equipped with bi-

dimensional readout, must also be optimized. The possible bene�t
of inserting an additional detector layer between the CsI calorimeter

and the coil is being investigated. The energy asymmetry of PEP-II
leads to a momentum distribution that is a function of polar angle;

the design of the endcap detector system should re
ect this, to the
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degree permitted by magnetic considerations, in order to be cost

e�ective without compromising performance.

This optimization process has begun with a detailed study of muon

identi�cation e�ciency vs. hadron contamination, as a function of

momentum and angle of incidence; B tagging e�ciency, in partic-

ular for benchmark channels. and K0

L
identi�cation and angular

resolution in B0B
0
events.

For the purpose of the budget estimate, a system with 24 singleThe IFR system under

study uses 24 layers of

2.5 cm steel
layers, each 2.5 cm thick through the entire solid angle, and a strip

pitch of 2 cm has been considered. The estimate will be re�ned
when the design optimization is complete.

9.2 Muon Identi�cation

Since the interaction region is enclosed by the CsI calorimeter and

magnet solenoid, muons with momenta below 400MeV=c do not
reach the IFR (see Figure 9-2). Those muons that do reach the
IFR must be distinguished from backgrounds resulting from pri-
mary charged hadrons (mostly pions) and secondaries from hadronic

showers and decays.

Considering their mass di�erence and ignoring hadronic interac-
tions, pions and muons di�er in their most probable penetration

depth (range) in iron by approximately 2{3 cm for momenta below
1GeV=c. This e�ect is overshadowed by the high pion-nuclear inter-Below 1GeV=c the

�=� range di�erence is

approximately 2{3 cm
action cross-section. The momentum dependence of the penetration

depth for pions and muons is shown in Figure 9-3. Muons with

momenta greater than 1.5GeV=c completely penetrate the IFR iron.

To exploit the range di�erence between pions and muons for pion

rejection, the momentum of the charged particle must be measured.

Furthermore, the charge of the muon must be determined for B0

tagging. The central tracking chamber provides this information; its
geometrical acceptance is less than that of the 
ux return, thereby

restricting the solid angle for muon identi�cation. The fraction of

muons reaching the IFR that have at least 20 hits in the central
tracking chamber is indicated in Figure 9-2.
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Figure 9-2. Fraction of muons that reach the IFR (solid line)

and the fraction that reach the IFR and give at least 20 hits in the

central tracking chamber (dotted line). The data is from Monte

Carlo simulation of the full detector for muons in �(4S)! B
0
B
0

decays.

Depending on how much loss of muon e�ciency one can tolerate,
a range cut reduces the pion misidenti�cation probability to a few

percent. Monte Carlo studies have indicated that reducing the iron
plate thickness to 2.5 cm from 0.5 cm did not signi�cantly improve
the pion rejection. Pion background can be further reduced by Requiring a large number

of hits on a track in the

IFR can further improve

�=� separation

requiring a high degree of continuity in the pattern of hits in the

IFR. Muons tend to give a hit in every layer they go through; pions
initiate hadronic showers that can 'skip' detection layers. Examples
of this are shown in Figure 9-4. In the �gure, single pions or muons

are simulated in a simpli�ed geometry at 90� incidence and the IFR

is represented as 60 plates of 1 cm thickness. For each momentum
the total number of layers hit is plotted as a function of the last

layer hit. The muon data lie on a straight line at 45�, while the
distribution for pions is scattered.

Preliminary Monte Carlo studies indicate that muon identi�cation

can be done with high e�ciency (above 90%) and low contamina-
tion (a few %) from 500 to 1000MeV=c momentum, using a total

thickness of 40 cm of iron divided into plates of approximately 2 cm.

The remaining portion of the IFR could be divided into thicker
plates without compromising performance. Monte Carlo studies are
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Figure 9-3. Penetration depth in IFR versus momentum for

muons and pions. The data is from Monte Carlo simulation of

the full detector for muons and pions in �(4S)! B
0
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0
decays.

under way to optimize the choice of plate thickness and to verify
the impact of segmentation on K0

L
detection.

9.3 K
0
L Detection

The granularity of the IFR detector is also driven by the need to
identify the K0

L
's produced in B decays. A sizeable fraction of

K0

L
produced in B0B

0
interact in the CsI calorimeter. Preliminary

Monte Carlo studies have shown that the fraction of all K0

L
which

reach the IFR varies according to the hadron simulation package
used; the only experimental data available [Say68] seem to indicate

that K0

L
cross sections on nuclei are overestimated in the GHEISHA

package and agree with those used in FLUKA. This is consistent
with our �ndings and encourages us to use FLUKA for these studies.

Some preliminary results from a simulation employing FLUKA in-

dicate that the probability of identifying a 2GeV=c K0

L
requiring at

least 5 layers hit is about 70% for iron plates 1 cm thick (as seen inThe K0

L
detection

e�ciency is 50 to 70%,

depending on the thickness

of the steel plates

Figure 9-5), dropping to �50% if the plates are 2 cm thick. Showers

produced by photons of the same momentum in the CsI calorimeter
do not penetrate past the �rst 1{2 cm of iron. Requiring no energy

to be deposited in the CsI calorimeter (i.e. selecting those K0

L
's that
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Figure 9-4. Number of planes hit versus last plane hit for

muons (left) and pions (right) at di�erent momenta

interact directly in the IFR) reduces the identi�cation probability

to 20{25%. The angular distribution of the IFR hits relative to the
incident K0

L
direction is given in Figure 9-6. The angular resolution

is typically a few degrees, which is adequate for the kinematic cuts

used to reconstruct B0
! J= K0

L
�nal states. A detector layer

inserted before the coil may be of real bene�t here and is being
investigated.
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Figure 9-5. Fraction of K0
L
that produce hits in an IFR with

1 cm steel plates.

9.4 The Active Detectors

The instrumentation of the 
ux return covers a surface of�4000 m2,
has a total of �50,000 readout channels and is inserted into the gaps

between the steel plates. Access for maintenance and/or repair willThe sensitive area is

�4000m2, with �50,000

readout channels
be very di�cult at best. The main requirements for the detector

technology are therefore the following: long term reliability, sturdi-
ness, simplicity of construction and operation, and low cost of the

raw materials and readout electronics.

Two well-known techniques that satisfy these requirements have
been considered: Plastic Tubes operated in the limited streamer

mode (PSTs) and Resistive Plate Chambers (RPCs). Both are gas
detectors in which a sizeable pulse is induced on external electrodes

by the charge produced by a particle ionizing the gas. In principle,

RPCs have better time resolution and less dead space and the lack

of wires makes them less likely to have breakdowns. PSTs are a

more mature technique; both have been proven to work reliably in

large detectors.
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Figure 9-6. Angular di�erence between the incident K0
L
direc-

tion and the IFR hits.

The collaborating institutions on BABAR have expertise in both de-
tector technologies; the group is con�dent that either technology

will work. The cost estimate is based on an RPC system, which is An RPC system is the

basis for the cost estimatecurrently the preferred choice of the majority of the IFR group. The
�nal choice will be made after a careful evaluation of the relative
costs and merits of the two technologies.

9.4.1 Resistive Plate Chambers

Resistive Plate Chambers (RPCs) are large area, parallel plate de-

tectors operated in DC mode. They are under consideration for

the IFR because of their low cost, high e�ciency, good timing,
and simple electronics requirements. RPCs are constructed of two

parallel plate electrodes (traditionally bakelite) of high electrical
resistivity held apart by spacer buttons and �lled with a mixture of

argon, isobutane, and freon. With an electric �eld of 4 kV/mm

between the electrodes, a charged particle crossing the gap will
initiate a sparklike discharge between the electrodes which termi-
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nates when the electric �eld collapses, due to the resistance of the

plates. The spark is of su�cient amplitude to induce large pulses

on external striplines, which are then read out to determine the

particle's position.

This technique, originally developed by R. Santonico and collabora-

tors [San81] [San88], has been proposed for muon detectors at future

hadron collider experiments, because of the superior timing perfor-

mance and suitability to detectors with very large surface area. This

technique also looks attractive for BABAR because the assembly of

wireless chambers is straightforward; they can be readily adapted

to the endcap design, where the geometry is not longitudinal as in

the barrel and the chambers will not have a rectangular shape. An-
other advantage of this technique is that the production process has
already been adapted to industry and factories with the necessary

tooling exist.

RPCs have been used successfully in the NADIR experiment at
Grenoble, FENICE at Adone (Frascati), E771 at FNAL and WA92

at CERN, and in several cosmic ray detectors. A recent larger scaleBakelite RPCs have been

successfully used in a

variety of experiments
application of this technique is the trigger system built by members
of the group [Nap93] for the L3 muon endcaps, consisting of 600 m2

of double gap chambers. This design has an independent high

voltage supply to each gap, resulting in more than 99% e�ciency
and providing a backup capability in case of failure. This feature
seems particularly attractive for a system that is di�cult to access,
such as the IFR. Both sides of the high voltage plane are active

gaps, with the readout strips in the middle, as shown in Figure 9-
7. A two-dimensional scheme, with two planes of strips running in
orthogonal directions, has also been proposed [Bac93].

Other members of the group have prototyped several large RPCs

that utilize a doped ABS plastic sheet as the resistive electrode. The

doped ABS is manufactured and sold as a static dispersive packagingABS-based RPCs have

also been developed material for electronics components; it is manufactured with strict

quality control on resistivity and produced in easy-to-handle plastic
rolls. Like their traditional bakelite counterparts, the doped ABS

RPCs exhibit high e�ciency and time resolutions of 1 to 3 ns.
Figure 9-8 shows a cross section of this design. The two resistive

electrodes are made of sheets of 0.03000 thick doped ABS plastic.

They are held apart by 2mm high plastic buttons. High voltage
(8500 V) is applied to the top electrode through a 0.00400 graphite
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Figure 9-7. Cross section of the L3 RPCs.

sheet (Velostat) laminated directly to the ABS plastic and protected
by a 0.00500 mylar sheet. The bottom electrode is grounded through
an array of copper readout strips deposited directly on the ABS
plastic. A thicker spacer grid holds a 0.000700 thick sheet of Al foil at

the proper distance to form the ground plane of a 50 
 transmission
line for propagating the induced pulses.

R&D activity at the various institutions in the coming months will

focus on alternative gas mixtures, with emphasis on eliminating
freon and reducing 
ammability, and on mass production techniques

with stringent quality control.

9.4.2 Plastic Streamer Tubes

Plastic Streamer Tubes (PSTs) are modular chambers made of ex-
truded PVC, 1mm thick, coated inside with graphite-loaded sol-
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Figure 9-8. Cross section of the prototype ABS RPC.

vent. The resistivity of the coating is typically 0.2 to 2.0 M
 per
square, so that the outer wall of the tube is transparent to fast

voltage transients.

This technique was �rst used in the NUSEX Proton Decay Exper-
iment at Mont Blanc [Iar83], in the early 1980's. It is presently

employed in ALEPH, OPAL and DELPHI at LEP, SLD at SLC,

ZEUS at HERA, MACRO and LVD at Gran Sasso, and several
other experiments.

Most of these systems are based on the same design: a comb-shaped
extruded PVC pro�le, coated with graphite, forms 8 square open

cells, 1 � 1 cm2 in size. The cathode is three sided, with an activePSTs, mostly of similar

design, are in wide use in

many HEP experiments
cross section of 0:9 � 0:9 cm2. The anode wire, typically 100 �m

thick, is strung in the middle and kept in position by V-shaped

grooves in a plastic holder at both ends. The wires are soldered onto

a PC board which is supported by a board holder. Plastic bridges,
placed about every 50 cm along the chamber, keep the wire in a �xed

position. The 8-cell pro�les are inserted in a plastic envelope which
is sealed at both ends with plastic plugs which include connectors for

HV and gas. A cutaway view of one module is shown in Figure 9-9.
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Several modules can be assembled together in large chambers with

either one or two planes of readout strips.

Profile

Wires

High 
Voltage

Ground
PC Board

End Piece

Sleeve

End Plug
Gas In/Out

Bridge & Cover

5-94
5996A6

Figure 9-9. Cutaway view of one end of a PST module.

The standard gas mixture used to operate PSTs in limited streamer
mode is argon-isobutane 1:3, but non-
ammable mixtures have also
been found to be suitable. The SLD tubes operate with a mixture of
CO2, Argon and less than 10% isobutane, which is non-
ammable

and satis�es SLAC safety standards.

As a result of design standardization, highly automated machines Several collaborating

institutions have PST

production facilities.

There are also commercial

sources

have been developed for mass production. Within the collaborating

institutions there are facilities at IHEP in Beijing, JINR in Dubna
and at the University of Houston. PSTs are also produced by in-
dustry which sells the �nal tested assemblies complete with readout

electrodes.

9.5 Collaborating Institutions

Several institutions, from di�erent countries, have expressed inter-

est in contributing to the Instrumented Flux Return detectors; all
teams have previous experience in building large systems of either

PSTs or RPCs and/or have done extensive R&D on these detectors.
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Magnet Coil and Flux Return

T
he BABAR magnet is a 1.5 T thin superconducting solenoid
design within a hexagonal 
ux return, as shown in Figure 10-1.

The design satis�es requirements identi�ed during detector perfor-
mance simulations, geometry studies, and cost evaluations. The The BABAR magnet uses a

superconducting coil with

an inner radius of 1.5m

and a cryostat length of

3.8m

magnet inner radius and length will be optimized in conjunction
with other detector subsystems. The anticipated inner radius is
1.5m with a cryostat length of 3.8m.

This magnet, though speci�cally tailored to the requirements of
PEP-II physics, is similar to many operating detector magnets.
In developing this design, physics criteria, including central �eld
magnitude and uniformity, size, and overall geometry were exam-
ined. The range of feasible magnet options narrowed as principal
technologies of detector elements were selected. Features of the pro-
posed magnet are now reasonably well characterized. Similar coils
operate in many detectors throughout the world in both resistive
(SLD) and superconducting (ALEPH, CDF, CLEO-II, DELPHI,
H1, TOPAZ, ZEUS) con�gurations. The state-of-the-art is well un-
derstood [Des85, And82, Coils] and a strongly competitive industrial
base exists.

Objectives for the detector, including the fabrication schedule, can
be achieved [And82]. A good understanding exists of the in
uence
of detector physics requirements on the major cost drivers (central
�eld, size, and type; superconducting or resistive). Final speci�ca-
tion of magnet parameters will balance detector performance with
operating and construction cost objectives.

Fifteen collaborating institutions have expressed interest in magnet
system design. This team is composed of personnel with exper-
tise necessary to complete this e�ort. Many detector magnets and
hundreds of other large magnets have been fabricated by these
institutions. Delegation of responsibilities among the team has not
been completed.
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Figure 10-1. Geometry of the magnet system. The thin

solenoid is shown within the barrel of the hexagonal 
ux return.

The endcaps are separable about the vertical center to clear

nearby �xed beamline components. The storage dewar and

service stack is shown above the barrel 
ux return. Slots are

provided on the periphery of each end of the barrel for detector

services.

10.1 Physics Motivation

Fundamental detector performance and geometry considerations de-
termine the design of both the solenoid and the 
ux return. Charged
particle tracking resolution is a sensitive function of magnetic �eld
and of the radius and length of the tracking volume. The required
�eld uniformity is a function of main tracker volume and perfor-
mance objectives. Studies of detector resolution for B0

! �+��

suggest that a magnetic �eld of 1.5 T is necessary to achieve the
desired resolution (< 25MeV=c2) in the presence of the support
tube for interaction region beam line components [Ale94]. The
combined radii of the vertex detector, tracking chamber, particle
identi�cation system, electromagnetic calorimeter and appropriate
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clearances specify the minimum solenoid inner bore. Solenoid length
is determined by the length of the nested subsystems within. The
desire to lower the momentum threshold for identifying muon de-
tection and to increase the e�ciency of K0

L detection within the
instrumented 
ux return limits solenoid thickness, and drives the
design towards a superconducting solution.

The segmented geometry of the 
ux return allows the tracking of
muons and provides for detection of K0

L's with adequate angular The segmented 
ux

return serves for �=�

identi�cation and for K0

L

detection

resolution (see Chapter 9). Overall steel thickness is determined by
magnetic considerations and the requirements of �=� separation.
Individual plate thicknesses are speci�ed to allow identi�cation of
low momentum muons in a background of penetrating pions by
virtue of their range and scattering angle in iron for a given mo-
mentum, and to e�ciently identify K0

L's.

The overall thickness of the 
ux return is the sum of both the steel
thickness and the number and thickness of the IFR layers. The
number of iron/detector segments in the 
ux return de�nes the low-
momentum muon and neutral hadron detection performance for a
given cost. Separation and movement of the endcaps is constrained
by beam line components and by the need to provide ready access
to detector subsystems.

10.2 Magnet System Requirements

The magnet system consists of the solenoid, the 
ux return and
supporting systems including cryogenics. Magnet requirements are
derived from detector and accelerator performance objectives, en-
gineering considerations, operational and facility requirements and
project constraints (cost, schedule, risk, and ES&H). Identi�cation
of these requirements and constraints began during the development
of the Letter of Intent design and will continue during conceptual
design.
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10.2.1 Solenoid Requirements

Magnetic �elds in the range from 1 to 1.5 T have been considered.
Magnets with lower �elds are less expensive, but a 1.5 T �eld
provides better mass resolution in the presence of the interaction
region support tube.

The range of warm bore diameters considered varied between 2.8
and 4.2m, encompassing the range of sizes required by the CsI
and liquid krypton calorimeter options. With the elimination of
the LKr electromagnetic calorimeter option, the range now under
consideration has narrowed to 2.8{3.1m. The aerogel and Fast
RICH particle identi�cation options require more radial space than
does the DIRC option. If a choice of particle identi�cation system
can be made at an early enough date, the coil diameter can be
reoptimized.

As the coil length scales in proportion to the radius, cryostat lengths
varying from 3.8{5.8m have been considered. The range of cryostat
lengths now under consideration is 3.8{4.1m.

The magnet has been modelled with the 2D magnetostatic analysis
code, PE-2D, part of the Tosca-3D family of magnetic analysis
codes [VecF]. The code veri�ed a simple Ampere's Law estimate
that 1.23 MAT/m is required to produce a central induction of
1.5 T. A plot of central �eld along the detector axis is shown in
Figure 10-2.

Facility constraints limited some of the options considered. TheThe cost of cryogenics is

included IR2 site can provide a maximum of 3 MW of low conductivity
water (LCW) cooling for a resistive magnet. LHe cryogenics is not
currently available at IR2. The cost of the superconducting magnet
includes the cost of associated cryogenics.

The desired thickness of the solenoid and cryostat is �25{40% ofThe thickness of the coil in

interaction lengths limits

low momentum muon

identi�cation

a nuclear interaction length (�int) to assure low momentum muon
identi�cation. Initial simulations predict that an increase in thick-
ness of 5% will increase the muon identi�cation threshold by 10MeV.
More detailed analysis of these e�ects is currently underway.
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Figure 10-2. Central induction along the axis. The region

near the beamline Q2 quadrupole (2:5m < r < 3:0m) is shielded

for proper septum quadrupole performance. No optimization of

�eld quality has yet been made.

10.2.2 Flux Return Requirements

The 
ux return has several functions. It supports detector compo-
nents, provides a low reluctance 
ux return path and acts as a �=�
identi�er and K0

L detector. The spacing between steel plates for
hadron calorimeter measurement layers is tentatively speci�ed as
3 cm, 0.8 cm larger than provided in the SLD 
ux return, to allow
inclusion of double layers of detectors, if required.

The 
ux return plate thickness is currently 2.5 cm, spaced at regular
3 cm intervals. Simulations are underway to optimize the plate
segmentation for a low momentum threshold for �=� separation
and e�ciency for K0

L detection.

The total thickness of the steel layers in the barrel and endcap is
determined both by the minimum steel required to avoid magnetic
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Figure 10-3. Comparison of magnetic properties for typical

US and Russian low-carbon steels re
ecting di�erences in pro-

cessing techniques.

saturation and by the need for su�cient thickness to ensure that
most of the pions interact in the steel. The initial estimate of
the amount of steel necessary to prevent pion punch-through isThe total thickness

of steel required for

magnetic reasons and by

the pion punch-through

requirement is roughly

identical

60 cm(� 3:6�int). This estimate will be re�ned during detector
simulations. The thickness of steel required to contain magnetic

ux will depend on the speci�c magnetic properties of the steel
employed. With typical US low-carbon steel, 62 cm is estimated for
the barrel region. This could increase if less expensive steel provided
by foreign sources [Fac94] were used. A comparison of the magnetic
properties of typical US and Russian low carbon steels is shown in
Figure 10-3, and re
ects di�erences in the processing. Thus the
magnetic and punch-through requirements for total steel thickness
are quite compatible.

The radial distance from the outer surface of the 
ux return to theThe beam intersection

point is 3.5m above the


oor of IR2
detector center line cannot exceed 3.5m in the downward direction,
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the distance from the interaction point to the IR2 Experimental
Hall 
oor.

Operational access requirements of detector components and nearby
accelerator beam line components make it desirable that the hexago-
nal endcaps be split on a vertical center line. The doors can retract The magnet doors are split

vertically and retract at

an angle
at an angle of �45�to the beam line to allow both clearance of
CsI crystal endcaps attached to the doors and clear passage by the
nearby components [Bow92, p317]. Clearance must be provided
for beam line components, detector services and cabling, and the
support tube [Bow94].

