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Figure 14. The magnetic field components Bz

and Br as a function of z for various radial dis-
tances r (in m). The extent of the DCH and
the location of the interaction point (IP) are in-
dicated.

and Bz . The induced magnetization increases Bz

by about 9mT at the interaction point; the effect
decreases slowly with increasing radius.

4.5.3. Field Quality
To illustrate the quality of magnetic field, Fig-

ure 14 shows the field components Bz and Br as
a function of z for various radial distances r. In
the tracking volume the field is very uniform, the
Bφ component does not exceed 1 mT. The vari-
ation of the bend field, i.e., the field transverse
to the trajectory, along the path of a high mo-
mentum track is at most 2.5% from maximum to
minimum within the tracking region, as shown in
Figure 15.
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Figure 15. Relative magnitude of magnetic field
transverse to a high momentum track as a func-
tion of track length from the IP for various polar
angles (in degrees). The data are normalized to
the field at the origin.

4.5.4. Field Computation
In order to reduce the computation of the mag-

netic field for track reconstruction and momen-
tum determination, the field values averaged over
azimuth are stored in a grid of r–z space points
spanning the volume interior to the cryostat. Lo-
cal values are obtained by interpolation. Within
the volume of the SVT, a linear interpolation is
performed in a 20 mm grid; elsewhere the interpo-
lation is quadratic in a 50 mm grid. Azimuthal de-
pendence is parameterized by means of a Fourier
expansion at each r–z point. The Fourier coef-
ficients at the point of interest are obtained by
interpolation on the r–z grid, and the average
field value is corrected using the resulting Fourier
series.

4.6. Summary
Since its successful commissioning, the magnet

system has performed without problems. There
have been no spontaneous quenches of the su-
perconducting solenoid. In the tracking region,
the magnetic field meets specifications, both in
magnitude and uniformity. The field compen-
sation and magnetic shielding work well for the
DIRC photomultiplier array and the external
quadrupoles. Measurements indicate that the
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4. The Solenoid Magnet and Flux Return

4.1. Overview
The BABAR magnet system consists of a super-

conducting solenoid [19], a segmented flux return
and a field compensating or bucking coil. This
system provides the magnetic field which enables
charged particle momentum measurement, serves
as the hadron absorber for hadron/muon separa-
tion, and provides the overall structure and sup-
port for the detector components. Figures 1 and 2
show key components of the BABAR magnet sys-
tem and some of the nearby PEP-II magnets.

The magnet coil cryostat is mounted inside the
hexagonal barrel flux return by four brackets on
each end. The flux return end doors are each
split vertically and mounted on skids that rest
on the floor. To permit access to the inner detec-
tor, the doors can be raised and moved on rollers.
At the interface between the barrel and the end
doors, approximately 60% of the area is occupied
by structural steel and filler plates; the remaining
space is reserved for cables and utilities from the
inner detectors. A vertical, triangular chase cut
into the backward end doors contains the cryostat
chimney. Table 4 lists the principal parameters of
the magnet system. The total weight of the flux
return is approximately 870 metric tons.

To optimize the detector acceptance for un-
equal beam energies, the center of the BABAR de-
tector is offset by 370 mm in the electron beam
direction. The principal component of the mag-
netic field, Bz, lies along the +z axis; this is also
the approximate direction of the electron beam.
The backward end door is tailored to accommo-
date the DIRC bar boxes and to allow access
to the drift chamber electronics. Both ends al-
low space and adequate shielding for the PEP-II
quadrupoles.

4.2. Magnetic Field Requirements
and Design

4.2.1. Field Requirements
A solenoid magnetic field of 1.5T was specified

in order to achieve the desired momentum res-
olution for charged particles. To simplify track
finding and fast and accurate track fitting, the
magnitude of the magnetic field within the track-

Table 4
Magnet Parameters

Field Parameters

Central Field 1.5 T
Max. Radial Field <0.25 T

at Q1 and r = 200 mm
Leakage into PEP-II <0.01 T
Stored Energy 27 MJ
Steel Parameters