The endcap �eld-shaping pole pieces must accommodate beam line
components and provide adequate magnetic shielding (down to less
than a few hundred gauss) for the enclosed septum quadrupole (Q2).
The pole piece also contributes to the axial �eld uniformity within
the main tracking chamber; uniformity is speci�ed as better than
1{2%. This optimization has not yet been completed.

The four year BABAR project requires challenging but achievable
construction schedules for the solenoid and 
ux return. Both must
be ready for assembly at the IR2 hall in the Spring of 1997 in order
to accommodate the detector assembly, installation, and commis-
sioning tasks that follow magnetic �eld mapping.

10.3 Trade Studies

Magnet trade studies were carried out as part of detector perfor-
mance and geometry studies. The three principal magnet options Superconducting and

resistive coils were

evaluated, as was the

reuse of existing solenoids

considered were the TOPAZ superconducting solenoid, a new thin
superconducting solenoid and a new thick resistive solenoid.

Magnet conceptual designs and cost models were evaluated for com-
patibility with the principal magnet requirements as part of the
study of detector performance. Resistive coil options are limited to The practical limit for a

resistive coil of this size is

1 T
1 T by cost, risk and local LCW limitations. A thin, 1.5 T, 3m
diameter, 4m long superconducting magnet has been selected as
the best balance of performance, cost and risk. The advantage of a
new superconducting solenoid is that it precisely matches detector
requirements. The principal disadvantage is that, especially for
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larger �elds and volumes, the capital cost is higher than that for
other options.

The 1.2 T superconducting magnet now in use in the TOPAZ ex-
periment at KEK was considered as a possible low-cost alternative.
It is likely to be available on a reasonable timescale and providesThe use of the TOPAZ

magnet was investigated magnetic �elds of 1{1.2 T in a warm bore of 2.72m for something
over half the cost of a new magnet. It was rejected because, at 5.4m,
it is too long. The extra length immerses the Q2 septum quadrupole
deeper into the detector magnetic volume, requiring heavy, unwieldy
pole pieces and a superconducting shielding solenoid for proper
quadrupole operation. These extra beam line components make
access to the forward region of the drift chamber a di�cult and
time-consuming endeavor.

A resistive coil must be thicker than a superconducting coil of equiv-
alent performance. A resistive coil has 3{5 times the interaction
lengths of a thin superconducting coil. To develop a 1 T central �eld
in a 3m diameter by 4 m long volume with 2 MW, would requireA normal magnet has a

lower capital cost and a

higher operating cost
an aluminum coil of 60 cm (1:5�int) thickness. Hadron calorimetry
simulations suggests signi�cant loss of performance for such designs.
The resistive solenoid option has a capital cost savings of $1{2M
over a superconducting coil of 1 T, but has a larger operating cost
($1.1M/year vs. $250k/year). Operation at 1.5 T is not practical
even if the thickness were to be acceptable, due to an estimated
annual operating cost of $2.5 M/year.

An interesting design alternative is to instrument a layered resistive
coil. An instrumented coil would consist of nested cylinders wound
in layers as in the SLD design. With ten 3 cm thick layers and �ve
6 cm thick outer layers, an aluminum 1 T solenoid could satisfy theA layered and instru-

mented resistive coil was

also investigated
3 MW cooling water limitation. While the total thickness remains
1.5�int, it is now subdivided for muon and K0

L identi�cation, with
detectors placed between the self-supporting coils. A further bene�t
is that aluminum better di�erentiates by range between muons and
hadrons than iron. Unlike a superconducting coil, an instrumented
resistive coil has fewer dead regions where muons can range out and
K0

L's can �rst interact. The cost of an 80 t instrumented solenoid
would be somewhat lower than a comparable superconducting coil,
but operating costs would be higher, as would the technical risk of
this untried approach.
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Item Value Unit

Central Induction 1.5 T
Mean Winding Radius 1.676 m
Inner Radius of Cryostat 1.496 m
Outer Radius of Cryostat 1.846 m
Cryostat Length 3.75 m
Axis Above Floor 3.5 m
Magnetic Field (5% margin) 5.0 MAT
Number of Turns 1000
Operating Current 5.0 kA
Stored Energy 30.2 MJ
Inductance 2.4 H
Coil Weight 13 t
Cold Mass Weight 7 t
He Refrigeration Load 40 W
Current lead He Consumption 18 l/h
Nuclear Interaction Length 0.25{0.4 �int
Adiabatic Hot Spot Temperature 80 �K
Discharge Time Constant (t) 21 s
Emergency Discharge Time (5t) 100 s
Maximum Discharge Voltage 500 V

Table 10-1. Preliminary solenoid parameters.

10.4 Solenoid Description

The major elements of the magnet are the thin superconducting
solenoid, the 
ux return and the cryogenic system. The supercon-
ducting solenoid consists of the coil in a cryostat; the vacuum system
to provide the insulating vacuum; the power supply, quench detec-
tion and protection system; and the control system. The 
ux return
is composed of a barrel and endcaps, support/translation/alignment
stages for each movable section and a restraint to provide structural
stability. The cryogenic system supplies LHe for the cold mass
and vapor-cooled leads and LN for the thermal shields and heat
intercepts.

The superconducting solenoid design will bene�t from experience
gained producing similar systems for other detectors over the past
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Figure 10-4. Cross-section of the superconducting magnet

concept. Aluminum stabilized NbTi/Cu superconductor is

wrapped with insulation and wound into an external high-

strength aluminum restraining hoop. The conductor is vacuum

impregnated for stability and ridgidity. The resulting cold mass

is suspended from the enclosing thin aluminum cryostat by radial

and axial supports that are optimized for strength and low

heat input. Cryogen consumption is reduced by superinsulation-

covered, LN-cooled radiation shields surrounding the cold mass

within the insulating vacuum.

15 years. The technology of modern thin superconducting solenoids
has been described by Desportes [Des85] and Hirabayashi [Hir88].
High purity (> 99:95%) aluminum-stabilized NbTi/Cu supercon-
ductor is employed to assure conductor stability with minimumradi-
ation thickness. The inner bobbin is replaced by a simple radiationThe technology of thin

superconducting solenoids

is well developed
shield. The conductor is restrained only by an outer high-strength
aluminum hoop that is the primary structural member of the cold
mass. Fiberglass-tape insulated conductor is often wound directly
into the bore of this cylinder and then vacuum impregnated for
stable, e�ective electrical insulation. Coolant is supplied through
tubes attached to the outer surface of the restraining hoop. This
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Item Value Unit

Conductor Type: NbTi/Cu/Al (1:1:20)
Superconductor Area 10 mm2

Conductor length 11 km
Stabilizer Type:High purity Al (> 99:95%)
Stabilizer Size 3:0� 30 mm2

Method of Stabilizer Fabrication Co-extrusion
Cooling Method TBD
Maximum Field on Conductor 1.8 T
Maximum Operating Temperature 5.0 �K
Joint Type TBD
Joint Resistance (each) < 5� 10�10 ohms
Number of Joints < 12
jop (NbTi/Cu) < 1000 A/mm2

jc (1.8 T, 5.2K) 2,700 A/mm2

Temperature Margin 3.2 �K
Current Margin 1700 A/mm2

Table 10-2. Preliminary superconductor parameters.

eliminates the large cryogen inventory and thick cryostat that is
necessary for bath-cooled coils. The conductor is cooled by thermal
conduction through the thickness of the hoop restraint. Coolant
paths are usually designed to operate by thermosiphon (driven by Thermosiphon cooling, as

pioneered by the ALEPH

coil, will be employed
the LHe density gradient), a technique pioneered on the ALEPH
solenoid, to simplify operation and to somewhat decouple solenoid
availability from He lique�er availability. In applications where
it is important to keep the number of nuclear interaction lengths
small, special techniques or materials (aluminum honeycomb-SDC;
or carbon �ber reinforced plastic-VENUS) have been employed for
the cryostat. These are not required in this application.

A preliminary design study is underway to characterize the impor-
tant parameters of the superconducting solenoid conceptual design.
Tables 10.1 to 10.5 show the current parameters of the coil and 
ux
return. Figure 10-4 shows a cross-section of the solenoid concept.
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Item Value Unit

Winding Method Internal
External Hoop Restraint Material High Strength Aluminum
External Hoop Restraint Thickness 3 cm
External Hoop Restraint Length 3.54 m
Insulation Thickness (Turn to Turn) 0.22 mm
Ground Insulation Thickness 3 mm
Insulation System TBD
Radial Support system Compressive (H1) or

Tangential (VENUS, TOPAZ)

Table 10-3. Preliminary cold mass properties.

Item Value Unit

Endcap Weight (each) 100 t
Barrel Weight 310 t
Restraint Structure Weight 75 t
Restraint Structure Method TBD
Total Steel Thickness > 60 cm
(Pion Criteria)

Total Steel Thickness > 50 cm
(Saturation Criteria)

Plate Thickness 2.5 cm
Plate Spacing 3 cm
Thickness Grading TBD
Barrel Slot for Services 15 cm
Transporter Type Hydraulic cylinders on

Hillman rollers

Table 10-4. Preliminary 
ux return parameters.
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Thickness Interaction
Item [mm] Lengths

Al Inner Cryostat 20 0.051
Al 90K LN Shield 2 0.005
NbTi/Cu Conductor 10 0.066
Al Stabilizer 20 0.051
External Hoop Restraint 30 0.076
Al 20K He Shield (optional) 2 0.005
Al 90K LN Shield 2 0.005
Al Outer Cryostat 20 0.051
Insulation N/A
Total 0.31�int

Table 10-5. Estimate of coil and cyrostat thickness in nuclear

interaction lengths.

10.5 Cryogen Supply System

Operation of the superconducting solenoid requires liquid helium
and liquid nitrogen. Similar systems cool magnets throughout the
HEP community [Lot86, Doi86].

Liquid nitrogen, for cold mass radiation shielding and the initial The LN system will

employ a refurbished

existing tank
stages of coil cooldown, is supplied from a 5,000 gallon tank located
on the apron above the experimental hall. The tank, which is an
existing SLAC unit, will be refurbished to meet cryogenic system
requirements. A second, similar vessel is available if a reserve LN2
supply is desired. Vacuum-insulated transfer lines supply LN2 to
the thermal shields and the helium liquefaction plant.

The helium plant, consisting of a helium lique�er/refrigerator, a
4,000 l supply dewar and a distribution valve box (DVB) is located
adjacent to the experimental hall, approximately 60m from the
magnet.

The lique�er/refrigerator supplies a number of PEP-II systems. It
is sized to meet the requirements of the BABAR superconducting The steady state liquid

helium requirement of the

coil is 100 l/h
solenoid, the two potentially superconducting beam line quadrupole
magnets (Q1) and an auxiliary dewar/trailer for other SLAC ex-
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Figure 10-5. Layout of the cryogenic supply system in the

Experimental Hall (IR2).

periments. This is conservatively estimated at 150{200 l/h, with
solenoid steady-state consumption less than 100 l/h.

High pressure (16 bar) helium gas is supplied to the lique�er from
an existing compressor and supply/return lines installed between
the Cryogenic Group compressor facility and IR2. The 4000 l liquidA refurbished 4000 l liquid

helium storage tank, fed

by the central liqui�er,

provides a bu�er against

malfunctions

helium dewar is a refurbished SLAC unit, fed directly from the
lique�er. This volume allows approximately 30 hours of autonomous
operation of the solenoid and quadrupole magnets in the event of
a minor lique�er/compressor malfunction. LHe from the dewar
is supplied at �1.25 bar, via proportional control valves in the
DVB, to the respective magnet/auxiliary dewar system. These elec-
tro/pneumatic operated valves are actuated by process controllers
responding to superconducting LHe level gauges.
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The 60 m LHe supply transfer line is a low-loss, vacuum-insulated,
gas screened, coaxial line, tested and commissioned prior to instal-
lation. Magnet cooldown to �20�K is achieved with cold helium
gas from the lique�er/refrigerator via the DVB.

Control and monitoring of the cryogenic plant and the magnet,
together with remote control and monitoring of the compressor
room, is carried out from a control room adjacent to the plant
room and IR2. Main operating parameters are interfaced with the
BABAR and PEP-II data acquisition and monitoring systems.

Tables 10.6 and 10.7 summarize the cryogenic requirements of the
superconducting solenoid system.

Item Value Unit

Cooling Method (Forced or Thermosiphon) TBD
Cold Mass weight 7 t
Cold Mass Surface Area 100 m2

Design Conductor Temperature 5.0 �K
Cool-Down Time TBD

Table 10-6. Preliminary refrigeration requirements.

Refrigeration Liquefaction
Item [watts] [l/h]

Solenoid 40
Current leads 20
Transfer Line (Liq/Dewar) 3
4000 l Dewar (1%/day) 3
Transfer Line (Dewar/DVB) 3
DVB and Valves 8
Transfer Lines (DVB/magnet) 3
Total 57 23

Table 10-7. Steady-state heat loads for the solenoid, dewars

and transfer lines. Transient coolant requirements during cool

down and charging must be added to the steady-state require-

ments to specify the required cryoplant capacity.
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10.6 Procurement Plan

While the overall detector schedule is still being developed, the pre-
liminary detector schedule suggests that the BABAR Collaboration
must be poised to award the fabrication contract for the supercon-
ducting solenoid in the Spring of 1995, as soon as possible after
SLAC/DOE approval of the project. Thus, as in past detector
collaborations, this magnet must be \fast-tracked" if it is to ar-
rive on schedule. Most of the engineering to support the purchase
speci�cations of the solenoid and 
ux return must be completed
during the conceptual design phase.

The integrated detector schedule identi�es the magnet as a critical
procurement item. The four-year-long critical path is formed by
solenoid design and procurement; assembly with the 
ux return,The design and

procurement of the

superconducting solenoid

must be expedited to meet

the schedule

veri�cation testing and mapping, followed by detector subsystem
installation and commissioning. While some of these task durations
may be trimmed, such reductions expose the project to budget and
schedule risk. The design and fabrication duration of 24{36 months
is ambitious, but not unprecedented.

We propose to \jump start" the solenoid so that the contract can be
awarded soon after the detector is approved in the Spring of 1995.
A similar plan was followed for early approval of the GEM magnet
in parallel with the formation of the GEM Collaboration. We
have therefore initiated preliminary contacts with quali�ed vendors.
Interest is strong; there are six to ten potential suppliers worldwide.

Table 10.8 is an example of the type of schedule that will be required
to place the order for the superconducting solenoid.

10.7 Summary

We propose a magnet with su�cient margin to meet current and
anticipated physics requirements. It is a low risk option, within the
state-of-the-art of magnet fabrication. Managing cost and schedule
are the principal challenges. In order to place the magnet contract
in a timely manner, the Collaboration must select the �nal magnet
parameters rapidly. In parallel with this e�ort, the magnet will
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Task Date

Identify Critical Procurements Jun 1994
(Solenoid, IFR, Cryoplant, Power)
Draft Acquisition Plan Jun 1994
SLAC/DOE Conditional Approve Plan Jul 1994
Draft Preliminary Speci�cation Aug 1994
Magnet Workshop Sep 1994
First Vendor Brie�ng Sep 1994
Magnet Preliminary Requirements Review Oct 1994
Collaboration Council Fixes Parameters Oct 1994
Magnet Technical Review Dec 1994
Complete Procurement Speci�cation Dec 1994
Draft Request for Proposal (RFP) Dec 1994
Magnet Cost Review Jan 1995
SLAC/DOE Approve Acquisition Plan Jan 1995
Source Selection Authority (SSA) Selected Jan 1995
Issue RFP Jan 1995
Second Vendor Brie�ng Jan 1995
Proposals Due/SSA Convenes Mar 1995
SSA Recommendation to DOE/SLAC Apr 1995
Order Placed with Supplier May 1995

Table 10-8. Plan for early start of magnet procurement.

be designed and critical procurement actions taken. This requires
commitment of resources soon after approval of the Letter of Intent
to expedite the schedule.
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Electronics, Trigger, and Data

Acquisition

T
he electronics subsystem encompasses all detector electronics

exclusive of workstations. In this chapter, triggering and data

acquisition are discussed. Monitoring and control will be imple-

mented in a consistent manner throughout the experiment, but a

speci�c electronic scheme is not discussed in this Letter of Intent.

The primary criteria guiding the design of the trigger and data

acquisition subsystem are that these systems will: (1) not cause

substantial dead time as long as the data are useful for physics; (2)

not compromise the performance of the individual detector subsys-

tems; (3) accept with high e�ciency the physics events of interest.

Furthermore, (4) even when backgrounds are such that the data

are not useful, the performance will degrade gracefully, allowing The performance of the
data acquisition system
will degrade gracefully

in the presence of high
backgrounds

the background and detector performance to be studied. Since the

behavior of an asymmetric e+e� machine may hold some surprises,

the trigger must be 
exible and the number of data paths and

processors must be scalable, i.e. readily expandable.

11.1 Environment

From the point of view of the data acquisition system designer,

BABAR resembles a �xed target or cosmic ray experiment more than

it does one at any current e+e� storage ring. The bunch crossing pe-

riod (4.2 ns) is much smaller than any possible trigger decision time;

interactions may be considered continuous. The design luminosity

of 3�1033 cm�2s�1 yields a physics event rate of 30 Hz. The rate of

Bhabha events with both tracks in the calorimeter exceeds 90 Hz.

This combination of high event rate and short crossing interval

make data acquisition designs used in conventional e+e� machines
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unsuitable for BABAR . To avoid overburdening the data path and

the mass storage, trigger decisions must be accurate. Such trigger

decisions take time. Thus the data must be extensively bu�ered

to avoid dead time while trigger decisions are made and while the

data is read out. In addition, the trigger logic must be constructed

so that trigger decisions on multiple events can be processed in an

overlapping manner; i.e. the trigger logic must be either pipelined

or made parallel.

The usefulness of data in the presence of backgrounds is limited by

the tracking system; the speci�cation for the trigger rate capability

is derived from this system. The background sources expected in

PEP-II include synchrotron radiation, particles lost near the IP,

beam-gas, and cosmic rays. Simulations predict isolated hit rates

of several MHz per layer in the silicon vertex detector, 1 MHz per

layer in the inner layers of the drift chamber, and 0.3 MHz per layer

in the outer layers of the drift chamber. The background rate in the

calorimeter is approximately 1 MHz for energy deposits >10MeV.

At higher background rates (30� nominal), the �rst device to be-

come unusable is the drift chamber. At this singles hit rate, theThe drift chamber is the
�rst system to become

unusable with higher than
expected backgrounds, at
a rate thirty times higher

than nominal

occupancy at a point one third of the way through the chamber

is greater than 10%, making track reconstruction unreliable. The

background rate indicated by simulations is scaled up by this factor

of 30 to specify the rate capability of the trigger and data acquisition

system.

Nearly all spurious drift chamber hits are due to converted photons

from lost particle showers that have energies of a few MeV. The

trigger rates, however, will be dominated by tracks from deep in-

elastic scattering interactions. Tracks which traverse at least half of

the drift chamber are expected to occur at a rate less than 300 Hz.

These tracks come (non-uniformly) from the entire length and width

of the exposed beam pipe, with rates which are assumed to increase

no faster than the single hit rates as backgrounds become worse.

11.2 Trigger Requirements

Trigger e�ciencies should ideally approach unity for the physics

processes of interest, including B physics (especially CP violation),
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� physics, and some subset of 2
 physics. The trigger must be

redundant and veri�able. E�ciencies must be well-measured and

stable. The goal of high e�ciency for the physics processes of

interest and the desire for redundancy motivate the trigger criteria.

There will be two orthogonal primary triggers: a tracking trigger

and a calorimetric trigger. The tracking trigger requires at least one There are two orthogonal

primary triggers: a
tracking trigger and a
calorimetric trigger

charged particle emerging from the interaction point to reach the

outer radius of the drift chamber, in coincidence with at least one

charged particle reaching the middle radius (\11
2
track trigger").

The calorimetric trigger requires two isolated clusters of energy de-

position, at a level which is e�cient for minimum ionizing particles

that reach the calorimeter, i.e. with transverse momenta greater

than about 250MeV for a magnetic �eld of 1.5 T [Kra94]. The

e�ciency of such a cluster requirement for a charged particle is

shown in Figure 11-1, and the motivation for these choices is further

explicated in reference [SLA91].
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Figure 11-1. Calculated single-muon trigger e�ciency for a

150MeV cut. The muons were generated with j cos �j < 0:7 in a

magnetic �eld of 1.5 T.
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The implementation of these triggers should be 
exible enough that

a wide range of plausible triggers based on the drift chamber and

the calorimeter system may be implemented. This implies that

the algorithms are executed by processors or programmable logic

hardware. The orthogonality of these triggers should be maintainedThe trigger system
is 
exible; most

plausible triggers can
be implemented without
hardware modi�cations

until the results of at least partial reconstruction of the events,

performed using full digitized data, can be brought bear on the

trigger decision. All the detector subsystems may be used in these

latter stages of the decision process. The �nal rate of events written

to mass storage should be less than twice the physics rate.

11.3 System Organization
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Figure 11-2. Example of one implementation of a data acqui-

sition system.

The trigger and data acquisition system comprises three levels. Fig-

ure 11-2 shows one possible implementation, which is a slightlymod-

i�ed version of the design described in reference [SLA93b]. Here,
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the system is discussed in more general terms. More detail can be

found in references [SLA93b, Wun94].

Level 1 digitizes signals, bu�ers them, and makes initial trigger

decisions. These trigger decisions are based independently on infor-

mation from the vertex detector and the drift chamber, and from

the calorimeter. Level 1 handles events at a few kHz, and up to The Level 1 trigger uses

vertex detector and drift
chamber information,
generating events at

rates up to �10 kHz with
minimal deadtime

about 10 kHz in adverse running conditions, with minimal dead

time. Level 1 also generates a strobe for the silicon vertex detector

with a latency less than 10 microseconds [Lev94b]. Other high-

channel-count (105) subdetectors may also use this strobe, which

may or may not be the same as the Level 1 trigger.

Level 2 veri�es the trigger decision using full digitized data from The Level 2 trigger
discards background-

induced triggers and
builds events

the relevant sections of the detector to discard background induced

triggers and then builds complete events. If the Level 1 trigger rate

is low enough the previous step may be skipped. Level 2 then uses

the complete event information to further eliminate background and

reduce the event rate to near the �nal value.

Level 3 comprises a farm of workstations to analyze, �lter, and store Level 3 analyzes and stores
eventsthe events. If the Level 1 trigger rates are near the �nal trigger rate,

it may be possible to combine Levels 2 and 3.

11.4 Trigger Rates

Under normal conditions the Level 1 charged trigger rate is expected

to be less than 300 Hz. The total Level 1 rate is dominated by

cosmic rays, and is expected to be less than 1.5 kHz. The system The expected Level 1
trigger rate is less than

1.5 kHz
is designed to operate at a peak capacity of 10 kHz with minimal

dead-time (note that only the rate of lost particle induced triggers

increases with increasing backgrounds). If the rate is this high,

Level 2 veri�cation will be used to reduce this by a factor of at

least 10, so that the rate of event building is at most 1 kHz.

If necessary, a �nal Level 2 decision based on the reconstructed

event will reduce the rate at which events are sent to Level 3 to no

more than a factor of two greater than the rate to tape, i.e., less

than 200 Hz.
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Source Type Rate Assumptions Section

(Hz)

Cosmics T 1 11.4.1

C < 1000 11.4.1

Lost particle Electro- T �0 11.4.2

(beam-gas) magnetic C < 2300 E > 50MeV 11.4.2

Hadronic C+T 200{500 PIP = 10nTorr 11.4.3

20{50 PIP = 1nTorr

Physics Bhabha C+T 100 11.4.4

1/2 Bhabha C < 10 prescaled 11.4.4

� , � C+T 5 11.4.4

�(4S) C+T 12 11.4.4

2
 physics C+T �3 11.4.4

2
 background C+T �50 11.4.4

Table 11-1. Components of the Level 1 trigger output rate

The size of a good event is approximately 25 kBytes. At an event

building rate of 1 kHz this is 25 MBytes per second. The total rateThe event size is about
25 kBytes between Level 1 and Level 2 under peak conditions is 35 MBytes

per second.

Table 11-1 summarizes the trigger rates in Level 1. For each compo-

nent of the rate, the contribution to the tracking (T) and calorimet-

ric (C) trigger, the expected output rate, and the assumptions used

to calculate the rate, if applicable, are shown. The last column refers

to the section below in which the speci�c rate is discussed. Level 1

has negligible acceptance for synchrotron radiation background.

The following subsections review the basis for these trigger rate

estimates in more detail.

11.4.1 Cosmic Rays

The cosmic ray trigger rate is estimated using the rate of 1=cm2=min

for single muons with momenta above 0.3GeV crossing a horizontalTo produce a tracking

trigger, a cosmic ray must
cross the beam pipe near

the vertex detector

area. The tracking trigger acceptance for cosmics presents an area

of about 0:05� 0:15m2, determined from requiring a track to pass

through the beam pipe somewhere along the vertex detector. This
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estimate ignores the contribution of secondary delta electrons in the

chamber.

The calorimetric trigger acceptance for cosmics presents an area of

5� 1:6m2, the overall length of the calorimeter times the diameter

of the drift chamber. The 
ux return and the calorimeter provide an To produce a calorimetric
trigger, a cosmic ray must

deposit energy in two
separate clusters in the

CsI calorimeter

energy cuto� at 0.8GeV. Tracks which simply graze the calorimeter

without passing through the inner radius at some point do not leave

two separate clusters, and so do not trigger [Sny92a].

11.4.2 Lost Particles (Beam-Gas Scattering)

Lost particles are those beam particles which scatter from residual

gas in the beam pipe upstream of the IP and are steered by the

magnets into the masks and beam pipe near the IP. There they

interact, generating electromagnetic showers and inelastic scattering

events. The rate of such events is proportional to the beam current

and to the pressure in the beam pipe in a region from 1.5 to 30m

from the IP. Because this is a major source of background, the

PEP-II design calls for the aggressively low pressure of 0.2 nTorr in

this region. Occupancy resulting from this background is expected

to limit detector operation. This is expected to occur at a rate

30� this design value, driven by the ability to reconstruct tracks Lost particle background
is expected to limit

detector operation at
20 to 30 times the nominal
design rate

in the drift chamber data, and at 20� this value, on the basis

of the long-term survival of the vertex detector and/or the drift

chamber [SLA93a]. The operability of the drift chamber under

these extreme conditions has not been considered as a factor. This

section deals exclusively with the electromagnetic showers of these

background events [Sny92a, Sny92b, Lev94a, Lev94b]. Hadronic

interactions will be discussed in Section 11.4.3.

Tracking Triggers

Tracking simulations [Sny92b] indicate that electromagnetic inter-

actions of lost particles striking the beam pipe do not generate a

signi�cant rate of 11
2
track triggers. This calculation examined the

rate of triggers, varying the de�nition of the \A" trigger (the \B"

trigger is set at 1/2 the drift chamber). The rate drops roughly

exponentially from 5 kHz when the \A" track is required to travel
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1/5th of the way through chamber, to 200 Hz when required to

travel through 1/2. Our \A" track de�nition is the whole chamber,

but this calculation is for nominal beam pipe pressure. Assuming a

continued exponential fallo� and that the rate is due to tracks andElectromagnetic inter-

actions of lost particles
contribute to the tracking

trigger at a rate of
�150 Hz

not accidental coincidences, a trigger rate of 150 Hz is estimated at

the higher beam pipe pressure. Further background simulation will

be done to con�rm this calculation.

Calorimetric Triggers

The rate of two 22� 22 cm2 calorimeter towers was estimated to

be 6 � 2:4 kHz with a tower threshold of 40MeV. No eventsElectromagnetic inter-

actions of lost particles
contribute < 2:3 kHz to

the calorimetric trigger
rate at 90% con�dence
level

were observed above 50MeV, resulting in a limit of 2.3 kHz at

the 90% con�dence level [Lev94a]. A substantially higher operating

threshold is anticipated. This calculation is for the design vacuum of

0.2 nTorr in the beam pipe near the IP. More background simulation

is required to estimate the trigger rate for the combination of higher

thresholds and backgrounds 30� this nominal level.

11.4.3 Hadronic Interactions from Lost

Particles

The hadronic component of the beam-gas contribution to the trigger

rate is estimated by scaling from Mark II trigger rates measured

at PEP-I. There, the two-track machine background rate was 1{

2 Hz [MK-II]. To be conservative, this is assumed to have been

exclusively due to hadronic beam-gas interactions, which would

scale as the ratio of beam currents, a factor of 75 = 3A=40mA,

yielding a predicted 75{150 Hz. The Mark II chamber size (1.5 m

outer radius) and magnetic �eld (0.45 T) strength roughly scale

to the BABAR detector (0.8m outer radius at 1 T): the Mark II

track threshold was about 100MeV=c, compared to 120MeV=c for

BABAR at 1 T. This rate is for a two-track trigger requirement; theThe hadronic interaction
trigger rate for lost

particles is estimated by
scaling from Mark II data

at PEP-I

rate increased by roughly a factor of three in going to a 11
2
track

trigger [MK-II]. This yields a scaled rate of 200{500 Hz for a

BABAR 11
2
track trigger at PEP vacuum. Since this rate is mostly

due to tracks which do not come from the origin, the rate will by

lowered by the inclusion of a vertex detector requirement in Level 1
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Trigger �+�� B0, J= K0
S

Two central tracks (T2) 0.530 0.997

One and `one half' tracks (T1.5) 0.730 1.000

Two tower-pair clusters >100MeV (C2) 0.944 1.000

Table 11-2. E�ciencies of triggers for two physics pro-

cesses [Kra94] [Bol91].

and/or track pointing cuts in Level 2. The PEP vacuum was about

10 nTorr at the IP [MK-II]. The PEP-II design vacuum is 1 nTorr

at the IP and 0.2 nTorr in the nearby beam pipe. If this is achieved,

the background trigger rate becomes <20{50 Hz. However, even if

the vacuum is 10 nTorr, the rate is still not serious. Note that

the BABAR detector is better shielded from the beams of PEP-II, by

masks and the permanent magnets, than Mark II was from PEP.

On the other hand, the BABAR detector has bending magnets very

near the IP.

11.4.4 Physics Triggers

The following discussion always assumes L = 3� 1033 cm�2 s�1, or

3 Hz for each nb of cross section. The cross sections for hadronic

production at the �(4S) are 4 nb, and for �- and � -pairs 0.8 nb each.

E�ciencies for �(4S) and �+�� events

Estimated e�ciencies for �(4S) and �+�� events are summarized

in Table 11-2.

Bhabha Scattering

The acceptance in the forward direction determines the rate of

Bhabhas events into Level 1: cos �lab = 0:955 implies cos �cm = 0:86.

This results in a Bhabha rate of 90 Hz [Eis90]. Bhabha events are,

however, very easy to recognize (two clusters of energy, opposed in

�, each with energy appropriate to its cos �lab, and just two sti�
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tracks, each pointing to a cluster). The trigger prescales BhabhaBhabha triggers are
prescaled to 
atten the

cos �lab distribution,
reducing the rate to
�10 Hz

events to a 
atter distribution in cos �lab, and reduces this rate to

about 10 Hz; the exact prescaling algorithm is determined such that

su�cient Bhabha events are collected for short-term calibration of

the detector. For a more detailed discussion of Bhabha scattering

see reference [Eis90].

Asymmetric Bhabhas in the Backward Calorimeter

Note that Level 1 is insensitive to a high rate (order 1 kHz) of

1-prong Bhabhas, where the forward prong is lost due to the PEP-II

energy asymmetry. Some fraction of this type of event will be

retained for calibration purposes by a prescaled one-cluster trigger.

Two-Photon Interactions

The rate for 2
 triggers is scaled from the experience of the TPC/Two-

Gamma experiment at PEP. The 2
 physics-event rate at PEP-II

will be 3 Hz with our trigger cuts [TPC]. The rate of background-The 2
 rate will be 3 Hz
with our trigger cuts triggers caused by 2
 interactions can be scaled from an estimated

trigger contribution of 0.5 Hz at PEP [TPC]. Scaling by luminosity

(3� 1031 versus 3� 1033) gives the 50 Hz shown in Table 11-1.

11.4.5 Further Work on Trigger Rates

The following issues need further investigation to �rm up these

estimates:

� studies with much larger beam-background data samples,

� a study of triggers caused by hadronic interactions in beam-

gas and beam-wall events,More detailed simulations
of trigger performance are
required � a study of the trigger rate from radiative Bhabhas,

� a detailed simulation of triggers caused by small-angle Bhab-

has showering in the material around the IP,

� a study of the rate of background triggers caused by 2
 events

without a tag.
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Subsystem Channel Count

Vertex Detector 150,000

Drift Chamber 7000

Time of Flight 340

Aerogel 3400

DIRC 16,000

Fast RICH 300,000

Calorimeter 10,000

Muon 50,000

Table 11-3. Approximate subsystem channel counts. Note

that only one of Time of Flight, Aerogel, DIRC, and Fast RICH

will be implemented.

11.5 Implementation

The trigger and data acquisition system design departs from existing

systems in e+e� colliders in several ways. It is pipelined, scalable The data acquisition
system is pipelined, scal-

able and asynchronously
triggered

and asynchronously triggered. The system's capacity largely scales

with the number of data links and processors installed. The design

uses commercial processors and data links for pattern recognition

and data 
ow wherever practical, and minimizes custom hardware.

The price/performance ratio of such commercially availablemodules

is constantly improving.

11.5.1 Level 1 Electronics

The frontend electronics designs may be put into two categories. There are two classes of

frontend electronics: fully
sampling, and multiplexed
and/or sparsi�ed

The central drift chamber, the calorimeter and the aerogel and

DIRC particle identi�cation options, each with the order of 104

channels, and the silicon vertex detector, Fast RICH particle iden-

ti�cation option, and the muon detector, each with of the order of

105 channels (See Table 11-3).

The former subsystems operate in a full sampling mode while the

latter use extensive multiplexing and/or some type of sparsi�cation.
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In each case, the data are acquired continuously and a long time

history is kept in time-addressable memory.
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Figure 11-3. Drift chamber DAQ module.

Drift Chamber

The analog signals pass through chamber-mounted ampli�ers and

into DAQ modules. Each DAQ module handles the signals for

20 channels which come from a block of �ve adjacent cells in each

of four adjacent layers. The inputs are digitized every two to four

bunch crossings (60 to 120 MHz) by an 8-bit Flash ADC, and the

result is loaded into a Video RandomAccess Memory (VRAM). The

sampling rate will be chosen after further studies. A VRAM has a

fast sequential port and a random access parallel port. As used

here, they yield a multi-ms pipeline which is randomly accessible

by time. For example, a 256 kByte VRAM could store 4 to 8 msA 256 kByte VRAM stores

4 to 8 ms of digitized drift
chamber data

of data from a single channel. To form the Level 1 trigger, each

signal is also connected to a discriminator. Its output is fed to

the segment �nder. The segment �nder uses the signals from theA segment �nder at

Level 1 is the �rst step
in track reconstruction

20 channels on its own module, together with those from 8 channels

on each of the adjacent modules, to search for track segments. The

segment �nder output is passed to the Level 1 trigger logic and

used in conjunction with similar information from the silicon vertex

detector to �nd tracks.
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Calorimeter

The CsI(Tl) calorimeter electronics is similar in concept, but di�ers

in implementation because a dynamic range of 17 to 18 bits is

required. An e�ective resolution of 10 bits is needed, but reconstruc-

tion of waveform-sampled pulses is likely to allow a lower resolution

on individual digitizations.

The signal from the photodiode is ampli�ed and split into multiple

gain stages by a custom integrated circuit ampli�er. This ampli�er The 17 to 18 bit dynamic
range required for the

calorimeter is achieved
using a multi-range


oating point ADC

chip is mounted physically close to the detector elements in order

to minimize noise problems. The outputs of the gain stages are

transmitted with a dynamic range of 10 to 14 bits to the digitization

logic. This logic can be located either at the end of the calorimeter

barrel, but within the electrostatic enclosure of the subdetector, or

on the DAQ boards, or it can be split between the two locations.

The signals are fed to a second custom integrated circuit containing

range-selection logic which determines the appropriate gain range

to be digitized and connects the selected analog signal to the output

of the device. The analog signal is then digitized by a commercial

converter every 25 to 250 bunch crossings (1 to 10 MHz) in order to

determine its amplitude. The ADC output forms the (8 to 12 bit)

mantissa of a 
oating-point number with the range bits from the

range-selection IC as the exponent. The total dynamic range (e.g.

18 bits) is given by the dynamic range of the ADC (e.g. 10 bits)

multiplied by the highest gain (e.g. 256). If the ADC is on the end

of the subdetector, the 
oating-point numbers of several channels

may be multiplexed onto a serial �ber-optic link and transmitted

to external data-acquisition crates. Transmitting the data to the

outside of the detector in digital form on �bers would minimize

electromagnetic interference and noise injection into the frontend.

The data stream is continuously recorded in VRAM. Logic on the

calorimeter DAQ board also extracts information from the stream

for use by the Level 1 calorimeter trigger. Some particular propos-

als for calorimeter electronics are described in references [SLA93b,

Dow94, Hal94].
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Vertex Detector

The vertex detector electronics is discussed in Chapter 5.

Particle Identi�cation

Since the particle identi�cation technology has not been selected,

the e�ort on electronics for this subsystem has been limited. Never-

theless, possible solutions for each candidate technology have been

identi�ed.

For the Aerogel and the DIRC some variation on the PHENIX-

detector Fast-RICH electronics [PHE92] will likely meet the re-

quirements. In this system the incoming discriminated signal starts

the charging of a capacitor. The next occurrence of a 100 MHz

clock stops the charging and the charge is transferred to a switched

capacitor array. The array stores more than 5�s of hits. Upon

receiving a trigger an ADC digitizes hits at the appropriate times

from several channels. These data are sent over a �ber optic link to

the bu�er modules. The pulse height measurement is handled in a

similar manner by substituting an integrator for the time to charge

convertor.

A TOF system could also be done this way, but the requirements are

more stringent. While the construction costs would be modest (the

channel count is low), the engineering e�ort might be substantial.

The Fast-RICH system electronics can take advantage of the rela-

tively modest time requirements (�400 ns) to achieve a high degree

of multiplexing. A single inexpensive detector mounted FADC could

service many channels. Adding some bu�ering and using the silicon

strobe could increase the multiplexing level.

Muon Detector

The muon detector electronics in the baseline design contains about

50K channels of digital readout. Due to the low occupancy, a

multiplexing scheme is envisioned, with a large reduction in DAQ

modules and cables. In the present scheme, a 256:1 reduction will

be accomplished by taking the outputs of 256 discriminators and

encoding them into an 8 bit address. This address is connected to
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the VRAM input of a DAQ module. If the RPC option is selected

for the IFR, their fast timing properties may be exploited for low

momentum particle identi�cation and for cosmic-ray rejection. A

TDC system can be implemented, whose design and dimension will

result from optimization studies currently in progress. Otherwise,

no timing is required outside of the DAQ module.

All

All the DAQ modules have a processor and some conventional (non- All DAQ modules have

a processor that extracts
physical quantities from
the data

time addressable) RAM. The processor extracts the physical quan-

tities from the data in the VRAM and also selects data for requested

time intervals and passes it to Level 2. Details of the data 
ow are

still under investigation[Wun94].

Decisions in this area depend on the trigger rates and latencies at

both Level 1 and Level 2. At one extreme is the case when both

the rates and latencies are low in Level 1. In this case the data can

be moved directly from the VRAM to the Level 3 workstations. At

the other extreme the Level 1 trigger rates and latencies are both

high. Then a time-consuming trigger veri�cation by Level 2 may be A variety of data 
ow
schemes are under

consideration
required before event building. To allow time for this the data would

need to be moved from the the VRAM to DRAM in the DAQ board

upon the occurrence of a Level 1 trigger. Portions of the data are

then processed and moved to Level 2 to be used in the veri�cation

process. Veri�ed events are then built by transferring all the data

in the trigger's time window to Level 2. Level 2 would then make

a further trigger decision based on complete events before passing

them on to the workstations. Many intermediate data 
ow models

are possible.

11.5.2 Level 1 Trigger

The implementation of the Level 1 trigger algorithms is under study.

The best solution could be a one-step all-hardware implementation,

or a simple hardware step followed by a processor-based trigger.

The optimum algorithms will depend on which route is chosen.

The calorimeter trigger problem is relatively straightforward. A

hardware solution would �rst sum �xed groups of crystals, then
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form sums of all pairs of groups, and �nally look for two suchThe Level 1 calorimeter
trigger would require two

separated energy clusters
spatially-separated sums above a threshold. A software implemen-

tation might possibly gain by summing groups of varying size and

varying boundaries.

The tracking trigger solution will depend on the geometries of theThe Level 1 tracking
trigger will link locally-

found track segments
vertex detector and drift chamber. Current designs �rst use hard-

ware to �nd local track segments as described in subsection 11.5.1.

These would then be linked into tracks by either a linking algorithm

or a Hough transform technique. The latter has the advantage of

taking a �xed length of time and could be implemented in either

hardware or software. If the track �nding is done in a processor,

then some simple hardware-implemented occupancy criteria might

be used generate the strobe for the vertex detector.

11.5.3 Connecting Level 1 to Level 2

The network technology which connects Levels 1 and 2 has not

been chosen. This decision awaits the outcome of decisions on the

Level 1 trigger, and further background studies. While the re
ective

memory solution shown in Figure 11-2 will work, it may not be the

most cost-e�ective choice. Other solutions being considered include

the Scalable Coherent Interface [IE1596] and a commercial Gigabit

�ber-channel data switch [Lev93]. Which solution is best depends

in part the data 
ow model selected.