Overall Barrel Length 4050 mm
Overall Door Thickness 1149 mm

(incl. gaps for RPCs)
Overall Height 6545 mm
Plates in Barrel 18

9 20 mm
4 30 mm
3 50 mm
2 100 mm

Plates in Each Door 18
9 20 mm
4 30 mm
4 50 mm
1 100 mm

Main Coil Parameters

Mean Diameter of 3060 mm
Current Sheet

Current Sheet Length 3513 mm
Number of layers 2
Operating Current 4596 A
Conductor Current 1.2 kA/ mm2

Density
Inductance 2.57 H
Bucking Coil Parameters

Inner Diameter 1906 mm
Operating Current 200 A
Number of Turns 140
Cryostat Parameters

Inner Diameter 1420 mm
Radial Thickness 350 mm
Total Length 3850 mm
Total Material (Al) ∼ 126 mm
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ponents inside the magnetic volume could gen-
erate sizable forces. These forces were analyzed
for components such as the endplates of the drift
chamber and the electromagnetic calorimeter and
were found not to be a problem.

4.3.2. Earthquake Considerations
Because SLAC is located in an earthquake

zone, considerable attention has been given to
protecting the detector against severe damage
from such an event. The entire detector is sup-
ported on four earthquake isolators, one at each
corner, which limit the component acceleration in
the horizontal plane to 0.4 g. However, these iso-
lators offer no protection in the vertical direction.
Vertical ground accelerations of 0.6 g are consid-
ered credible and actual component accelerations
may be considerably larger due to resonances. By
taking into account resonant frequencies and the
expected frequency spectra of earthquakes, the
magnet and all detector components have been
designed to survive these accelerations without
serious damage. Because the magnet is isolated
from the ground moving beneath it, worst case
clearances to external components, e.g.,PEP-II
components, are provided. It is expected that
even during a major earthquake, damage would
be modest.

4.3.3. Fabrication
The flux return was fabricated [23] from draw-

ings prepared by the BABAR engineering team. A
primary concern was the magnetic properties of
the steel. The need for a high saturation field
dictated the choice of a low carbon steel, speci-
fied by its chemical content (close to AISI 1006).
The manufacturer supplied sample steel for crit-
ical magnetic measurements and approval. The
availability of very large tools at the factory made
it possible to machine the entire face of each end
of the assembled barrel, thus assuring a good fit
of the end doors. The entire flux return was as-
sembled at the factory, measured mechanically,
and inspected before disassembly for shipment.

4.4. Magnet Coils
The design of the superconducting solenoid

is conservative and follows previous experience.
The superconducting material is composed of

3513.5

+ z2-2001
8583A34 All Dimensions in mm
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Figure 13. A portion of cryostat assembly. The
forward end is shown. Legend: (A) evacuated
spaces filled with IR-reflective insulator; (B) su-
perconducting coil (2-layers); (C) aluminum sup-
port cylinder; (D) aluminum heat shield; (E) alu-
minum cryostat housing.

niobium-titanium (46.5% by weight Nb) fila-
ments, each less than 40 µm in diameter. These
filaments are then wound into 0.8 mm strands,
16 of which are then formed into Rutherford
cable measuring 1.4 x 6.4 mm. The final con-
ductor [24] consists of Rutherford cable co-
extruded with pure aluminum stabilizer measur-
ing 4.93 x 20.0 mm for use on the outer, high
current density portion of the solenoid, and
8.49 x 20.0 mm for the central, lower current den-
sity portion. The conductor is covered in an insu-
lating dry wrap fiberglass cloth which is vacuum
impregnated with epoxy. The conductor has a
total length of 10.3 km.

The solenoid is indirectly cooled to an oper-
ating point of 4.5K using a thermo-syphon tech-
nique. Liquid helium [25] is circulated in chan-
nels welded to the solenoid support cylinder. Liq-
uid helium and cold gas circulate between the
solenoid, its shields, the liquefier-refrigerator and
a 4000 ! storage dewar via 60 m of coaxial, gas-
screened, flexible transfer line. The solenoid coil
and its cryostat were fabricated [26] to drawings
prepared by the BABAR engineering team. Before
shipment [27], the fully assembled solenoid was
cooled to operating temperature and tested with
currents of up to 1000A, limited by coil forces in
the absence of the iron flux return.