11.5.4 Level 2

Level 2 consists of commercial processor boards. It is responsible

for making a trigger decision based on information from the Level 1

trigger and (possibly a subset of) the full digitized data stored in

the Level 1 bu�ers. Level 2 builds the events by requesting the data

for the relevant time period from Level 1. If the built event is still

deemed good, it is sent to a Level 3 workstation via a Local Area

Network. These Level 2 functions might actually be carried out by

the workstations themselves.
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11.6 Research and Development

Progress in completing the DAQ design requires the generation of Further progress on
the DAQ system
design will require

additional simulations
of backgrounds

substantially more simulated background data. These are needed to

evaluate trigger designs, and to decide on an optimum trigger strat-

egy. They are also needed in conjunction with the trigger design

to evaluate data 
ow requirements and �nalize a data 
ow model.

This in turn will enable the �nal design of the data acquisition

architecture and the choice of hardware.

While the requisite studies are being carried out, studies of the DAQ

problem have been made in abstract terms in order to identify the

critical design issues. The current state of this work is illustrated

in Figure 11-4.

The detailed design of some of the subsystems awaits the choice of A choice of detector
technology must be

made in the particle
identi�cation system

before detailed design
of that data acquisition
system can be done

a speci�c detector technology.

11.7 Summary

The BABAR trigger and data acquisition system is fully bu�ered or

pipelined in both the trigger and the data 
ow paths. As a result the

system is nearly deadtime-free at background levels up to 30� the

rates given by machine simulations. It uses commercial equipment

wherever suitable modules are available, with all components be-

yond the frontend electronics being o�-the-shelf. The architecture

is such that the capacity of the system is easily expandable by the

addition of data paths and processors.
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Figure 11-4. Schematic diagram of the DAQ and online

computing system. Each bubble represents a transformation,

and the small bubbles with multiple input arrows represent

collection points for partial information from multiple locations.

Detector data from the frontend electronics are received in

Process and Gather Data (1.0). The Data Bu�er holds data

during trigger decisions and consists of many bu�ers. The Trigger

(2.0) function is independent of the number of levels. Data

acquisition and Level 3 Trigger (3.0) operate on complete events

and write data to Mass Storage. Clock and Control (6.0) is

separate from but related to Trigger decisions. Slow Control

(4.0) involves monitoring the detector and the accelerator. Run

Control (5.0) provides the user interface of the online system.

The user can monitor data from all stages of the DAQ. The

Current Con�guration data repository is a logical entity (not

necessarily in one place) that holds the calibration constants,

trigger con�guration, etc.
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Computing

I
n this chapter the present understanding of computing issues for

the proposed BABAR detector are summarized. The computing

requirements are assessed, and a feasible hardware implementation

is developed, based on UNIX processors. The general software issues

of architecture, data model, and code development are discussed fol-

lowed by an outline of the on-line computing environment. Support

issues and manpower requirements are summarized.

12.1 Functional Requirements

In this section the basic hardware requirements for BABAR computing

are considered: CPU power, bandwidth, and storage space. Early

estimates of the requirements were made and discussed in refer-

ence [Boy90].

12.1.1 CPU Requirements

The computing tasks include the on-line system operation (Level 3

trigger & data acquisition, event sampling, detector monitoring, cal-

ibration and control), the o�-line reconstruction, creation of DSTs,

Monte Carlo simulation, and analysis. The estimates of both CPU

power and bandwidth are established by requiring that the corre- A total of 2 � 10
4 MIPS

is required for on-line and

o�-line computing
sponding tasks are completed in an acceptable time. For example,

the goal is that the reconstruction should be able to keep up with

data acquisition. The estimated CPU power required for these tasks

is summarized in Table 12-1.

\MIPS" is a somewhat poorly de�ned term (1 MIPS corresponds to

the power of a VAX 11/780), however, it has become a customary

unit. For conversions, an IBM RS/6000 model 550 is approximately
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On-line (Level 3) MIPS 2500

Reconstruction MIPS-s/evt 25

Events/yr 109

Passes/yr 2

MIPS 5000

Monte Carlo MIPS-s/evt 500

Events/yr 108

MIPS 5000

DST creation MIPS 500

DST analysis MIPS 2000

Interactive analysis MIPS 5000

Table 12-1. Estimated CPU power requirements

a 60 MIPS machine. The usual cautions apply concerning depen-

dence of performance on type of code, etc. Thus, our numbers

are necessarily approximations, but are regarded as adequate for

planning.

The reconstruction requirement is actually a peak value (as is that

for the on-line), obtained from CLEO-II reconstruction program

performance and assuming that the events are reconstructed at the

same rate they are recorded on tape. Hence, the total installed

MIPS may be less than the sum of the above requirements, depend-The SLAC-installed

capacity requirement is

envisioned as 104 MIPS
ing on the model (see the next section). If, nonetheless, the numbers

are simply summed, the total is 20,000 MIPS. At least 10,000 MIPS

is required at the SLAC site for data acquisition, reconstruction, and

other tasks.

The Monte Carlo estimate is based on the CLEO-II experience with

a complete simulation [CLE94]. It is estimated that 108 MonteThe Monte Carlo

computing requirement

is based on CLEO-II

experience

Carlo events per year is an appropriate level for comfortable sta-

tistical precision within the feasible systematic limitations of the

simulation.

\DST creation" means a major pass through the data to create

a selected dataset (in which the output data may or may not be

compressed):

MIPS = 0:25(MIPS-s/evt)� 109(events) � 2(users)=106(s)
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This task must take less than one month, hence the 106 second

time period. The two users allows for up to two such major passes

through the data to be simultaneous. This estimate, of course, is a

particular model for how an analysis progresses into selected subsets

of the data. Our model is rather conventional; however, alternatives

will be investigated, such as using a direct access database technol-

ogy [Bad90].

\DST analysis" is a substantial processing of a selected DST dataset

for physics analysis:

MIPS = 1(MIPS-s/evt)� 108(events) � 20(users)=106(s)

Such a process is assumed to occur once, when a user has completed

the design and debugging of the analysis and is ready to apply it to A single pass su�ces for a

given DST per analysisthe full data set of interest.

Interactive analysis involves debugging, exploratory analysis, graph-

ics, and program development. Our assumption is that there will

be 100 active users, each employing a 50 MIPS workstation.

12.1.2 Bandwidth

Transformation of the raw data to the �nal reconstructed event

information, and subsequent physics analysis, requires several data

transfer steps. The most signi�cant steps (in terms of required

bandwidth) include:

� transfer of data between the Level 2 trigger and the Level 3

trigger,

� transfer of data from the Level 3 farm to mass storage (tape),

� reading and writing the data in the bulk reconstruction,

� writing of Monte Carlo events to tape,

� reading through the data to create DSTs,

� reads through the DSTs for physics results,

� interactive analysis on small datasets.

The estimated requirements are summarized in Table 12-2.

An upper limit requirement of 1000 events/s is assumed to the

Level 3 data acquisition farm. This is su�cient for a comfortable
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Data acquisition:

Events/s to Level 3 1000

Mbytes/s to Level 3 25

Events/s to tape 100

Mbytes/s to tape 2.5

Reconstruction:

Events/s/reconstruction analysis 100

Mbytes/s/reconstruction analysis 7.5

Monte Carlo:

Events/s 10

Mbytes/s 0.5

DST creation:

Mbytes/s/DST 50(1 + f)

DST analysis:

Mbytes/s/task 5

Interactive analysis:

Mbytes/s/user: 0.2

Table 12-2. Estimated bandwidth requirements

margin over the expected rates from the Level 2 trigger (see Chap-

ter 11), where the event size is assumed to be 25 kbytes [Por93].

This is assumed to double to 50 kbytes once the reconstruction

information is added.The event size will be

25 kbytes. The addition of

reconstruction information

will double the event size

on tape

DST creation and analysis represent a large network load. In DST

creation, f is the product of the sample fraction times the average

sampled event size divided by 50 kbytes. If f is small, and two such

tasks are running, 100 Mbytes/s is required. It should be notedDST creation is heavily

I/O bound that the task of DST creation will typically be heavily I/O bound.

DST analysis, with twenty user analysis tasks simultaneously run-

ning, requires 100 Mbytes/s. The interactive analysis number isDST analysis requires a

network bandwidth of 100

Mbytes/s
estimated assuming a 2 kbyte/event micro-DST, and a throughput

of 1000 events in 10 seconds, appropriate for small datasets, which

are imagined to be analyzed at a desktop workstation. There may

be occasional need for interactive analyses on larger DSTs, with

larger bandwidth requirements. It is anticipated that such analyses
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would take place on the same machines as the \DST analysis" tasks,

supported with higher bandwidth.

Aggregate network capacity for o�-line tasks in excess of 200Mbyte/s The total network

bandwidth must be in

excess of 200 Mbyte/s
is required, dominated by the reconstruction and the multiple reads

through the data required for DST creation and analysis.

12.1.3 Storage

Table 12-3 summarizes the estimated storage requirements for the

BABAR experiment.

Tape storage:

Raw data (Tbytes/yr) 25

Reconstruction output (Tbytes/yr) 50

Monte Carlo (Tbytes/yr) 5

DSTs (Tbytes/yr) 5

Disk storage:

DSTs (Tbytes) 2

Databases (Tbytes/yr) 0.03

Table 12-3. Estimated storage requirement

Approximately 100 Tbytes/yr of tape storage is required. If nec- A total of 100 Tbytes/yr

of tape storage is neededessary, the 25 Tbytes of raw data could be moved o�-line after

reconstruction. The 5 Tbytes/yr for DST storage is estimated by

assuming 10 DSTs produced/yr, with 107 events in each (sampling

fraction of 0.01) and 50 kbytes/event.

The more disk space, the better { a reasonable minimum appears to

be around two Tbytes. Current experience at SLAC is that a (disk)

staging space of 2% of the active tape storage is required, and this

is approximately consistent with the estimate here. Alternatively,

2 Tbytes may be regarded as su�cient for 40% of the DSTs pro-

duced to be on disk. However, it is probably appropriate to regard A disk storage capacity of

2 Tbytes is requiredthis space as staging space, with the details of whether a particular

job �nds its data already staged to disk or not transparent to the

user. The database space requirement is implementation dependent,

but should be small compared with the event data requirement.

Letter of Intent for the BABAR Detector



260 Computing

12.2 Computing Model

The design of a comprehensive computing model must satisfy the

functional requirements of the previous section. In addition, such a

model must address practical considerations such as, for example:

the \abilities" (usability, 
exibility, scalability, reliability, maintain-

ability, a�ordability); smoothly integrate all hardware and software

components; and be able to integrate SLAC on-site computing with

that of o�-site collaborators. Options for such a model, based upon

present and near future technologies, are presented in the following

subsections. An example of a schematic model which could be

implemented within the next one year concludes this section.

12.2.1 Computing Hardware and Operating

System

High performance microprocessor based workstations are a natural

choice for the experiment. A large number of vendors competitivelyThe BABAR computing

model is based on

workstations running

UNIX

o�er such workstations running similar and largely interoperable

UNIX environments. This ensures the high degree of vendor in-

dependence needed to support the evolving set of platforms used

throughout the collaboration. The availability of real-time exten-

sions in some UNIX systems and of UNIX-like real-time systemsReal-time extensions to

UNIX allow uniform on-

line and o�-line computing

environments

(e.g. VxWorks) makes possible, for the �rst time, a uniform working

environment both on-line and o�-line.

Use of UNIX is increasing at many high energy physics labs such

as CERN, Fermilab, DESY, and in many university groups. This is

a crucial element for successfully integrating the computing for the

entire collaboration and the rest of the HEP community.

The current industry trend is to unify the various 
avors of UNIX

(e.g. the X/OPEN consortium), based on the use of standards. It

is our plan to adopt and enforce the use of the relevant standards.

This, in turn, maymake a possible future evolution away fromUNIX

more manageable.
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12.2.2 Networking

There are two levels in which networking is crucial to this experi-

ment: local networking, required by the large number of machines

and high data rates involved both on-line and o�-line; and wide Both local and wide-area

networking is requiredarea networking, required by the wide-spread international nature

of the collaboration.

Local area networking refers to the links between the various compo-

nents of the experiment, including those to desktop machines and

the central computing facility. Such networking can be designed

with today's technology using, for example, ethernet hubs, and

FDDI (Fiber Distributed Data Interface) switches.

The wide area networking situation is not as clear, given that the

actual links to some European sites and Asia are neither satisfac- In some cases an upgrade

of existing WAN capability

is seen as necessary
tory for substantial data transmission nor even for remote logins.

Improvements to the wide-area network to some sites will certainly

be necessary.

12.2.3 Integration of Remote Sites and Data

Sharing

The problem of integrating remote sites into the computing model

may be split into two separate categories. The �rst category, remote

login, code development and distribution, has relatively modest The integration of remote

sites is a basic precept of

the computing model
demands and will be treated in a later section. The second category,

data access, is more complex in that one can foresee various models

for the data access by remote collaborators, such as: access to real

data only at SLAC; access to data over the wide-area network; or,

local access via data transferred on tape.

In the last two models, it is foreseen that mass storage compatible

with that at SLAC will be present at remote regional centers, while

lower-cost tape drives with stackers may su�ce for smaller insti- There may be remote

regional centers with tape

silo capability. Smaller

sites will use low cost tape

drives with stackers

tutions. In all models remote farms could be used both for event

reconstruction and Monte Carlo generation. The alternatives must

be considered very carefully since costs associated with data access

vary signi�cantly depending upon the required rate of access and

total quantity of data involved.
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12.2.4 Event Processing Systems

Much of the large scale computing need is due to reconstruction and

Monte Carlo simulation, both of which are event oriented. There-

fore, developing large scale event-parallel processing systems will be

of great importance for implementing an e�ective computing model.

There is already expertise available within BABAR collaborating in-

stitutions. SLAC is currently conducting UNIX-based cluster de-

velopment for centralized computing[Boe94]. This work is beingLarge-scale parallel

processing systems, based

on existing models,

will be used for event

reconstruction and Monte

Carlo generation

performed in a series of phases and focuses upon both CPU-bound

and I/O-bound tasks. Elsewhere, a simple multiprocessor manage-

ment system for event-parallel computing, for example, has been

developed at Mississippi[Gou94] and is being used for reconstruc-

tion of the E791 data set { the largest data set so far in particle

physics (50 Tbytes). This simple multiprocessor system (farm) can

be adapted at remote locations and operated e�ectively. Finally,

ordinary desktop workstations clustered together can serve, for some

computing tasks, a secondary purpose as farm nodes when not being

utilized as a personal workstation.

Further investigations into both hardware and software are neces-

sary before deciding upon a suitable model. Various commercial op-

tions are available now, such as scalable parallel systems. Some o�er

signi�cant advantages, such as operating with a single system imageScalable parallel systems

may eventually be cost-

competitive with simple

cluster farms

for simpler management. The price/performance ratio currently

favors the simple cluster of independent workstations, although this

di�erence may decrease over the time-scale of interest.

12.2.5 Schematic Computing Model

A speci�c computing model based upon the functional requirements

and current and near-future technologies is presented in Figure 12-1.

Speci�c technologies are assigned for the purposes of estimating the

budget. Over the construction period these technologies are ex-

pected to evolve or to become obsolete, being replaced by something

better and/or cheaper. The goal of this design is to be 
exible and

to anticipate such improvements.

An understanding of the data 
ow is necessary to follow the various

links in the �gure. Event data originates in the frontend electronics,
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Figure 12-1. Conceptual computing architecture
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bu�ers and triggers, then enters the diagram along multiple FDDI

(100 Mbits/s) links through a non-blocking cross-bar switch into the

Level 3 trigger (L3) processing farm. The events are already built at

Level 2 (L2); the switch routes only whole events. A special trigger

controller workstation is used to keep track of the event queues inThe computing model

is based on FDDI links,

crossbar switches and

network-attached mass

storage

the L3 machines, and to direct the L2 processors as to where to send

each new event. Events satisfying the L3 trigger criteria are then

sent back through the switch and into the network-attached mass

storage device. Remaining sources of data from the experiment

connect via slower and less-expensive ethernet (10 Mbits/s) links

through network hubs which connect ten ethernet segments to one

FDDI branch. These hubs are also used for connecting the various

operator consoles that control and monitor the experiment.

Event reconstruction is done in the o�-line reconstruction and Monte

Carlo farm. Data from tape is �rst staged to a series of disk

servers via FDDI connections through an o�-line switch (identical toEvent reconstruction is

done from staged tapes the on-line switch). Each reconstruction farm machine is directly

connected to a network hub, which in turn connects to the disk

server. Both reconstruction and Monte Carlo tasks tend to be CPU

bound rather than I/O bound, thus allowing the use of slower andBoth reconstruction and

Monte Carlo generation

tasks are CPU bound
less-expensive ethernet network links to these machines.

Creation and analysis of data summary tapes (DSTs) occurs in

a second farm of machines with direct FDDI connections to the

o�-line switch. These jobs are I/O intensive, thus requiring the

higher performance and more costly FDDI network links. Data


ow is similar to that for the reconstruction and Monte Carlo,DST creation and analysis

tend to be I/O bound from the mass storage to disk servers and �nally to/from the DST

farm. About 100 machines are needed for the combined DST,

reconstruction and Monte Carlo tasks.

Interactive analysis involves the manipulation (and sometimes cre-

ation) of n-tuple datasets, and other event data in the highly inter-

active manner of PAW or HippoDraw. This is also an I/O intensive

task, but, in general, involves data sets of modest size. This type of

exploratory analysis occurs on desktop workstations. The data 
owInteractive analysis,

envisioned as an important

requirement, can also be

I/O intensive

is identical to that of the farm machines. At some point, a given

analysis may cross a threshold requiring more aggregate CPU and

I/O bandwidth to investigate larger and larger datasets. This will

mean moving that analysis onto a DST farm machine.
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All of the computing tasks (other than data acquisition) can occur

at the sites of remote collaborators. The degree to which this may

be done is regulated by the computing investment at the remote

sites and by the development of the WAN connectivity between All computing tasks, other

than data acquisition, may

be done at remote sites
SLAC and the collaborating institutes in the following years. The

WAN will probably be used to transfer small samples of data; it is

presently not feasible to have a complete real-time distribution of

event data through the WAN.

It is expected that some form of a�ordable, high-density, portable The e�ective bandwidth of

tape shipment is unlikely

to be approached in the

near future by realistic

wide-area networks

storage medium will be used for exchanging moderate amounts of

data, such as DSTs, with non-SLAC sites. Such media can then

be transferred by air freight. At minimum, all collaborators will

need reasonable WAN connectivity to SLAC for the purposes of

transferring code, and performing interactive work using the X-

window system. This type of link should have a bandwidth of at

least 60k bits/s per interactive session.

Present CPU technology is already adequate to meet the functional

requirements. Portions of the model illustrated in Figure 12-1 are

currently being prototyped at SLAC. Our model is that the central

farm machines are workstations (without monitors or keyboards),

with 100 or 200 MIPS/CPU (which is anticipated to be available by

1998), while the one hundred required desktop workstations consist

of 50-MIPS computers.

The leading mass storage technology is an upgrade of the existing

STK robotic silos with helical scan technology. This is expected

to be available by 1995, at a capacity of 40 GBytes/tape The

transfer rate per drive is 15 Mbytes/s; there are eight drives per silo. Tapes in robotic silos are

envisioned as the primary

mass storage medium
There are presently four silos at SLAC each with � 6000 cartridges,

yielding a total capacity of approximately 0.96 petabytes. It is

expected that data access will be via staged disk �les.

12.3 Software Environment

There is much to gain by establishing a common environment across A common software

environment will be used

in all areas
all areas of software development, including the trigger/data ac-

quisition, on-line and o�-line. Activities that traditionally were

considered purely o�-line are fully integrated into the triggering,
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monitoring and analysis activities. Similarly, entities that were

traditionally based on hardware will now have a signi�cant software

component (e.g. the Level 1 trigger system).

Much duplication of e�ort can be avoided by utilizing common fa-

cilities such as the code management and distribution environment,

and techniques such as coding guidelines and standards. However,Code management and

distribution standards will

be established
there must be su�cient 
exibility to permit specialized solutions

(e.g. DSP software development) where required. The goal of the

software development environment is therefore to take advantage of

natural commonalities, without burdening the developer with sig-

ni�cant overhead. The development of robust, e�cient and reliable

software within the on-line and trigger/data acquisition environ-

ment is crucial to the correct functioning of the experiment, since

data will be lost as a result of failures.

The overall goal is to create software that hides the complexities of

the system from the user as far as possible, allowing both novices

and experts to interact with it in a manner that maximizes their

productivity. The user interface is crucial to this, since it representsThe on-line and o�-line

system will share common

standards
the visible face of the system and must accommodate a wide range

of abilities and biases. Again the widespread adoption of common

standards between the on-line and o�-line environments is envis-

aged, including a scripting language for repetitive operations in both

the on-line and o�-line environments and a graphical user interface

that provides an iconic style of interaction. A well-de�ned graphicalA graphical user interface

can hide the complexities

of the system from the

average user

user interface can minimize the learning curve for casual or infre-

quent users, maximizing their productivity, while simultaneously

providing short-cuts for experienced users.

12.3.1 Development Environment

The e�cient development of software within a collaboration com-

prised of physicists from a widely dispersed community requires

both good management and the use of adequate support tools.Gains in hardware

performance have not been

accompanied by gains in

software development

productivity

While computer system performance has increased rapidly over the

last decade, these increases have not been accompanied by similar

increases in software development productivity. However, new tech-

niques, especially when supported by appropriate development and

management tools, hold the promise of signi�cant improvements in
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both the software development process and the robustness of the

resulting software. This implies that the ease with which changes

to the software system may be made in response to changes in

requirements caused, for example, either by new and unforeseen

physics processes or the addition of new detector components, is

considerably improved. The basis for these new techniques is the

object oriented paradigm.

A further gain can be achieved by the identi�cation of di�erent

types of software developers, ranging from individual physicists

writing code for their own \quick and dirty" exploratory analyses,

to developers working on the algorithms for the real-time trigger

�lters. In the latter case a trivial mistake in the code may result in Appropriate levels of code

standards will be enforceddata being irretrievably lost. It is sensible to accommodate e�cient

program development in these di�erent environments by adjusting

the administrative overhead appropriately. This also implies that a

mechanism must exist whereby code may be migrated up through

the various levels from exploratory, through production analysis and

reconstruction, to on-line and trigger �lters.

12.3.2 Software Methodology

Based upon experience within both the HEP and industrial com-

munities, adherence to the object oriented paradigm, appropriately

applied and managed, appears to be the optimum software devel-

opment environment for the BABAR software e�ort. This implies

the selection of an analysis and design methodology and of a pro-

gramming language or languages. Several detailed analysis and

design methodologies exist, for example, Booch, OMT, Fusion, and

Objecteering, etc. [OOM94]. Their most important roles are in

aiding the exploratory thought process that analysis and design Object oriented methodol-

ogy will be employedentails and in providing a notation whereby information may be

disseminated throughout the developer community in a standard-

ized fashion. Choice of a speci�c design methodology will depend

on the availability of support tools and the automatic binding to

the programming language of choice. Indeed, di�erent tools might

be appropriate for the di�erent software levels identi�ed earlier;

sophisticated CASE tools may support the real-time environment

and other critical areas.
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Given the object oriented methodology, it is most natural to use

an object oriented programming language for the implementation

of the system. This need not necessarily be the case, but this

combination a�ords the most e�ective solution. However, such

an approach must recognize the wide-spread availability of soft-

ware that already exists, mainly written in FORTRAN-77, and the

widespread expertise that exists within the HEP user community

in the use of this language. Conversely, most new entrants to the

HEP �eld have exposure to the C programming language rather

than FORTRAN, and it is on their shoulders that much of the

implementation will fall. Taking into account the technical merits

of the language, the availability of support tools such as interactive

debuggers and development environments and the degree of support

within the scienti�c programming community, C++ appears to beC++ appears to be the

language of choice the language of choice. Several projects both inside and outside

of HEP have validated this choice, while indicating that there is a

signi�cant learning curve and that a policy for its use (e.g. code

guidelines and templates) must be adopted.

Therefore, it is intended that much of the new software development

within the experiment be based on C++, whilst ensuring that ex-

isting FORTRAN-based software can e�ciently be integrated. It isOlder FORTRAN code

will be incorporated recognized that this implies a mixed language environment and is

an issue that people have traditionally felt very strongly about. It is

our recommendation therefore that C++ be used, but it is also our

realization that some fraction of the new code will be created using

FORTRAN because of the wealth of experience already within theSome new code may be

written in Fortran-90 HEP community. For example, R&D is presently underway on the

creation of a formalized mixed-language environment through the

use of an Interface De�nition Language (IDL) that compiles into

both C++ and Fortran-90.

12.3.3 Data Model

The use of an object oriented methodology for the software devel-The data model is also

object oriented opment environment leads naturally to the description of the data

model for the experiment in terms of objects. This bypasses many of

the ad-hoc solutions that have arisen throughout the FORTRAN era

such as BOS or ZEBRA and integrates access to the data naturally

into the programming language.
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A uniform data model should be applied throughout all aspects

of the software. Thus the same model should apply to the access

of raw data, reconstructed data, calibration, and geometrical con-

stants. This model must also allow for a smooth schema evolution. A uniform data model

will be applied to the

management of data,

calibration constants and

geometrical constants

Advantages of this approach include access to the new generation

of database management systems that manage objects and the de-

coupling of the implementation of the data from its access as seen

by the programmer. Thus the data might be highly compressed,

but this compression would be invisible from the point of view of

the programmer accessing it. This a�ords great 
exibility and also

an added degree of protection against inadvertent data corruption.

12.3.4 Code Management

The software system for the BABAR Collaboration will be the result

of the e�orts of many people, many of whom will combine the

roles of software designer and implementer. Achieving a stable

development environment will require the use of a code management

system and a management policy. The CVS code management Code management and

distribution will be done

using CVS and rCVS
system has been selected for use by this experiment, and will use the

rCVS distributed code management system for distribution of code

throughout the collaboration. During the lifetime of the experiment

distributed �le systems such as AFS and DFS are expected to

become widely available; these will probably remove the need for

rCVS.

CVS is a mechanism for managing evolving software modules; an

additional management layer is needed. This layer implements

policies, such as determining who has access to which modules, the

availability of a stable \production" version as well as less stable

public and development versions and setting up of a directory hier-

archy that re
ects the natural clustering of code �les into modules.

The ASLUND and GEANT Monte Carlo packages are being used

as a testbeds for validating these concepts.
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12.4 Analysis Framework

The analysis framework has to cope with operation in several di�er-

ent environments; within Level 3, within the on-line system for mon-

itoring, within the bulk reconstruction phase of the experiment, and

�nally in physics analysis. In addition it should provide an object

oriented environment for access to event data whilst still supporting

modules written in non object oriented languages. Customization

to suit these applications should require a minimum of changes to

the code. Furthermore, the framework should promote exploratory

analyses where the focus is in rapid turn-around and \what if"

analyses as well as supplying a stable production platform for the

reconstruction of data.

Two basic approaches to these requirements are under active in-

vestigation. The �rst is a toolkit that is implemented as a sub-

routine or class library, where the thread of control is provided

by the application programmer. Specialization is achieved with the

object oriented technique of inheritance, with no need to modify theBoth the \toolkit" and

\framework" approaches

are being explored
already existing code base. The second approach is a framework or

skeleton that provides a mechanismwhereby modules that adhere to

a well-de�ned protocol are called on an event-by-event basis under

the overall control of the framework rather than by application pro-

grammer directly. The sequencing is determined externally from the

application program using a scripting language or iconic interface.

This latter approach reduces the required level of expertise and

allows rapid changes to be made with no need for recompilation or

relinking. The two approaches are not incompatible; careful design

can base the second on the foundation of the �rst, supporting both

styles of programming { conventional and iconic.

12.5 On-line computing

The function of the on-line system includes data acquisition, control

and monitoring of the detector and its environs. It also provides the

Level 3 trigger, comprising both a workstation farm and embedded

processors at intermediate levels. The user interface to experimental
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components is the basic mechanism for the operator or experimenter

to interact with the detector and its surrounding systems.

A central distinguishing characteristic of the proposed system is an

e�ort to push high level distributed computing components (e.g.

embedded processors running UNIX-like real-time kernels) to as

early in the trigger/data acquisition streams as possible without

an undue incursion of dead-time. Such a system can provide so- Reliability of the on-

line system is assured by

using high-level tools for

program development and

problem diagnosis

phisticated tools for software development and problem diagnosis {

an essential element for the detector system to run as reliably \as

a factory". It is also 
exible and scalable for adapting to future

changes.

12.5.1 General Requirements

The choice of operating systems for the on-line computers must bal-

ance the performance requirements of the data acquisition system

against the other goals of the on-line system. Hard real-time opera-

tions require a deterministic behavior, so that trigger response and

deadtime can both be accurately modelled and reliably predicted.

The Level 1 trigger is envisioned to be such a real-time system, The Level 3 trigger will

depend on conventional

UNIX processors.
while the Level 3 trigger will be implemented on conventional UNIX

systems (perhaps with POSIX-compliant real-time extensions). The

appropriate system for intermediate levels is under investigation. A

real-time kernel such as VxWorks provides, at some level, both de-

terministic real-time response and the advantages of a full-featured

UNIX-like operating system.

The distributed computers and processors of the on-line system

require a cooperating set of tasks to properly sequence the pro-

cessing of event data (fast control), and of detector/environment A �nite state machine

model will be used to

sequence the processing of

event data

states (slow control). The �nite state machine model will be used

to e�ect this coordination.

A goal of the on-line system is to provide the operator with an inter-

face which hides the complexity of the system at a level appropriate

to the task at hand. The interface will draw upon the commonality

within sub-systems and within tasks to present a uniform environ-

ment in which to interact, borrowing utilities and interfaces from

the o�-line computing environment to enhance the uniformity. This

system must be inherently 
exible to address potential changes of
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requirements over time due, for example, to changes in the physics

emphasis or in background conditions.

12.5.2 Monitor and Control

Monitoring and control are needed for all relevant aspects of the

detector system. The Experimental Physics and Industrial Control

System (EPICS[EPI92]), developed by a consortium of US national

laboratories, provides a tool-kit for building accelerator and detector

control systems. The basic model for the controlling intelligence isEPICS may form the basis

of the monitor and control

system
one of embedded processors running under VxWorks within VME

crates and UNIX workstations as the operator interface. This model

closely parallels that proposed for the BABAR detector; R&D is being

pursued to evaluate the applicability of EPICS in the role of slow

control system. It is expected that the on-line software will be

augmented with an expert system to assist with problem diagnosis

and repair. Note that the actual transport of event data through

the data acquisition will occur at a software level beneath EPICS.

12.5.3 Partitioning and Con�guration

One important goal of the computing con�guration is to minimize

the duration of the commissioning phase of the experiment, dur-

ing which new detector subsystems and their associated electronics

are being installed. Another is to minimize the data-taking time

that is lost due to having to recalibrate portions of the detector.

The usual solution is to segment the system into partitions that

operate autonomously as independent experiments. This approachAutonomous partitions

will service individual

detector systems
has implications for the frontend electronics, the trigger system, its

data
ow control mechanisms and the software infrastructure. It

must be incorporated into the basic design of the experiment, since

it cannot be easily retro�tted. The concept of multiple partitions

also leads naturally to the creation of distinct mini-systems for beam

and bench tests, as well as enabling components to be taken o�-line

for diagnostics without inhibiting the operation of the remainder of

the system.
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Each partition can contain multiple components, most of which

correspond to physical hardware (e.g. readout controllers or trigger

processors), although others might be purely logical in nature. Some

hardware components will have to be shared between partitions (e.g.

level 1 segment �nder). Each component is managed by a software

server process that controls its status. Each partition has associated

with it a single broker process that is responsible for the overall

control of the partition. This broker issues commands to the servers

within the partition and maintains a consistent partition status.

Finally, each partition may have multiple consoles, each console

providing an independent (graphical) user interface. If a partition Within a partition there

can be master and slave

consoles
uses multiple consoles, only one of them is allowed mastership at a

given time, that is, only the master console can modify the state of

any component within the partition, although other slave consoles

may perform monitoring. At any time, mastership may be passed

from one console to another. Whether all communication between

the consoles and the servers will be mediated via the broker as

shown, or whether direct links will exist, has yet to be decided.

A global con�guration or partition manager controls overall access

to all hardware components within the experiment, identifying the

partition to which they belong and which console currently has

mastership of each partition. This manager will be based on a A partition manager pro-

vides overall coordinationdatabase (e.g. the internal EPICS database or an object-oriented

database system). This database will contain all con�guration and

status information relevant to a given device.

12.5.4 Accelerator/Detector Interface

There will be periodic transfers of data between the BABAR detector

and the accelerator control system. Such data transfers will occur

on several timescales. On the slowest timescale, the accelerator

data will include the beam currents, energies and lifetimes, pressure

gauge readings from the ring vacuum system, etc. From the detector

these data will include background rates in various detector compo-

nents, status and performance of the data acquisition system, status

of the magnet, etc. Slow exchanges of data will occur between the Slow data exchange will

be via a standard network

link
machine and detector software control systems across a standard

network link.
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On a shorter timescale, a variety of data and controls (e.g. per-

missives, inhibits and aborts) will be exchanged. For example,

PEP-II will have a permissive to enable energizing the detectorCertain signals, such as

permissives and beam

aborts, will be exchanged

using specialized hardware

solenoid. Similarly, the detector will have an inhibit to prevent

beam injection. A beam dump (abort) signal will be needed to

protect the detector from radiation damage. Fast, time-stamped

signals from detector elements may be needed by the accelerator

control system to assist in beam tuning. Specialized hardware may

be necessary to accommodate these fast exchanges of data.

12.6 Computing Support

The support of the BABAR computing environment will be split

between the collaboration, which will support experiment-speci�c

tools and the on-line system, and SLAC Computing Services (SCS)

which will provide support for \infrastructure" aspects. An activeSCS will be a central

provider of computing

support
discussion with SCS has been underway to identify the support

which they will provide to the BABAR Collaboration [SCS94].

SCS will support the computing hardware, including CPUs, net-

working, and storage. This includes the SLAC o�-line environment,

and the network components at the detector. It may also include

certain aspects of the Level 3 farm itself, which is envisioned to

consist of general-purpose workstations.

Software aspects supported by SCS include system management of

the UNIX workstations and the X/Motif graphical environment.

In addition, a number of general programming and database tools

will be managed by SCS, including compilers, editors, graphics, and

Oracle.

The collaboration must design, maintain and document both the

on-line and o�-line software framework, data model, analysis en-

vironment, and user interface to the various tasks. Our personnelPhysicists will write anal-

ysis and reconstruction

code
model is similar to recent typical approaches in HEP, where physi-

cists write most of the analysis and reconstruction code including

many of the peripheral tools and scripts, but software engineers willSoftware engineers will

be used to develop the

software framework and

the database technology

address other aspects, in some instances using appropriate commer-

cial design tools. Examples of such aspects include the database

technology and the design of much of the software framework. This
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model has the bene�t that the physicists will have close contact with

the \physics" aspects of the code, while the \computer science" and

systems aspects are handled by people with the requisite expertise.

It must be stressed that the software for the BABAR experiment

represents a very large system. This will require considerable man-

power. Most of this manpower will be physicists and students,

and each collaborating institution should expect to contribute a

signi�cant portion of their manpower to software development. As

is typical, the use of software engineers is limited to those tasks

for which they are essential, as this minimizes costs. To carry

out these tasks, which include infrastructure development, database

technology, and coordination, professional software engineers will be

required.
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13

CP Asymmetry Simulations

13.1 Simulation Tools

S
imulation studies to optimize the detector design have been

undertaken with the programs ASLUND and BBSIM. ASLUND

is a fast parametric Monte Carlo, while BBSIM is a detailed sim-

ulation based on the GEANT package. Both are designed to be


exible, so that variations in detector design can be investigated.

Brief descriptions of each are given below.

13.1.1 ASLUND

ASLUND consists of two major components: the JETSET 7.3 event

generator con�gured for the PEP II environment, and a paramet-

ric simulation of the detector. Other generators (e.g. KORALB)

are available using the interface routine BEGET. The paramet- ASLUND is a fast

parametrized Monte Carloric simulation includes charged tracking, particle identi�cation and

calorimetry.

Charged particle tracking is simulated using the TRACKERR pack-

age [Inne93] to estimate the full correlated error matrix, which is

then used to smear the track parameters. Both the main drift

chamber, the silicon vertex detector, and any intervening material

are modeled. The TRACKERR input format is used to specify de-

tector geometry, measurement precision and material distribution.

The combination of ASLUND and TRACKERR has been compared

to BBSIM for the mode B0 ! �+�� and found to agree within 10%

in the predicted B0 mass width.

Simulation of particle identi�cation (�=K=p) information is avail-

able for dE=dx, TOF, Fast RICH and DIRC; an aerogel model is

nearly ready. The geometrical con�guration of these devices can
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also be speci�ed using the TRACKERR format and performance

parameters can be varied to assess the sensitivity of an analysis to

detector capabilities.

The geometry of the calorimeter and any material in front of it, can

also be speci�ed in the TRACKERR format. Photons converted

into e+e� pairs in the material in front of the calorimeter are tracked

to determine whether or not they will deposit any energy in the

calorimeter. Energy loss in material and acceptance losses due to

the curlup in the magnetic �eld are accounted for in determining the

calorimeter signal. A detailed parametrization of the calorimeter re-

sponse based on GEANT simulations is being developed; at present,A more detailed

simulation of calorimeter

response is being

developed

a simple Gaussian smearing is used. Analogous to the other devices

discussed above, energy and angular resolutions can be varied by

modifying simple parameters.

13.1.2 GEANT Simulation { BBSIM

A simulation package for event generation, BEGET, and detector

response and subsequent analysis, BBSIM, has been written to aidBBSIM is a detailed

GEANT-based simulation in the design and optimization of the BABAR detector.

The generation of an event from an e+e� collision and the subse-

quent loading of decay products into GEANT banks is handled by

the BEGET package. The generators currently available include

�(4S) decays and hadronic continuum events via JETSET [Sjo93],

and �+�� decays via KORALB [Jad90]. In the near future, BEGET

will be enhanced with the capability to overlay background hits

originating from beam-gas collisions.

The BBSIM package uses the CERN detector description and sim-

ulation tool, GEANT [CER93]. GEANT consists of packages (1) to

construct the detector geometry using a set of 15 di�erent volume

types, (2) to step charged and neutral particles through the detector

simulating the full variety of interactions with the detector, (3) to

de�ne, register and digitize the Monte Carlo track \hits" (typically

track positions and directions), and (4) to display the detector com-

ponents, particle trajectories and track hits. The BBSIM framework

consists of a driver routine to invoke GEANT, a database facility,

DBIN, to de�ne detector geometry, materials and media, and a set

of subpackages, one per detector subsystem, to de�ne the subde-
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Subdetector Simulation level

beam line, beam pipe and support tube geometry

Silicon vertex detector hits

Forward �TPC hits, clusters

Drift chamber hits

RICH hits

Time of 
ight geometry

DIRC geometry

CsI calorimeter hits

Coil and instrumented 
ux return hits

Table 13-1. B Factory subdetectors modeled in BBSIM.

tector geometry, register track hits, simulate the detector response,

store the results and perform subsequent analysis. The subsystems

included in BBSIM, and the corresponding levels of simulation, are

shown in Table 13-1. In addition, an aerogel simulation package is

under development.

13.2 CP Reach Calculations

The expectations for the level of sensitivity to CP -violating asym-

metries (CP -reach) which are presented in Table 2.1 result from

preliminary simulation work using ASLUND and BBSIM for the

BABAR detector design proposed in this Letter of Intent. In this

Chapter, a more detailed presentation of this analysis is made, in

order to better elucidate the assumptions behind the calculation.

Signi�cant improvements in these results are possible; estimates of

the sensitivity discussed here are conservative within the physics

assumptions stated below for each mode.

The error on sin 2� (� = �; �; 
) is calculated from:

�(sin 2�) =

p
S +B

S

1

d(1� 2w)
(13.1)

where S and B are the estimated sizes of the signal and background, The tagging e�ciency

is assumed to be

independent of the decay

mode of the second B0

d is a factor that accounts for dilution e�ects of mixing and the

experimental determination of the time separation, and w is the
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wrong-sign fraction in the recoilB0 tags. In order to estimate values

for the parameters that enter this equation, for each CP channel it

is assumed that e�ciencies and resolutions can be obtained inde-

pendently for the tag and for the CP state. For some channels (e.g.

�+��) this assumption may not, in the end, be completely valid,

as more stringent criteria for tagging might need to be imposed to

reduce background.

For both tagging studies and for the reconstructed CP eigenstate,

vertex resolutions are expressed in terms of a �t using two Gaussian

distributions, with free parameters being the two widths (�n and �w)The vertex resolution

is characterized by two

Gaussians
and the fraction of the events associated with the narrow Gaussian

(fn). The fact that the wrong-sign background will have a di�erent

vertex resolution than the signal is ignored. This approximation

causes us to underestimate the CP sensitivity. The vertex resolu-

tions for the tag and the CP mode are combined in quadrature to

estimate the resolution for the distance between the two B0 decays

and, ultimately, for the di�erence between the decay times for the

two B0 mesons. The program DILUTE [LeDi91] is used to calculate

the contribution of these vertex errors to the dilution factor d.

For the CP states under study, the background is given in terms of

the number of events per B0 decay and the signal-to-background

ratio is calculated accordingly. For tagging, the background is

expressed in terms of the wrong-sign fraction. The quality of a

tag is characterized by two factors:

� Particle detection e�ciency �, including the contribution of

possible wrong-sign tags;

� Fraction of wrong-sign tags, w.

A useful �gure-of-merit for tagging is the e�ective e�ciency �effThe e�ective e�ciency

must be corrected for

tagging errors due to

misidenti�cation

given by:

�eff = �(1� 2w)2 (13.2)

The e�ective e�ciencies for di�erent tags can be summed to give

the overall e�ective e�ciency. A detailed description of the kaon

tagging and lepton tagging procedures in BABAR are presented in

the next two sections. A summary of these results is shown in

Table 13-2.
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Tag Branching E�ciency Wrong-sign �(1� 2w)2 Vertex Parameters

Type Fraction (b) (b�) Fraction (w) fn �n �w
[%] [%] [%] [%] [%] [�m] [�m]

Kaons 37 30 10 19 75 48 174

Muons 11 8.8 11.7 5.2 69 56 193

Electrons 11 8.5 9.9 5.5 69 56 193

Table 13-2. Summary of tagging e�ciencies and resolution for

the tagging vertex.