A portion of the cryostat assembly, containing
the solenoid coil, its support cylinder and heat

27 MJ ~ 20 Tonnellate @ 180 km/h
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Figure 16. Fully assembled SVT. The silicon sen-
sors of the outer layer are visible, as is the carbon-
fiber space frame (black structure) that surrounds
the silicon.

the support tube should have long mean-time-to-
failure, because the time needed for any replace-
ment is estimated to be 4–5 months. Redundan-
cies are built in whenever possible and practical.

The SVT is cooled to remove the heat gener-
ated by the electronics. In addition, it operates
in the 1.5T magnetic field.

To achieve the position resolution necessary to
carry out physics analyses, the relative position
of the individual silicon sensors should be sta-
ble over long time periods. The assembly allows
for relative motion of the support structures with
respect to the B1 magnets.

These requirements and constraints have led to
the choice of a SVT made of five layers of double-
sided silicon strip sensors. To fulfill the physics
requirements, the spatial resolution, for perpen-
dicular tracks, must be 10–15 µm in the three in-
ner layers and about 40 µm in the two outer lay-
ers. The inner three layers perform the impact
parameter measurements, while the outer layers
are necessary for pattern recognition and low pt

tracking.

5.3. SVT Layout
The five layers of double-sided silicon strip sen-

sors, which form the SVT detector, are organized
in 6, 6, 6, 16, and 18 modules, respectively; a pho-
tograph is shown in Figure 16. The strips on the
opposite sides of each sensor are oriented orthog-

onally to each other: the φ measuring strips (φ
strips) run parallel to the beam and the z mea-
suring strips (z strips) are oriented transversely
to the beam axis. The modules of the inner three
layers are straight, while the modules of layers 4
and 5 are arch-shaped (Figures 17 and 18).

This arch design was chosen to minimize the
amount of silicon required to cover the solid angle,
while increasing the crossing angle for particles
near the edges of acceptance. A photograph of
an outer layer arch module is shown in Figure 19.
The modules are divided electrically into two half-
modules, which are read out at the ends.

Beam Pipe 27.8mm radius

Layer 5a

Layer 5b

Layer 4b

Layer 4a

Layer 3

Layer 2

Layer 1

Figure 18. Schematic view of SVT: tranverse sec-
tion.

To satisfy the different geometrical require-
ments of the five SVT layers, five different sen-
sor shapes are required to assemble the planar
sections of the layers. The smallest detectors
are 43 × 42 mm2 (z × φ), and the largest are
68 × 53 mm2. Two identical trapezoidal sensors
are added (one each at the forward and back-
ward ends) to form the arch modules. The half-
modules are given mechanical stiffness by means
of two carbon fiber/kevlar ribs, which are visible
in Figure 19. The φ strips of sensors in the same
half-module are electrically connected with wire
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Figure 17. Schematic view of SVT: longitudinal section. The roman numerals label the six different types
of sensors.

bonds to form a single readout strip. This results
in a total strip length up to 140 mm (240 mm) in
the inner (outer) layers.

The signals from the z strips are brought to the
readout electronics using fanout circuits consist-
ing of conducting traces on a thin (50 µm) insu-
lating Upilex [33] substrate. For the innermost
three layers, each z strip is connected to its own
preamplifier channel, while in layers 4 and 5 the
number of z strips on a half-module exceeds the
number of electronics channels available, requir-
ing that two z strips on different sensors be elec-
trically connected (ganged) to a single electronics
channel. The length of a z strip is about 50 mm
(no ganging) or 100 mm (two strips connected).
The ganging introduces an ambiguity on the z
coordinate measurement, which must be resolved
by the pattern recognition algorithms. The to-
tal number of readout channels is approximately
150,000.

The inner modules are tilted in φ by 5◦, allow-
ing an overlap region between adjacent modules,
a feature that provides full azimuthal coverage
and is advantageous for alignment. The outer
modules cannot be tilted, because of the arch ge-
ometry. To avoid gaps and to have a suitable
overlap in the φ coordinate, layers 4 and 5 are
divided into two sub-layers (4a, 4b, 5a, 5b) and
placed at slightly different radii (see Figure 18).
The relevant geometrical parameters of each layer

Figure 19. Photograph of an SVT arch module
in an assembly jig.
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are summarized in Table 5.