13.2.1 Kaon Tags

All B0 decay modes with one and only one detected charged �nal

state kaon, typically coming from D-decays, are included in the tag

sample.

The particle identi�cation con�dence level is calculated using the An overall �2 is formed

from the several types

of particle identi�cation

information available

probability that observed values in the various PID devices is con-

sistent with the K or � mass hypothesis. The overall probability,

Pi=�;K is computed as the sum of �2's for a particle of type i

to produce the simulated signal in the available PID systems. A

particle is deemed to be a kaon if the following requirement is met:

PK > Pmin(K); P� < Pmax(�) (13.3)

where Pmin(K) is the minimum allowed probability for the kaon

mass hypothesis and Pmax(�) is maximum allowed probability for

the pion mass hypothesis. The e�ective e�ciency is insensitive to

the exact value chosen for these variables; the analysis described

here uses Pmin(K) = 5% and Pmax(�) = 10%.

For the dE=dx simulation, the resolution is taken to be 6.9% and the

Sternheimer parametrization of the mean dE=dx response is used

as described in Chapter 7. In the presence of an additional particle

identi�cation system, the overall results obtained are insensitive to

exact value of these parameters.

For the dedicated Cherenkov imaging devices, it is assumed that

a minimum of �ve photons must be detected in order reconstruct A minimum of �ve

detected photons is

assumed necessary to

de�ne a Cherenkov ring

the cone angle. The results quoted here are based on the com-

bination of dE=dx and a Fast RICH system; dE=dx along with
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either TOF or the DIRC has a similar capability for tagging. The

quantum e�ciency of the Fast RICH photocathodes is assumed

to be 18%. The tagging e�ciencies are quite sensitive to these

assumptions concerning Fast RICH performance; if more photons

are required to e�ciently �nd rings or the quantum e�ciency is

lower, the e�ectiveness of this device for kaon tagging degrades

rapidly. Other possible choices for dedicated particle identi�cation

(DIRC and aerogel) are also under investigation as described in

Chapter 7. A �nal decision on the particle identi�cation system

awaits further prototype results.

The e�ect of K and � decay-in-
ight on the tagging capability

is modeled by correcting the value of the mean dE=dx and the

central value of the measured momentum by a factor proportionalThe e�ect of � and K

decay is included to the fraction of the track contained in the drift chamber before the

particle decays. Only two-body decays of K and � are simulated.

The net e�ect is a loss of identi�cation e�ciency for kaons that

decay before or inside the drift chamber. Decays-in-
ight reduce

the e�ective tagging e�ciency by 22%, of which 12% is directly due

to loss of kaons and the remainder occurs because of an increase in

the wrong-sign background, since more events with two kaons are

accepted. Substantial e�ort will be directed towards the recovery

of decaying kaons by proper pattern recognition and �tting of track

segments from kinks

For the purpose of this study, the worst case has been assumed for

tagging when a particle decays in 
ight, namely that (1) none of

the lost kaons can be recovered, and (2) all particle identi�cation

information from the Fast RICH is lost.

In order to properly account for the overlap of events which have

both a lepton and a kaon tag, the overall kaon tagging e�ciency

has been reduced by 18%. This correction assumes the fraction of

identi�ed leptons in all BB events is similar to that in events with

a kaon. The increased purity of such overlapping tags has not been

used in this analysis.

The position of the tagging B0 decay is estimated by forming a

vertex from all the charged tracks not associated with the CP state

under study. The bias caused by tracks from D decays is corrected

using the Monte Carlo simulation. These results are summarized in

Table 13-2.
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13.2.2 Lepton Tags

The lepton tag sample includes highmomentum electrons and muons

produced directly from the decay of a B0. Some improvement can Only primary leptons

from B0 decay are used

at present. Employing

secondary leptons may

improve the e�ciency

be made by including the low-momentum indirect tags of leptons

from B ! D ! e or � decays; this is still under investigation and

has not been included here.

Muon identi�cation e�ciencies and pion misidenti�cation probabili-

ties were determined using a GEANT simulation. These results were

encoded as a look-up table in ASLUND. Because of the variation of Only muons above 1GeV=c

were used. A lower

threshold is in fact possible

with the IFR

the wrong-sign fraction (w) with muon momentum, the muon anal-

ysis is divided into discrete momentum regions. The results quoted

here use only the regions above 1.0GeV=c, which are dominated by

leptons from direct B decays. This yields an e�ciency of 8.8%,

an overall wrong-sign fraction w of 11.70%, and thus an e�ective

tagging e�ciency of 5.2%.

Electron identi�cation uses the original ASLUND look-up table,

which is based on the expected performance of a CsI calorimeter

only; the potential gains from using dE=dx and other particle iden-

ti�cation devices are not yet included. Electrons below 1GeV are

not used. This gives an e�ciency of 8.5% with an overall wrong-sign

fraction of 9.9% and an e�ective e�ciency of 5.5%.

For leptons the z impact parameter is used to estimate the decay

position of the tagging B0 meson. The results for lepton tagging

are summarized in Table 13-2.

13.2.3 CP Asymmetry Channels

The channels considered here are decays toCP eigenstates, or modes

that involve a mixture of di�erent CP states but with a self-conjugate

�nal-state particle content. The assumptions made for each channel

are outlined below. These modes are a representative but not

exhaustive list of possible CP -Asymmetry channels.
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Channel Reconstructable Fraction

J= ! �+��; e+e� 0.123

K0 ! K0
S 0.500

K0
S ! �+�� 0.667

K0
S ! �0�0 0.333

Overall 0.062

Table 13-3. Reconstructable fractions for J= K0
S decays.

13.2.4 B0
! J= K0

A branching fraction of 7:7�10�4 is used for this channel, calculated
from the observed B+ ! J= K+ rate using isospin arguments. The

backgrounds for this channel are insigni�cant. Table 13-3 shows the

assumed reconstructable fraction of J= and K0
S decays.

The detection e�ciencies are predicted (using the ASLUND sim-

ulation) to be 0.55 for K0
S ! �+�� and 0.42 for �0�0, giving an

average e�ciency of 0.51 using both K0
S decay modes.

The vertex resolution in this channel is obtained by �tting two Gaus-

sians to the distribution of the di�erence between the measured and

the generated longitudinal vertex position. The values extracted

from the �t for the free parameters are given in Table 13-6.

13.2.5 B0
! J= K�0

The measured branching fraction 1:3� 10�3 is used for this chan-

nel. The K�0 decays 1/3 of the time to K0�0; the reconstructable

fractions are then as given above for J= K0
S. This yields an overall

reconstructable fraction of 2% for this mode. The calculated detec-

tion e�ciency is 38% with an insigni�cant background contribution.

Since this mode is not a pure CP eigenstate, in principle, one must

use a partial wave analysis [Dun91] to separate the di�erent CP

states. This could dilute the e�ectiveness of this mode for extracting

the angle sin 2�. However, recent measurements [Ala94] indicate

that the channel is highly polarized and thus dominated by a single
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Branching Estimated

Mode Fraction E�ciency

K��+�+ 0.103 0.66

K��+�+�0 0.062 0.47

K0
S�

+�0 0.028 0.47

K0
S�

+ 0.011 0.66

K0
S�

��+�+ 0.026 0.50

K0
S�

��+�+�0 0.029 0.35

Overall 0.26 0.54

Table 13-4. E�ciency for D+ reconstruction.

CP eigenstate. Therefore, full polarization is assumed in estimating

the CP reach provided by this channel.

In estimating the vertex resolution, the assumtion of a pure-polar-

ization state is also taken into account. The result given in Table13-

6 is slightly better than for J= K0
S.

13.2.6 B0
! D+D�

A branching fraction of 6� 10�4 is used for this channel, obtained

by averaging the branching fractions for B+ and B0 to decay to

DDS and multiplying by sin2 �C .

The reconstructable fractions are estimated as follows. All D+

modes with no more than one �0 and a branching fraction greater

than about 1% are included, as are Cabibbo-suppressed channels

with an additional kaon. All pion decay modes are not used. Thus

K�K+�+ is included along with K��+�+, but not ���+�+. K0
S's

are considered only in their �+�� decay mode. These actual chan-

nels used are shown in Table13-4.

The e�ciency (�) given for each mode in Table 13-4 is based on

scaling the acceptance using the following rule: � = 0:87n(ch) �
0:71n(�

0). An additional factor of 88.5% is used to account for the 4%

probability cut on each D decay vertex from the DD pair forming

the B meson, and for the B vertex itself.
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These e�ciencies have been adjusted on the basis of an analysis us-

ing ASLUND in combination with the vertex and kinematic �tting

package FITVER for the modes D+ ! K��+�+ and K��+�+�0.

For the case where both D mesons decay to K��+�+ the full

analysis yields an e�ciency of 39%, to be compared with 38%

calculated with our simpli�ed expression. Good agreement is also

obtained for K��+�+ vs. K+�����0, and cases where both D's

decay to K��+�+�0.

Backgrounds have also been investigated for these channels. For

all-charged modes, a background of 3:3� 10�8 events per B0 decay

is found. This corresponds to a background-to-signal ratio (B=S)

of 1/61, which is quite negligible. For the decays with one or more

neutral pions, a rate of 4:4�10�7 is found, which gives a background-
to-signal ratio in these channels of 1/4. The overall B=S ratio for

the fully simulated channels is 1/9. The same ratio is assumed to

hold when all channels are considered; the net e�ect is to increase

the error on sin 2� by �5%. The degradation would be even smaller

if each channel were treated separately with its proper statistical

weight.

The longitudinal vertex distribution for D+D� modes is found to

be consistent with a single Gaussian in the FITVER analysis. The

width for decays with with and without neutral pions is 50�m and

39�m respectively. A single Gaussian with a width of 50�m is

assumed for all modes to estimate the dilution factor for the CP

reach calculation.

13.2.7 B0
! D�+D��

A branching fraction of 1:5� 10�3 is used for this mode, which is a

2.5 times larger than that for D+D�. This factor is the typical in-

crease for vector-vector decay modes over comparable scalar-scalar

channels.

The only decay chain considered is that in which each D�� decays

to D0�� with a branching fraction of 68 � 1:6%. Since the D�+

signal is then extremely clean, due to the slow pion, many more

modes of the D0 can be reconstructed. All modes with up to two

neutral pions and branching fractions greater than 1% are assumed

to be usable, including Cabibbo-suppressed decays with an extra
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Branching Estimated

Mode Fraction E�ciency

K��+ 0.041 0.76

K��+�0 0.113 0.54

K0
S�

+�� 0.022 0.57

K��+�+�� 0.077 0.57

K0
S�

+���0 0.034 0.41

K��+�0�0 0.153 0.38

K��+�+���0 0.036 0.41

Overall 0.48 0.50

Table 13-5. E�ciency for reconstruction of D0 produced in

B ! D�+D�� decays.

kaon. The e�ciency for �nding both slow pions is estimated to be

76%.

The reconstructable fraction and the e�ciency for the reconstruc-

tion of various D0 modes is given in Table 13-5. E�ciencies have

been estimated using the same acceptance-scaling argument em-

ployed for B0 ! D+D� above.

In reconstructing a B0 meson from a pair of D� mesons, additional

e�ciency factors must be included. These are 82% for the �ve

vertex �ts involved and the 76% to reconstruct the two slow pions,

as noted earlier. For the channel

B0 ! D�+D�� ! (�+D0)(��D
0
)! �+(K��+)��(K+��)

this procedure yields an e�ciency of 36%, which is exactly the same

as found with the full FITVER analysis. For the mode in which a �0

is added to one of the decay chains, the full analysis and the scaling

rule also agree. A substantial loss is incurred by the restriction to

the �+D0 decay mode; it may be possible to use some of the �0D0

channels as well, depending on the level of background.

Background calculations for D�+D�� are not yet complete. In the

CP reach table, the background level (B=S) is taken to be the

same as D+D� on assumption that the constraint provide by the

D� decay will allow us to reconstruct channels with one more �0

without an increasing background. This will be investigated with a

more detailed simulation.
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In computing CP reach, D�+D�� channels are assumed to be domi-

nated by a single CP state. If this turns out not the case, a partial-

wave analysis will need to be performed to disentangle the CP = +

and CP = � states. This will decrease the e�ectiveness of these

channels by a factor that depends on the fraction of each CP state

present.

13.2.8 B0
! �+��

This mode, and the ���� channel discussed below, are assumed

to be dominated by the tree-diagram contributions, with negligible

contamination from penguin amplitudes. This is expected theoreti-

cally, but must nonetheless be checked by a more complete analysis

which includes other isospin-related channels [Gro91].

A branching fraction of 2 � 10�5 is assumed for the B0 ! �+��

mode. CLEO-II reports this value [Bat93] for the sum of �+�� and

K+��, but is unable to discriminate between the two modes at a

signi�cant level. Since the �+�� channel is expected to dominate,

the entire two-body signal is optimistically assumed to be in this

channel. The CLEO-II best �t is for equal contributions, but the

evidence is weak. For this mode the reconstructable fraction is 100%

and the detector acceptance is 86%. However, other cuts are needed

to suppress the combinatorial background from continuum events

reducing the �nal e�ciency to 35%. This result is based on that

quoted in reference [SLA89], although it has been con�rmed that the

BABAR detector design has essentially the same acceptance. Details

of the background suppression will require further investigation.

One requirement in particular is that not all the charged tracks

in an event be consistent with originating from a single vertex.

This is very e�ective in reducing continuum background, but it

also removes about 35% of the signal. However, most of the lost

events are at small time separation and therefore do not contribute

signi�cantly to the CP asymmetry determination. The degradation

in CP reach caused by this cut is, therefore, overestimated in the

present analysis. The e�ciency without this cut would be 54%.

The background for ���� mode is estimated to be 5:8� 10�7 per

B0 decay. Vertex resolution parameters can be found in Table 13-6.
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Mode or tag fn �n �w

J= K0
S 0.85 34�m 144�m

J= K�0 0.93 32�m 116�m

D+D� and D�+D�� 1.0 50�m {

�+�� 0.84 22�m 77�m

���� 0.74 32�m 169�m

Table 13-6. Vertex resolutions for tags and CP study states.

13.2.9 B0
! ����

Estimates provided for this mode are made on the basis of the

work in reference [Ale91]. The branching fraction is assumed to

be 8 � 10�5, based on comparison with the �+�� channel. This

estimate depends on the fraction of each contributing isospin am-

plitude; equal contribution from �+�� and ���+ are assumed here,

so there is no additional dilution for not being a CP eigenstate. The

reconstructable fraction is 100% and the reconstruction e�ciency is

taken to be 48% [Ale91]. The vertex resolution parameters are given

in Table 13-6.

13.3 Summary of CP Reach Analysis

Mode Br Reconstructable E�ciency Dilution Events Bkd �[sin 2�]

(10�4) Fraction Factor

J= K0
S 3.85 0.062 0.51 0.52 367 0 0.13

J= K�0 12.6 0.021 0.38 0.53 150 0 0.20

D+D� 6.0 0.067 0.26 0.53 158 17 0.20

D�+D�� 15.0 0.105 0.12 0.52 272 30 0.16

�+�� 0.2 1.000 0.35 0.54 106 9 0.24

���� 0.8 1.000 0.47 0.51 567 127 0.12

Table 13-7. Summary of CP reach for the BABAR detector

for some major decay modes in a data sample of 30 fb�1 (one

\Snowmass year") accumulated on the �(4S) resonance.

Table 13-7 summarizes the CP reach resulting from these analyses.

The results, particularly those for the benchmark mode J= K0
S, are
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worse than those found in earlier analysis [SLA89]. The main causes

of this deterioration are (1) a decrease in the assumed branching

fraction and (2) a decrease in the e�ective kaon tagging e�ciency.

The latter results from including the e�ects of kaon decay-in-
ight,

accounting for overlaps with other tags, and employing more realis-

tic simulations of the performance of particle identi�cation systems.

As discussed in the text, some of the loss will almost certainly be

recovered by using other tagging procedures such as low momentum

leptons, missing D or slow pions, or by using a more sophisticated

tagging analysis (see, e.g. [Ja�93]).

_
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Collaboration Issues

T
he BABAR Collaboration had its inaugural meeting at SLAC in The BABAR Collaboration

formed in December

1993, with the �rst major

milestone being this Letter

of Intent

December, 1993. At that time an Interim Steering Committee

was chosen to organize and direct the Collaboration e�orts until

a permanent organization structure could be set up. The major

milestone dates set were June 3, 1994, for the submission of this

Letter of Intent, and December of 1994 for the Conceptual Design

Report.

The Steering Committee formed a subcommittee to develop the

draft of a governance document for the collaboration. The full

Steering Committee discussed the resulting document extensively

with the laboratory management and with the collaboration before The governance rules

for the Collaboration

were initially drafted

by the Interim Steering

Committee, then amended

and rati�ed by the newly

formed Collaboration

Council in May 1994

approving it at the Collaboration meeting in May of 1994. It was

then amended slightly and then approved by the newly formed

Collaboration Council at the same meeting. The procedures de-

scribed in the governance document for selecting the o�cers and

management of the collaboration are now occurring, and the full

structure should be in place by August, 1994.

In this chapter we summarize the collaboration organization as

detailed in that document [BAB94].

14.1 Membership

Ph.D. physicists, engineers and Ph.D. thesis students who con-

tribute signi�cantly to the BABAR detector, as well as those who Membership is open

until submission of

the Conceptual Design

Report; afterwards new

groups may submit

their proposals to the

Collaboration Council

contribute signi�cantly to the accelerator and plan to participate

in the physics program, are eligible to be members of the collabo-

ration. Until submission of the Conceptual Design Report (CDR),

membership is open to all individuals who meet the above criteria,

and their institutions. After submission of the CDR, new groups
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will join by submitting a proposal which will be voted on by the

Collaboration Council.

14.2 Collaboration Council

Institutions with three or more collaborating members who are

Ph.D. physicists are represented directly on the CollaborationCoun-

cil Members of the collaboration from institutions with less than

three Ph.D. physicists may a�liate with another institution for the

purposes of representation on the Collaboration Council. Large

institutions have one vote for every ten collaborationmembers. The

Collaboration Council will have an elected Chairperson and Vice-

Chairperson.

The Collaboration Council deals with issues related to the overallThe Collaboration

Council is responsible

for policies concerning

membership, publications

and conferences

framework of the collaboration. It will be responsible for mem-

bership policy, publication policy, and the selection of speakers for

conferences.

The Council also appoints a Nominating Committee to nominate

the Spokesperson every three years, in consultation with SLAC

management and with the collaboration at large. This nominee

must be rati�ed by a two-thirds majority of the Collaboration Coun-

cil. The Council may vote to remove the Executive Board, also by

a two-thirds majority.

14.3 Spokesperson

The Spokesperson is the scienti�c representative of the collabora-

tion, and is responsible for all scienti�c, technical, organizational

and �nancial a�airs. On �nancial matters, the Spokesperson's au-

thority will be consistent with the requirements of the various fund-

ing agencies. The Spokesperson will consult with the Technical

Board on technical matters. In addition, the Spokesperson is re-

sponsible for keeping SLAC management and the Collaboration

Council informed about collaboration a�airs.
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The Spokesperson, after broad consultation with the collaboration

and SLAC management, will nominate a Deputy Spokesperson who The Spokesperson and

Deputy Spokesperson have

terms of three years, which

may be renewed

must be rati�ed by the Collaboration Council. The term of ap-

pointment for both o�ces is three years, renewable.

14.4 Executive and Technical Boards,

Finance Review Committee

The Executive Board will advise the Spokesperson on all scien- The Executive and

Technical Boards advise

the Spokesperson on

scienti�c, organization

and technical matters.

The Finance Review

Committee monitors the

�nancial a�airs of the

collaboration

ti�c �nancial and organization matters. It will consist of members

distinguished by their scienti�c judgment, technical expertise, and

commitment to the experiment. The Executive Board may remove

the Spokesperson with a two-thirds majority vote. The membership

will re
ect the national composition of the collaboration. Initially,

the Executive Board will consist of one representative each from

Canada, France, Germany, Italy, and the U.K., and �ve represen-

tatives from the U.S. This composition may change as the collabo-

ration grows. The Spokesperson, Deputy Spokesperson, Technical

Coordinator, and a PEP-II representative will serve as non-voting

ex-o�cio members.

The Technical Board will advise the Spokesperson on technical and

�nancial matters. It will consist of the Technical Coordinator as

chairperson, the Project Engineer, a PEP-II representative, the

Collaboration Safety O�cer, the Spokesperson ex-o�cio, and the

managers of the detector subsystems. The Spokesperson will nomi-

nate the subsystem managers in consultation with the Executive

Board, and may nominate additional members of the Technical

Board.

The Finance Review Committee will monitor the �nancial aspects of

the experiment as set forth in the management plan for the detector

and agreed to between SLAC and the collaboration. This will be

detailed in Memoranda of Understanding between SLAC and each

participating institution. The committee will be chaired by the

SLAC Director of Research, and will include on representative of

each of the funding agencies, or someone designated by the agency.

The Spokesperson will normally also attend meetings of the com-

mittee.
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Project Organization and

Management

T
he organization of the BABAR Collaboration involves several

aspects, among them the governance of the collaboration (see

Chapter 14), the construction of the detector, and the production

and analysis of scienti�c data.