Table 5
Geometric parameters for each layer and readout
plane of the SVT. Floating strips refers to the
number of strips between readout (R-O) strips.
Note: parts of the φ sides of layers 1 and 2 are
bonded at 100 µm and 110 µm pitch, respec-
tively, with one floating strip. Strip length of z-
strips for layers 4 and 5 includes ganging. The
radial range for layers 4 and 5 includes the radial
extent of the arched sections.

R-O Strip
Layer/ Radius pitch Floating length
view (mm) (µm) strips (mm)

1 z 32 100 1 40
1 φ 32 50-100 0-1 82
2 z 40 100 1 48
2 φ 40 55-110 0-1 88
3 z 54 100 1 70
3 φ 54 110 1 128
4 z 91-127 210 1 104
4 φ 91-127 100 1 224
5 z 114-144 210 1 104
5 φ 114-144 100 1 265

In order to minimize the material in the
acceptance region, the readout electronics are
mounted entirely outside the active detector vol-
ume. The forward electronics must be mounted
in the 10 mm space between the 350mrad stay-
clear space and B1 magnet. This implies that
the hybrids carrying the front-end chip must be
positioned at an angle of 350mrad relative to the
sensor for the layers 3, 4, and 5 (Figure 17). In the
backward direction, the available space is larger
and the inner layer electronics can be placed in
the sensor plane, allowing a simplified assembly.

The module assembly and the mechanics are
quite complicated, especially for the arch mod-
ules, and are described in detail elsewhere [34].
The SVT support structure (Figure 16) is a rigid
body made from two carbon-fiber cones, con-
nected by a space frame, also made of carbon-fiber
epoxy laminate.

An optical survey of the SVT on its assembly

jig indicated that the global error in placement of
the sensors with respect to design was ∼200 µm,
FWHM. Subsequently, the detector was disas-
sembled and shipped to SLAC, where it was re-
assembled on the IR magnets. The SVT is at-
tached to the B1 magnets by a set of gimbal rings
in such a way as to allow for relative motion of
the two B1 magnets while fixing the position of
the SVT relative to the forward B1 and the orien-
tation relative to the axis of both B1 dipoles. The
support tube structure is mounted on the PEP-
II accelerator supports, independently of BABAR,
allowing for movement between the SVT and the
rest of BABAR. Precise monitoring of the beam
interaction point is necessary, as is described in
Section 5.5.

The total active silicon area is 0.96 m2 and the
material traversed by particles is ∼ 4% of a radi-
ation length (see Section 2). The geometrical ac-
ceptance of SVT is 90% of the solid angle in the
c.m. system, typically 86% are used in charged
particle tracking.

5.4. SVT Components
A block diagram of SVT components is shown

in Figure 20. The basic components of the de-
tector are the silicon sensors, the fanout circuits,
the Front End Electronics (FEE) and the data
transmission system. Each of these components
is discussed below.

Sensors HDI
Atom
chips

Kapton
Tail

Matching
card

  HDI
   link
  Card

DAQ
link
Card

MUX
modulePower Supplies

MUX Power

Fiber Optics
to/from DAQ

CAN
Bus

Inside
Support
Tube

Front
cables

Figure 20. Schematic block diagram showing the
different components of the SVT.
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5.4.3. Front End Electronics
The electrical parameters of a DFA and the

general BABAR requirements are the basic inputs
that drove the design of the SVT front-end cus-
tom IC; the ATOM (A Time-Over-Threshold Ma-
chine). In particular, the front-end IC had to
satisfy the following requirements:

• signal to noise ratio greater than 15 for min-
imum ionizing particle (MIP) signals for all
modules;

• signals from all strips must be retained,
in order to improve the spatial resolution
through interpolation, while keeping the
number of transmitted hits as low as pos-
sible. A hit refers to a deposited charge
greater than 0.95 fC, corresponding to 0.25
MIP;

• the amplifier must be sensitive to both neg-
ative and positive charge;

• the peaking time must be programmable,
with a minimum of 100 ns (in layers 1 and
2, because of the high occupancy), up to
400 ns (outer layers, with high capacitance);

• capability to accept random triggers with a
latency up to 11.5 µs and a programmable
jitter up to ±1 µs, without dead time;

• radiation hardness greater than 2.5 MRad;

• small dimensions: 128 channels in a 6.2 mm-
wide chip.

These requirements are fully satisfied by the
ATOM IC [39], which is depicted schematically
in Figure 21.

The linear analog section consists of a charge-
sensitive preamplifier followed by a shaper. Gains
of 200mV/fC (low) or 300mV/fC (high) may
be selected. The channel gains on a IC are
uniform to 5 mV/fC. Signals are presented to a
programmable-threshold comparator, designed so
that the output width of the pulse (Time over
Threshold or ToT) is a quasi-logarithmic function
of the collected charge. This output is sampled at
30MHz and stored in a 193 location buffer. Upon
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Figure 21. Schematic diagram of the ATOM front
end IC.

Table 7
ATOM chip ENC parameters at different peaking
times

Peaking ENC Noise
time (0 pF) slope

100 ns 380 e− 40.9 e−/pF
200 ns 280 e− 33.9 e−/pF
400 ns 220 e− 25.4e−/pF

receipt of a Level 1 (L1) trigger, the time and
ToT is retrieved from this latency buffer, sparci-
fied, and stored in a four event buffer. Upon the
receipt of an L1 Accept command from the data
acquisition system, the output data (the 4 bits for
the ToT, 5 bits for the time stamp, and 7 bits for
the strip address) are formatted, serialized, and
delivered to the ROM. The IC also contains a test
charge injection circuit. The typical noise behav-
ior of the ATOM, as described by the Equivalent
Noise Charge (ENC) of the linear analog section
is given in Table 7.

The average noise for the various module types
is shown in Table 6. Given that shot noise due to
sensor leakage current is negligible, the expected
noise may be calculated from the parameters of
Tables 6 and 7. The results of such a calculation
are also shown in Table 6. The maximum average
noise is 1,600 electrons, leading to a signal-to-
noise ratio greater than 15.
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5.4.1. Silicon Sensors
The SVT sensors [35] are 300 µm thick double-

sided silicon strip devices. They were designed
at INFN Pisa and Trieste (Italy) and fabri-
cated commercially [36]. They are built on high-
resistivity (6–15kΩ-cm) n-type substrates with
p+ strips and n+ strips on the two opposite sides.
The insulation of the n+ strips is provided by in-
dividual p-stops, so as to achieve an inter-strip
resistance greater than 100MΩ at operating bias
voltage, normally about 10 V above the depletion
voltage.

Typical depletion voltages are in the range 25–
35V. The strips are biased on both sides with
polysilicon resistors (4–20MΩ) to ensure the re-
quired radiation hardness, keeping the voltage
drop across resistors and the parallel noise as
low as possible. Strips are AC-coupled to the
electronics via integrated decoupling capacitors,
the capacitance of which depends on the sen-
sor shape, but is always greater than 14 pF/cm.
The sensors were designed to maximize the ac-
tive area, which extends to within 0.7 mm of the
physical edges. Another design goal was to con-
trol the inter-strip capacitance: values between
0.7pF/cm and 1.1 pF/cm were obtained for the
various sensor shapes. To achieve the required
spatial resolution, while keeping the number of
readout channels as low as possible, most of the
modules have a floating strip (i.e., not read out)
between two readout strips.

The leakage currents, because of the excellent
performance of the manufacturing process, were
as low as 50 nA/cm2 on average, measured at
10V above depletion voltage. The silicon sensor
parameters have been measured after irradiation
with 60Co sources. Apart from an increase in the
inter-strip capacitance of about 12% during the
first 100 krad, the main effect was an increase of
the leakage current by 0.7µA/cm2/MRad. How-
ever, in a radiation test performed in a 1 GeV/c
electron beam, an increase in leakage current of
about 2µA/cm2/MRad and a significant shift in
the depletion voltage, dependent on the initial
dopant concentration, were observed. A shift
of about 8–10V was seen for irradiation corre-
sponding to a dose of approximately 1 MRad.
These observations indicate significant bulk dam-

Table 6
Electrical parameters of the SVT, shown for the
different layers and views. Cinput refers to the
total input capacitance, Rseries is the series re-
sistance. The amplifier peaking time is 200 ns for
layers 1–3 and 400 ns for layers 4–5.