A preliminary organization chart is shown in Figure 15-1. The

�nal project organization chart will be worked out in conjunction

with the SLAC management. The relationship of the Spokesperson,

the Collaboration Council, the Executive Board and the Technical

Board is spelled out in the Collaboration Governance document,

and will not be further addressed here.

15.1 Project Organization

The focus of this chapter is the organization of the detector con-

struction project. There will be a Spokesperson, Technical Coor-

dinator who reports to the Spokesperson, a Project Engineer or

Engineers and a support and administrative sta�. The relationship

between the Technical Coordinator and the Project Engineer(s) has

not been worked out in detail at this point. The more detailed

discussion which follows will assume for the sake of de�niteness

the existence of Project Engineers for mechanical, electrical, and

software areas.

The Governance Rules also provide for a Technical Board that

advises the Spokesperson. The composition of the Technical board

is speci�ed therein.
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Figure 15-1. Preliminary organization chart for the BABAR

Project
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15.2 Management

The day-to-day technical coordination of the BABAR detector design,

construction and installation will be the responsibility of the Tech-

nical Coordinator, the Project Engineer(s), and the managers of the

individual detector subsystems, reporting to the Spokesperson.

This organization will insure that the detector, as a whole, can be

assembled, serviced and operated as envisioned by the collaboration.

The organization will also support the Technical Board in assessing

the engineering impact of future subsystem design changes and

provide a clear path to experimental upgrades.

There will be a Quality Assurance/Quality Control (QA/QC) spe-

cialist and an Environmental Health and Safety (ES&H) specialist

responsible for issues that may arise in either of these areas.

There will also be an Administrative Assistant, a Budget O�cer

and a sta� of designers, draftsmen and clerical assistants.

15.3 Hall Facilities and Services

15.3.1 Facility Integration

A preliminary study of detector facility requirements was made for

the Letter of Intent. Figure 15-2 shows the detector located on the

beam line. The IR hall has two cranes (50 and 10 ton) on a single

bridge. Crane capacity and coverage are su�cient to assemble the

detector.

The IR hall has steel plates inset into the 
oor to carry the weight

of the detector. Since BABAR is almost twice the weight of the TPC

detector which previously was located in IR2, a new rail system to

distribute the detector load and guide the detector transport system

will have to be designed.

A building to house the cryogenic plant will be located on an existing

pad outside the southern wall of IR2. Cryogenic tanks will be

located on another pad above the hill at the western end of the
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Figure 15-2. Plan view of the BABAR detector in operating

position.

building. A gas mixing house and gas storage rack will also be

erected near the building.

The existing detector control and data analysis room appears to

have su�cient space for computers and workstations.

Existing shielding blocks from the TPC experiment will be used.

Several new blocks will be cast to contain the cable labyrinth. A

study of radiation skyshine will have to be performed to determine

the adequacy of the existing concrete curtain that completes the

shield wall from the crane hook to the building roof.
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15.3.2 Conventional Systems

Conventional systems consist of the mechanical and electrical util-

ities required to power and cool the detector subsystems. They

also include the assembly and service �xtures and the permanent

platforms that house racks and equipment that must be near the

detector.

A Resources Requirement Report (RRR) detailing detector conven-

tional system needs and de�ning the conventional system interfaces

with the PEP-II facility will be developed prior to the Conceptual

Design Report.

The electric power requirement for the detector consists of �ltered

electric power for the subsystems and facility power to run the

cryogenic plant, pumps, and other equipment. Emergency power

and uninterruptible power will be supplied to critical subsystems

and controls. An integrated approach to common electrical design

issues will be addressed by this group. This will include clean

AC power distribution for all subsystems, an electrical grounding

plan, cable and connector selection, rack and cableway design, and

emergency power.

Chilled water distribution and control will be supplied to the de-

tector subsystems for thermal control of heat dissipated by the

electronics.

There will be an electronics platform to house racks for the data

acquisition system crates and power supplies. In order to facilitate

access to the racks when the detector is located on the beamline, a

shield wall with cable labyrinth will be erected between the detector

and the electronics platform.

The electronics platform will be transported with the detector from

the assembly area to the beamline location. This will eliminate the

need to disconnect the cables running between the detector and the

platform after subsystem testing is completed. The area of the two

story platform will be determined based on the number of racks and

other equipment that must be housed on it.
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15.4 Mechanical Integration

15.4.1 Subsystem Dimension Control

Overall subsystem envelope dimensions are speci�ed to de�ne the

detector volume. Subsystem envelope dimensions describe the en-

tire subsystem volume including space required for mechanical sup-

port, electronics, cables, machining tolerances and assembly clear-

ance. Figure 15-3 shows a half section of the detector with some

pertinent dimensions.

Figure 15-3. Subsystem envelope dimensions in mm.

As the subsystem designs evolve, the envelope drawings will facili-

tate the subsystem dimension control procedure; changes to enve-

lope dimensions will require the approval of the Technical Board.
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15.4.2 Cables, Utilities Routing

Plans for cable and utility routing will be incorporated early on into

the design of the detector. A list of expected services (including

allowance for future upgrades and packing factor) will be compiled

to determine the required service space. Figures 15-4 show the

preliminary routing plan for the detector. Services to and from the

silicon vertex detector are routed inside the support tube along the

beam line. Drift chamber electronics readout is located only at the

backward end. The drift chamber and barrel particle identi�cation

services are routed along a 5 cm gap between the calorimeter barrel

and end cap. These cables are �rst joined by the calorimeter ser-

vices, then exit via a 15 cm gap between the magnet cryostat and

the magnet return iron. All services then exit the detector through

slots between the barrel return iron and the pole tips as indicated

in Figure 15-4.

15.5 Detector Assembly

A conceptual detector assembly study has been made for the Letter

of Intent. Installation of the detector should be possible in the space

available in the IR hall on the outside of the shield wall, facilitating

assembly of the detector while PEP-II commissioning activities are

going on.

The instrumented iron section will be designed to facilitate han-

dling with the available 50-ton crane. Figures 15-5 show a possible

assembly scenario. The barrel return 
ux will be assembled into a

self-supported structure which will house the transport mechanism.

The detector transport system will be tested before completing the

assembly of other subsystems. The magnet coil will be inserted into

the iron with a C-lifting �xture.

The normal installation sequence would involve calorimeter, particle

identi�cation and then tracking subsystems after the solenoidal �eld

is mapped. Depending on the installation schedule, the particle

identi�cation system could be installed inside the calorimeter be-

fore inserting the calorimeter into the coil with an insertion beam,

although this is unlikely.
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Figure 15-4. Cross-sectional view of preliminary cable/utility

routing path.

The drift chamber will be installed using a small insertion beam

and temporarily supported on the coil support ring. The vertex

detector will be mounted inside the support tube at the same time

as the beampipe, masks, Q1 an B1 magnets are assembled. The

support tube will then be installed as one piece inside the detector.

The electronics platform will be partially assembled outside the IR

hall and brought into the hall in large pieces for �nal assembly after

completing the installation of the detector components.

When the detector has been commissioned on cosmic rays, the shield

wall will be removed and the detector rolled onto the beam line.

Detector alignment and �nal beam line installation will then take

place.
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Figure 15-5. Preliminary assembly sequence.

Assembly and service �xtures required for common assembly work

such as access platforms and general lifting �xtures will be pro-

cured and maintained by the engineers and support personnel of

the installation group. Fixtures such as rails or beams required

for speci�c elements of the detector will be designed and built by

each subsystem group in consultation and under the review of the

Technical Coordination group.

Access requirements for detector service are divided into two major

categories, depending on the access frequency and duration. By

retracting the end doors, rapid access to the inner detector will be

possible at either end. Figure 15-6 shows the detector on beamline

with an end door retracted. An access platform will be erected to

facilitate reaching the drift chamber endplate. This procedure can

be done without disrupting the beam line system, disconnecting
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cables, or removing mechanical support elements. It is expected

that the door can be opened and closed in less than one shift

allowing service to be performed during normal beam down periods.

Access to the vertex detector is more involved because the beam line

has to be disassembled. The work can be performed during longer

shutdown periods without moving the detector.

Figure 15-6. Plan view of BABAR detector with end doors

retracted for access to inner detector components.

15.6 Detector Interface with PEP-II

The integration specialist will provide oversight on issues concerning

the detector and machine interface. At a strictly hardware level, this

includes integration of accelerator elements (optics, pumps, etc.) in

the support tube that carries the vertex detector and the design of
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the vacuum chamber and its mating to the accelerator. At present,

it is planned that the load from the support tube itself will be

carried by vertical members which are themselves a�xed to the

magnet support ring.

Any necessary detector protection interlocks (e.g. radiation moni-

tors for the silicon vertex detectors or the drift chamber, etc.) will

be the responsibility of the Technical Coordinator, who will also

be responsible for coordination with PEP-II in implementation and

testing of the the Personnel Protection System (PPS).

There will be a specialist in QA/QC matters, who will actively

monitor the fabrication and assembly of the coil and 
ux-return, the

detector subsystems, and their installations. This person will work

with system managers, engineers and physicists to advise on the

writing of proper fabrication, assembly and inspection procedures

and protocols to assure that the detector is built in an expeditious

and e�cient manner.

15.7 Environmental Safety and Health

There will be a specialist in ES&H matters, who will actively advise

and monitor safety issues surrounding choice and implementation

of detector technologies, safety in the experimental hall, and appro-

priate operational issues.

15.7.1 Safety Analysis Report

There will be a Preliminary Safety Analysis Report (PSAR) on the

timescale of the submission of the Conceptual Design Report. This

report will be updated as the technology choices are established.

A �nal Safety Analysis Report (SAR) must be approved by the

SLAC Director and appropriate SLAC ES&H sta� before operation

of any elements of the detector that require review in the SAR, is

permitted.
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15.7.2 Seismic Protection

The SAR will address all seismic protection issues associated with

the detector construction and operation. Emphasis will be given to

reviewing safety during the installation period.

15.7.3 Hazard Protection

The SAR will address all issues of ES&H and personnel protection.

However, a guiding principle in the design of the detector will be

an emphasis on passive safety - the a priori reduction of hazards

through conscious technical choices.

For example, the use of passive �re protection is envisioned through-

out the detector by stressing the employment of non-
ammable

materials for detector construction (cables etc.), and implementing

sealed cable conduits to reduce �re spreading rates. Where neces-

sary (for example, in areas with massed electronics). an appropriate

active �re suppression system (sprinklers or a HALON equivalent)

will be employed.

The detector as presently envisioned contains two subsystems (drift

chamber and muon detectors) which may employ modest quantities

of 
ammable or explosive gases. In both systems alternative gas

mixtures are being sought (at a potential cost in performance) to

eliminate the hazard. The SLD detector is notable for choosing this

route and succeeding in eliminating all 
ammable gases from the

detector. As appropriate, Hazardous Atmosphere Detectors (HAD)

and Oxygen De�ciency Monitors (ODM) as well as active dilution

could be used to address the problem if substitute gases are not

found.

No element of the detector presently is envisioned to contain signif-

icant quantities of chemical substances posing a serious health or

environmental hazard.
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15.8 Electrical Engineering Integration

To insure that the detector electronics and data acquisition system

is designed and built in a coherent and cost-e�ective manner, there

will be a chief electrical engineer. To the extent that components

will be designed and fabricated in many institutions, integration and

the imposition of common standards will be critical. Electronics for

all subsystems in the detector includes data acquisition systems,

monitoring systems, control systems, and cable plant.

15.9 Software Engineering Integration

To insure that the data acquisition system software, the o�ine

software, the PEP-II interface, and the computing hardware is de-

signed and put in place in a coherent and e�ective manner, there

will be a chief software engineer. Elements of the software system

will of necessity be written at many institutions. Hardware will to

some extent be distributed. Integration and adherence to common

standards will be important to the success of the project.
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Budget and Schedule

C
onstruction of PEP-II was formally begun in October, 1993.

Having a detector ready to confront CP violation physics of

PEP-II on a time scale commensurate with the collider completion

date of October, 1998 is a formidable task.

The BABAR collaboration was initiated in December, 1993. The

time allotted by the Laboratory's schedule for the development and

submission of a Letter of Intent and a Conceptual Design Report The proposed LOI and

CDR phases amount to

25% of a �ve-year project
amounts to 25% of a �ve-year detector construction schedule. It is

therefore important that a detailed budget and critical path sched-

ule be worked out during this period. It is particularly vital that

critical path items be identi�ed at a su�ciently early stage that

available resources can be allocated to these areas.

The conceptual detector design discussed herein has been developed

by the Collaboration over a six month period, based on the substan-

tial e�ort that has gone into a variety of asymmetric B Factory pro-

posals over the last several years. In most areas, particularly those

a�ecting overall geometry, it has been possible to arrive at speci�c A primary technology

selection has been made

for all subsystems, with

the exception of particle

identi�cation

technical choices for each subsystem. In certain instances, options

are described, but only the principal choice has been included in the

budget and schedule. The exception to this is the particle identi�ca-

tion subsystem, where there is as yet no convincing demonstration

of the three leading technologies, so that more than one primary The three particle

identi�cation options are

compatible with a single

overall detector geometry

alternative has been speci�ed. So as not to impede engineering de-

sign of the coil, 
ux return and electromagnetic calorimeter, which

are critical path items, the three particle identi�cation options are

designed to be compatible with a single geometry, with only minor

modi�cations.

The BABAR design is conservative, in that in nearly all systems the The subsystem technolo-

gies chosen do not, in the

main, require extensive

R&D

technology chosen is well-developed and mature. Thus, while a

certain amount of detailed development must go on over the next

year, the basic issues involve engineering and procurement, not basic
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R&D. Particle identi�cation is, again, an exception. In this case,

the process of choosing a technology and bringing it to maturity

has been structured in such a way as to have minimal impact on

the overall project.

The initial cost estimate and schedule have been based on this

conceptual design. There are therefore, of necessity, three costThere are three cost

estimates, di�ering only

in the choice of particle

identi�cation system and

associated electronics

estimates, one for each of the particle identi�cation options. These

three estimates di�er only in the cost of the particle identi�cation

system and associated electronics. Should it be possible to make a

�nal choice of particle identi�cation system at a su�ciently early

date, it may be desirable to re-optimize the geometry, with con-

comitant cost savings.

In general, to this point there have been only preliminary engi-

neering studies on individual detector subsystems. Cost estimation

based on these designs is presented at \WBS Level 3", although the

estimates have been done at a more detailed level. The schedules

presented serve mainly to identify interactions between systems,

critical path items and items that have a serious impact on yearly

budgeting.

The technically-limited schedule allows completion and commission-The \technically-limited

schedule" is compatible

with the projected PEP-II

completion date

ing of BABAR at a date compatible with the PEP-II schedule. Ac-

complishing this will be a formidable task, requiring the cooperation

of DOE and the funding agencies of a number of other countries.

A brief discussion of the individual detector systems follows.

16.1 Vertex Detector

The �ve-layer double-sided silicon strip vertex detector chosen for

BABAR is a straighforward extrapolation of existing designs. The

emphasis on precision in the z direction, basic to the main physics

thrust of the experiment, requires transporting signals from large

numbers of transverse strips out of the �ducial volume. This will

be done by one of two techniques, both of which are being em-

ployed in current experiments. Reduction of material to decrease

multiple scattering is a primary design requirement. Performance

with 300�m silicon is satisfactory; thinner devices will be explored.
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Radiation hard fabrication techniques developed for SSC and LHC

are more than su�cient for the PEP-II environment.

Members of the vertex detector group have been active in the design

and construction of similar devices for CLEO-II, SDC, ALEPH,

D0, CDF and Mark II. There is substantial expertise within the

group in detector and readout chip design, in trigger design and in

mechanical structures. The cost estimate is based on the this recent

experience. The project is of a familiar scale and can be completed

within the required time.

16.2 Main Tracking Chamber

Several technical innovations in the main tracking chamber are mo-

tivated by the requirement of minimalmultiple Coulomb scattering.

Low-mass gases have been developed within the group over the

past several years. Large chambers have already been constructed

in several experiments using carbon composite technology. Low-

mass �eld wires can be made of aluminum, although some existing

chambers have had wire breakage problems. Thinner gold plating

of the Al wires must be developed. The use of silicon carbide wires

is an innovative possibility.

Construction of main tracking chamber on the needed timescale re-

quires the early resolution of mechanical engineering issues involving

endplate and feedthrough design and choice of �eld wire material.

The electronics and data acquisition system is straightforward. The

cost estimate has been developed using experience from the Mark II

and SLD drift chambers among others.

16.3 Particle Identi�cation

The three candidate systems present di�erent budget and schedule

issues. In addition, the fact that none of the technologies being

considered has as yet had a convincing proof-of-principle demon-

stration is in itself a problem in the context of the overall detector

schedule. The ensuing discussion assumes that a proof-of-principle

in at least one system will be forthcoming in a timely fashion. It will
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therefore emphasize the schedule and budget issues for the system

once chosen.

16.3.1 Aerogel Threshold Cherenkov Detector

Facilities exist for the production of the required quantities of low

density aerogel in less than a year.

Fine mesh photomultipliers, the most conservative photodetector

choice, are being produced in large quantity for the KLOE detec-

tor. Should the more innovative microchannel plate-based read-

out devices prove attractive, these would be produced with equip-

ment currently used for large-scale production of very similar image

intensi�ers. Questions regarding large-scale production of hybrid

avalanche photodiodes remain to be resolved.

The mechanical mounting structure, and the calibration and read-

out systems are relatively simple. The engineering e�ort involved

here is not large.

Cost estimation is also straightforward, as the cost of the aerogel

radiator and photosensitive devices dominate the total and both are

well de�ned. The electronics is similarly uncomplicated.

16.3.2 DIRC Detector

Concerns here principally involve engineering of the readout struc-

ture and of modi�cations to the 
ux return to support endcap steel

while providing access to inner detector components.

The production, assembly and characterization of the quartz Cher-

enkov radiators present a relatively well-characterized problem that

should have no schedule impact.

The readout system uses large numbers of conventional photomulti-

plier tubes; system engineering is thus the principal concern. Design

of a readout structure that works in the magnet fringe �eld and can

be removed to allow access would be an important milestone.

The adoption of DIRC particle identi�cation technology for the

barrel would require the use of a di�erent technology for the forward
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endcap system. A forward endcap of aerogel would cost an addi-

tional $2.8M, while a Fast RICH endcap would add approximately

$4.3M, both including electronics and readout.

16.3.3 Fast RICH Detector

The Fast RICH system is the most complex of the particle identi-

�cation options, involving extensive gas and liquid control systems,

large-area proportional chambers with CsI-coated cathodes and very

large numbers of electronics channels.

A large prototype with distinct but related technology has been

tested by the European Fast RICH Collaboration, providing some

real-world experience. The engineering tasks involved in this system

appear solvable, but are certainly complex; a plan demonstrating

that this system could be built on the required time scale would be

an important milestone.

16.4 CsI(Tl) Calorimeter

Large CsI calorimeter systems have been built and work well. The

problem here is thus one of ensuring that �10,000 crystals of high

quality can be produced on the required schedule. This involves

having an adequate supply of raw material, which is available, and

a su�cient number of crystal growing furnaces, which must be built

over the �rst two years.

Extensive contacts with crystal growing manufacturers and research

institutes have been established. It appears that the production ca-

pacity for CsI crystals can be expanded su�ciently rapidly to meet

our schedule. Two pilot projects have also begun to explore new,

more e�cient growing techniques, which could have a considerable

impact on costs. A time lag has been introduced into the endcap

fabrication schedule to allow for the completion of R&D on radiation

hardness.

The mechanical support structure chosen is simple and inexpensive

and is not a critical path item. Large numbers of wavelength

shifter/photodiode/preampli�er readout assemblies must be pro-
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duced; this task will be widely distributed. Photodiode production

capacity is more than adequate to out needs.

The �nal assembly of the crystals equipped with readout assemblies

into the support structure requires quite a bit of time. This is

re
ected in the three year crystal production schedule, allowing the

last year for �nal assembly and test.

16.5 Magnet

The speci�ed superconducting solenoid is similar in dimensions and

other properties to several existing coils. There is serious interest

from a number of experienced vendors. The solenoid is a critical

path item; the order must be placed in FY95 to meet the schedule.

The segmented 
ux return is also similar to other recent designs.

It must be completely speci�ed rather rapidly, as it forms the basis

for assembly of the other detector components. The magnet and

solenoid must therefore be assembled and measured in time to allow

the installation of the IFR chambers and systems internal to the coil

in a timely way.

16.6 Flux Return Instrumentation

The construction of the required number of RPCs or PSTs presents

a problem of a scale that has been met by nearly every major 4�

detector built in the last decade. Facilities with adequate capacity

already exist, as do experienced collaborating institutions.

16.7 Trigger and Data Acquisition

The scale of the trigger and data acquisition system is familiar.

Technical innovations relate mostly to the asynchronous nature of

the system and its fully pipelined architecture.
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Given the worldwide nature of the collaboration, the major task in

this area is the coordination of the system design to take advantage

of economies of scale and to ensure a coherent system architecture.

16.8 Computing

This system will be based on networked processors running UNIX or

its real-time derivatives. The primary question here is adherence to

a coherent set of standards for programming and system activities

in a worldwide collaboration. Intensive e�orts to put such a well-

coordinated system in place appear to be proceeding well.

16.9 Installation and Integration

Substantial emphasis will be placed on system integration from the

start of the project. This will involve coordination of the service and

utility requirements of the various subsystems from the beginning,

as well as detailed planning for the staged assembly of the detector

in IR2 and its commissioning. This e�ort will be coordinated by a

central sta� which has been included in the budget estimate.
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 PROJECT TOTALS
WBS SUBSYSTEM ED&I LABOR M&S SUBTOTAL CONT. TOTAL

(K$) (K$) (K$) (K$) (%) (K$)

AEROGEL OPTION 14003 5820 42946 62769 19.1 74765
DIRC OPTION 14592 6268 44846 65706 19.9 78765

FAST RICH OPTION 16499 7075 42471 66046 19.4 78829

1.1 VERTEX DETECTOR 1152 9 0 0 1825 3877 24.2 4815
1.1.1  MECHANICAL SUPPORT & COOLING 269 147 156 572 22.0 698
1.1.2  SILICON COMPONENTS 395 399 1499 2293 26.5 2900
1.1.4  POWER SUPPLY 1 7 8 8 3 2 25.0 4 0
1.1.5  ON-LINE MONITOR & CONTROL 2 0 2 3 1 3 5 6 20.0 6 7
1.1.6  ASSEMBLY & INSTALLATION 239 324 146 709 20.2 853
1.1.7  SYSTEM ENGINEERING & COORDINATION 212 2 214 20.0 257

  

1.2 CENTRAL DRIFT CHAMBER 9 0 0 4 7 9 2019 3398 24.2 4220
1.2.1  CONCEPTUAL DESIGN 5 0 6 7 117 25.0 146

1.2.2  MECHANICAL STRUCTURE 400 2 4 980 1404 25.0 1755

1.2.3  FEEDTHROUGHS DESIGN & FABRICATE 7 0 2 4 220 314 25.0 393

1.2.4  WIRE 4 0 2 4 485 549 20.0 659

1.2.5  STRINGING & TESTING 100 247 110 457 25.0 572

1.2.6  GAS SYSTEM 8 0 4 8 5 0 178 25.0 223

1.2.7  HIGH VOLTAGE DISTRIBUTION 3 0 2 4 2 0 7 4 25.0 9 3

1.2.8  FRONT END ELECTRONICS MOUNTS 2 0 1 6 1 2 4 8 25.0 6 0

1.2.9  ON-LINE MONITOR & CONTROL 6 0 1 6 4 0 116 25.0 145

1.2.10  INSTALLATION & TESTING 5 0 5 6 3 5 141 25.0 176

  

1.3 PARTICLE ID (AEROGEL OPTION) 4 9 0 3 2 9 5335 6154 21.6 7482
1.3.1  AEROGEL BLOCKS 6 0 4 2 1064 1166 25.0 1458

1.3.2  PHOTODETECTORS 200 126 3884 4210 20.0 5052

1.3.3  CALIBRATION SYSTEM 7 0 2 1 102 193 25.0 241

1.3.4  MECHANICAL SUPPORT 8 0 2 8 225 333 25.0 416

1.3.5  INSTALLATION & TESTING 8 0 112 6 0 252 25.0 315

  

1.3 PARTICLE ID (DIRC OPTION ) 1060 7 7 7 5440 7277 26.6 9215
1.3.1   QUARTZ 180 7 0 2098 2348 29.8 3047

1.3.2   PHOTODETECTORS 120 357 2660 3137 20.4 3777

1.3.3   CALIBRATION & TIMING 6 0 7 2 7 9 4 20.0 113

1.3.4   MECHANICAL SUPPORT 460 168 580 1208 38.0 1667

1.3.5   INSTALLATION & TESTING 240 175 7 5 490 25.0 613

  

1.3 PARTICLE ID (FAST RICH OPTION) 2691 1587 3068 7346 21.7 8941
1.3.1   RADIATORS 649 439 1010 2098 20.9 2537

1.3.2   PROPORTIONAL CHAMBERS 639 488 769 1896 20.4 2283

1.3.3   CsI CATHODES 348 9 4 227 669 29.2 865

1.3.4   MECHANICAL SUPPORT 390 109 586 1085 20.0 1302

1.3.5   GAS CIRCULATION SYSTEM 243 176 216 635 23.1 782

1.3.6   ON-LINE MONITOR & CONTROL 243 6 2 187 492 20.0 590

1.3.7   INSTALLATION & TESTING 180 218 7 3 471 23.4 581

  

1.4 CsI CALORIMETER 8 5 2 1483 18776 21110 11.9 23615
1.4.1  CSI ACQUISITION, FABRICATION & TESTING 5 0 211 17358 17619 10.3 19426

1.4.2  LIGHT COLLECTION ELEMENTS & TESTING 3 0 149 1025 1204 20.0 1445

1.4.3  READOUT SUB-ASSEMBLIES & TESTING 4 0 145 7 0 255 20.0 306

1.4.4  MECHANICAL SUPPORTS 164 343 7 0 577 20.0 692

1.4.5  SOURCE CALIBRATION SYSTEM 3 0 2 9 100 159 20.0 190

1.4.6  INSTALLATION & TESTING 6 0 375 153 588 20.0 705

1.4.7  SYSTEM ENGINEERING & COORDINATION 478 230 709 20.0 850

  

1.5 MUON SYSTEM (RPC OPTION) 2 3 2 6 9 8 6 6 4 1595 21.1 1931
1.5.1  RPC  FABRICATION 3 7 384 300 721 23.1 887

1.5.2  GAS SYSTEM 4 9 8 1 8 0 210 10.0 231

1.5.3  HIGH VOLTAGE SYSTEM 2 5 1 8 100 143 20.0 171

1.5.4  QC & TESTING 4 8 120 164 332 25.0 415

1.5.5  INSTALLATION INTO FLUX RETURN 7 4 9 5 2 0 189 20.0 227
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 PROJECT TOTALS
WBS SUBSYSTEM ED&I LABOR M&S SUBTOTAL CONT. TOTAL

(K$) (K$) (K$) (K$) (%) (K$)

1 .6 SC SOLENOID & FLUX RETURN 1440 7 4 0 5948 8129 21.8 9898
1.6.1  PREL. DESIGN  1.5T 3m Diam. 4.2 m Long 166 1 7 183 17.0 214

1.6.2  SUPERCONDUCTING COIL ( 1.5 T ) 218 3472 3690 20.0 4426

1.6.3  POWER/PROTECTION 8 3 133 217 15.0 249

1.6.4  MAGNET LOCAL CONTROLS 6 8 4 7 114 14.0 130

1.6.5  VACUUM SYSTEM 6 2 3 2 5 1 146 14.0 166

1.6.6  CRYOGENICS 197 284 619 1100 25.0 1375

1.6.7  FLUX RETURN 499 1362 1861 24.1 2309

1.6.8  TEST HARDWARE 1 7 2 4 2 5 6 6 33.0 8 8

1.6.9  INSTALLATION & TEST 125 392 132 649 25.0 812

1.6.10  MISC. EQUIP.  & CONSUMABLES 4 8 9 0 102 25.0 128

  

1.7 ELECTRONICS (AEROGEL OPTION) 4114 7 3 6746 10933 24.8 13644
1.7 ELECTRONICS (DIRC OPTION) 4133 7 3 8541 12747 24.8 15911
1.7 ELECTRONICS (RICH OPTION) 4409 7 1 8538 13018 24.8 16250
1.7.1  VERTEX DETECTOR READOUT 487 430 917 25.0 1146

1.7.2  DRIFT CHAMBER ELECTRONICS 768 7 2185 2960 25.0 3700

1.7.3  PARTICLE ID (AEROGEL 3380 CHAN.) 522 1 3 637 1172 25.0 1465

1.7.3  PARTICLE ID  (DIRC 16K CHAN. ) 541 1 3 2432 2986 25.0 3733

1.7.3  PARTICLE ID (FAST RICH 300K CHAN.) 817 1 1 2429 3257 25.0 4071

1.7.4  CALORIMETER ELECTRONICS 838 7 2271 3116 25.0 3895

1.7.5  MUON ID ELECTRONICS 723 9 739 1471 25.0 1839

1.7.6  RESERVED WBS   

1.7.7  LEVEL 1 TRIGGER 324 5 224 553 25.0 691

1.7.8  LEVEL 2 TRIGGER & DATA ACQUISITION 144 183 327 25.0 408

1.7.9  CONTROLS & ACCELERATOR INTERFACE 6 3 4 7 110 25.0 137

1.7.10  CABLE PLANT INSTALLATION 2 5 3 2 3 0 8 7 25.0 109

1.7.11  ENGINEERING INTEGRATION & COORDINATION 220 220 15.0 253

  

1.8 ONLINE COMP. & SOFTW.  DEV. 1265 5 3 4 1229 3027 29.8 3930
1.8.1  ON-LINE INFRASTRUCTURE 6 3 682 745 30.0 968

1.8.2  SOFTWARE DEVELOPMENT 1265 471 547 2282 29.8 2962

  

1.9. INTEGRATION, ES&H & INSTALLATION 3558 5 8 4 4 0 5 4547 15.0 5229
1.9.1  TECHNICAL COORDINATION 3264 432 355 4051 15.0 4659

1.9.2  QA AND ES&H OVERSIGHT 150 8 0 3 0 260 15.0 299

1.9.3  INSTALLATION ENGINEERING SUPPORT 144 7 2 2 0 236 15.0 271

Figure 16-1. Detector budget in FY1994 dollars.
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Name

1.1 VERTEX DETECTOR

  DEVELOPMENT PHASE

  PRE-PRODUCTION RUNS (SILICON & READOUT CHIPS)

  PRE-PRODUCTION TESTING

PROCUREMENT, FAB & TESTING

  PRODUCTION PROCUREMENT

COMPONENT FABRICATION & ASSEMBLY

  MODULE ASSEMBLY 

  MODULE TESTS

  ASSEMBLY

TESTING

  STANDALONE TESTING

INSTALLATION

  INSTALLATION

  IN-SITU TESTING

1.2   CENTRAL DRIFT CHAMBER

  CONCEPTUAL DESIGN

  TEST CHAMBER CONSTRUCTION

MECHANICAL DESIGN & FAB

  DESIGN ENDPLATES AND WALLS

  FAB ENDPLATES AND WALLS

  ALIGN AND ASSEMBLE 

CDC COMPONENTS

  FEEDTHROUGHS, DESIGN & PROCURE

  WIRE PROCURE & TEST

  WIRE STRINGING

GAS,  HV AND CABLE PLANT  

  GAS SYSTEM DESIGN  & FAB

  HV SYSTEM DESIGN & FAB

  CABLE LAYOUT & FAB

  MONITOR AND CONTROLS

TEST AND INSTALL

  COSMIC TEST

  INSTALL IN DETECTOR

  IN-SITU TESTING

1.3 PARTICLE ID (DIRC OPTION) 

PROTOTYPES AND ENGINEERING

  PRE-PROD MODEL II DESIGN/FAB

  MODEL II TESTS

  ENGINEERING MODEL DESIGN/FAB

  ENGINEERING MODEL TESTS

  ENGINEERING DESIGN FOR PEP-II

  PREPRODUCTION EVALUATIONS

COMPONENT PROCUREMENT

  CONSTRUCT & TEST RADIATOR BARS

  PROCURE BASES,  FAB & TEST

  PROCURE & TEST PMTS

MECHANICAL STRUCTURE

  CONSTRUCT RADIATOR SUPPORT

  CONSTRUCT STANDOFF REGION

INSTALLATION

  INSTALL RADIATOR IN SUPPORT & TEST

  STANDOFF REGION ASSEMBLY

  INSTALL DIRC INTO DETECTOR

  IN-SITU TESTING

1.3 PARTICLE ID (AEROGEL OPTION)

PROTOTYPE AND ENGINEERING

  MODEL ON CONC. DESIGN

  ENGINEERING MODEL

  ENG. MODEL  TESTS

  PREPRODUCTION EVALUATIONS

  COMPLETE ENGINEERING DESIGN

COMPONENT PROCUREMENT

  PROCURE AEROGEL RADIATOR

  TEST/WRAP RADIATOR

  PROCURE & TEST PMT & BASES

INSTALLATION & MECHANICAL SUPPORTS

  RADIATOR SUPPORT FAB

  INSTALLATION FIXTURES FAB

  INSTALL RADIATOR INTO SUPPORT & TEST

  INSTALL AEROGEL INTO DETECTOR

  IN-SITU TESTING

Qtr 2 Qtr 3 Qtr 4 Qtr 1 Qtr 2 Qtr 3 Qtr 4 Qtr 1 Qtr 2 Qtr 3 Qtr 4 Qtr 1 Qtr 2 Qtr 3 Qtr 4 Qtr 1 Qtr 2 Qtr 3 Qtr 4 Qtr 1 Qtr 2 Qtr 3 Qtr 4
1994 1995 1996 1997 1998 1999

Letter of Intent for the BABAR Detector



16.9 Budget and Schedule 323

Name

1.3 PARTICLE ID (FAST RICH OPTION)

PROTOTYPES AND ENGINEERING

  MODEL ON CONCEPTUAL DESIGN

  ENGINEERING MODEL

  ENGINEERING MODEL TESTS

  ENGINEERING DESIGN 

  PREPRODUCTION EVALUATIONS

PROCURE & FAB RADIATOR & DETECTORS

  PROCURE RADIATOR MATERIEAL

  FABRICATE BOX FIXTURES

  CONSTRUCT RADIATOR BOXES

  PROCURE PROP. CH. MATERIAL

  FABRICATE CHAMBER FIXTURES

  FABRICATE PROP CHAMBERS

CsI CATHODES

  CSI EVAPORATION FACILITY CONSTRUCTION

  DEPOSIT CATHODES

GAS SYSTEM AND MONITORING

  MONITOR SYSTEM DESIGN AND FAB

  GAS SYSTEM DESIGN AND FAB

  TEST GAS SYSTEM

MECHANICAL STRUCTURE & INSTALLATION

  FAB STRUCTURES (PRE-INSTALL SUPPORTS)

  SHIP  DETECTORS TO SLAC

  INSTALL DETECTORS

  IN-SITU TESTING

1.4 CsI(Tl) CALORIMETER

R&D RADIATION  HARDNESS

  FABRICATE & TEST RAD-HARD CRYSTALS

LIGHT COLLECTION & READOUT R&D

  PHOTODIODE SELECTION/RELIABILITY TESTS

  PHOTODIODE ORDER & FAB

  PHOTODIODE ACCEPTANCE TESTING

  WLS  SELECTION STUDIES

  WLS ORDER & FAB & TEST

  DIODE/WLS PACKAGE ASSEMBLY

READOUT PACKAGE

  VRSN I PREAMP FAB & RELIABILITY TESTING

  FABRICATE PREAMPS, LOAD & TEST

  ASSEMBLE & TEST  READOUT UNITS (WLS,DIODE, PREAMP

MODULE PROTOTYPES

  COMPLETE  DESIGN

  ACQUIRE CRYSTALS 

  TEST  STACKS IN  LAB &  MODULE IN BEAM

BARREL CRYSTAL ACQUISITION

  LIGHT OUTPUT & DIMENSIONAL SPECS

  BID  & AWARD CRYSTALS

  FABRICATE CRYSTALS

  ASSEMBLE BARREL MODULES

ENDCAP CRYSTAL ACQUISITION

  LIGHT OUT, RADIATION & DIMENSIONAL SPECS

  BID & AWARD CRYSTALS

  FABRICATE CRYSTALS

  ASSEMBLE FORWARD ENDCAP MODULES

  ASSEMBLE BACKWARD ENDCAP MODULES

MECHANICAL STRUCTURE

  MECHANICAL DESIGN & MODEL TESTS

  FABRICATE MECH SUPPORT & MODULE COMPONENTS

  DESIGN AND FABRICATE ASSEMBLY FIXTURES

  RECEIVE AND TEST MECH STRUCTURE

  ASSEMBLE & TEST BARREL

  INSERT BARREL IN SOLENOID

  HANG FORWARD ENDCAP ON DOORS

  HANG BACKWARD ENDCAP ON DOOR

  IN-SITU BARREL AND ENDCAP TESTING

Qtr 2 Qtr 3 Qtr 4 Qtr 1 Qtr 2 Qtr 3 Qtr 4 Qtr 1 Qtr 2 Qtr 3 Qtr 4 Qtr 1 Qtr 2 Qtr 3 Qtr 4 Qtr 1 Qtr 2 Qtr 3 Qtr 4 Qtr 1 Qtr 2 Qtr 3 Qtr 4
1994 1995 1996 1997 1998 1999
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Name

1.5 MUON & NEUTRAL HADRON SYSTEM

RPC CHAMBER DESIGN AND FAB

  DESIGN RPC 

  ORDER & TOOLUP FOR PRODUCTION

  FABRICATE CHAMBERS

  DELIVER CHAMBERS

  DESIGN AND FAB TEST STANDS

  TEST CHAMBERS

  SHIP CHAMBERS TO SLAC

GAS SYSTEM

  DESIGN GAS SYSTEM

  FABRICATE GAS SYSTEM

HV SYSTEM

  DESIGN HV SYSTEM

  FABRICATE HV SYSTEM

INSTALLATION AND TESTING

  INSERT CHAMBERS IN FLUX RETURN

  INSTALL TEST GAS SYSTEM

  INSTALL TEST HV SYSTEM

  IN-SITU TESTING

1.6 SOLENOID & FLUX RETURN

SOLENOID

  MAGNET CONCEPTUAL DESIGN

  SOLENOID SPECIFICATION

  SOLENOID FINAL DESIGN

  PROCUREMENT OF SOLENOID

AWARD SOLENOID CONTRACT

  FABRICATE SOLENOID

  TEST SOLENOID AT FABRICATOR

  DELIVER SOLENOID

FLUX RETURN

  FLUX RETURN DESIGN

  PROCUREMENT

AWARD FLUX RETURN CONTRACT

  FABRICATE & ASSEMBLE FLUX RETURN

  INSPECT FLUX RETURN

  DISSASSEMBLE & SHIP

  ASSEMBLE FLUX RETURN AT SLAC

  INSERT MUON DETECTORS

  INSERT SOLENOID

  INSTALL SERVICES

  TEST INTERLOCKS AND POWER SUPPLY

  COOL DOWN

  ACCEPTANCE TESTING

  MAGNETIC MAPPING

1.7 ELECTRONICS, TRIGGER, DATA  ACQUISITION

DAQ ELECTRONICS

  SUBSYSTEM DESIGN & PROTOTYPE PHASE

  PROCURE & FABRICATE PHASE

  INSTALL FRONT END CALORIMETER

  INSTALL FRONT END PID

  INSTALL FRONT END CDC

  INSTALL FRONT END MUON

  INSTALL AND TEST MUON DAQ

  INSTALL AND TEST CsI  DAQ

  INSTALL AND TEST PID DAQ

  INSTALL AND TEST CDC  DAQ

  INSTALL AND TEST VERTEX DAQ

LEVEL 1 TRIGGER

  DESIGN AND PROTOTYPE

  PROCURE AND FABRICATE

  INSTALL AND TEST

LEVEL 2 TRIGGER

  DESIGN AND PROTOTYPE

  PROCURE AND FABRICATE

  INSTALL AND TEST

CONTROLS AND ACCELERATOR INTERFACE

  DESIGN AND PROTOTYPE

  PROCURE AND FABRICATE

  INSTALL AND TEST

Qtr 2 Qtr 3 Qtr 4 Qtr 1 Qtr 2 Qtr 3 Qtr 4 Qtr 1 Qtr 2 Qtr 3 Qtr 4 Qtr 1 Qtr 2 Qtr 3 Qtr 4 Qtr 1 Qtr 2 Qtr 3 Qtr 4 Qtr 1 Qtr 2 Qtr 3 Qtr 4
1994 1995 1996 1997 1998 1999
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Name

1.8 COMPUTING

ONLINE

  SLOW CONTROL R&D

  FAST CONTROL R&D

  ONLINE MODEL

  ASSEMBLE FIRST ONLINE ELEMENTS

  HER ONLINE

  ONLINE SYSTEM DEVELOPMENT

  LEVEL 3 MODEL

  LEVEL 3 PROCESSOR ACQUISITION

  COSMIC RAY RUN

OFFLINE SOFTWARE DEVELOPMENT

  SOFTWARE MANAGMENT MODEL

  DATA MODEL DEVEOPMENT

  DATA MODEL MODEL

  DATA MODEL IMPLEMENTATION

  DESIGN METHODOLOGY

  CODING STANDARDS MODEL

  FRAMEWORK DEVEOPMENT

  FRAMEWORK MODEL

  FRAMEWORK IMPLEMENTATION

  APPLICATIONS PROTOTYPES

  APPLICATION PROGRAMMING

Qtr 2 Qtr 3 Qtr 4 Qtr 1 Qtr 2 Qtr 3 Qtr 4 Qtr 1 Qtr 2 Qtr 3 Qtr 4 Qtr 1 Qtr 2 Qtr 3 Qtr 4 Qtr 1 Qtr 2 Qtr 3 Qtr 4 Qtr 1 Qtr 2 Qtr 3 Qtr 4
1994 1995 1996 1997 1998 1999

Figure 16-2. Detector construction schedule.
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