Noise,
Layer/ Cinput Rseries calc. meas.
view (pF) (Ω) (elec) (elec)

1 z 6.0 40. 550 880
1 φ 17.2 164. 990 1200
2 z 7.2 48. 600 970
2 φ 18.4 158. 1030 1240
3 z 10.5 70. 700 1180
3 φ 26.8 230. 1470 1440
4 z 16.6 104. 870 1210
4 φ 33.6 224. 1380 1350
5 z 16.6 104. 870 1200
5 φ 39.7 265. 1580 1600

age caused by energetic electrons. As indicated
by the change in depletion voltage, the SVT sen-
sors could undergo type inversion after about 1–
3 MRad. Preliminary tests show that the sen-
sors continue to function after type inversion [37].
Studies of the behavior of SVT modules as a func-
tion of radiation dose continue.

5.4.2. Fanout Circuits
The fanout circuits, which route the signals

from the strips to the electronics, have been de-
signed to minimize the series resistance and the
inter-strip capacitance. As described in ref. [38],
a trace on the fanout has a series resistance about
1.6 Ω/cm, an inter-strip resistance > 20MΩ, and
an inter-strip capacitance < 0.5 pF/cm. The elec-
trical parameters of the final assembly of sensors
and fanouts (referred to as Detector Fanout As-
semblies or DFAs) are summarized in Table 6.
Due to the different strip lengths, there are large
differences between the inner and the outer lay-
ers. Smaller differences are also present between
the forward and backward halves of the module,
that are of different lengths.
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Figure 24. Comparison of a local alignment of all
the sensors in the SVT using data from January
2000 with the optical survey of the SVT made
during assembly in February 1999 in the (a) r∆φ,
(b) ∆z and (c) ∆r coordinates. Plots (d), (e), and
(f) show the difference between two local align-
ments using data from January 15-19 and March
6-7, 2000 for the r∆φ, ∆z, and ∆r coordinates,
respectively. In all the plots, the shaded regions
correspond to the sensors in the first three layers.
In comparing the different alignments and optical
survey, a six parameter fit (three global transla-
tions and three global rotations) has been applied
between the data sets.

compared to March 2000. In general, the sta-
bility of the inner three layers is excellent, with
slightly larger tails in the outer two layers. The
radial coordinate is less tightly constrained in all
measurements because the radial location of the
charge deposition is not well known, and most of
the information about the radial locations comes
only from constraints in the overlap region of the
sensors.

After the internal alignment, the SVT is con-
sidered as a rigid body. The second alignment
step consists in determining the position of the
SVT with respect to the DCH. Tracks with suf-
ficient numbers of SVT and DCH hits are fit
two times: once using only the DCH informa-
tion and again using only the SVT hits. The six
global alignment parameters, three translations
and three rotations, are determined by minimiz-
ing the difference between track parameters ob-
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Figure 25. Global alignment of the SVT relative
to the DCH based on e+e− and µ+µ− events:
changes in the relative vertical placement mea-
sured a) over the entire ten-month run in the year
2000, and b) a ten-day period, illustrating diurnal
variations.

tained with the SVT-only and the DCH-only fits.
As reported above, because of the diurnal move-
ment of the SVT with respect to the DCH, this
global alignment needs to be performed once per
run (∼ every 2–3 hours). The alignment con-
stants obtained in a given run are then used to
reconstruct the data in the subsequent run. This
procedure, known as rolling calibration, ensures
that track reconstruction is always performed
with up-to-date global alignment constants.

A record of the changes in the relative posi-
tion of the SVT as determined by rolling calibra-
tions is shown in Figure 25. The position is stable
to better than ±100 µm over several weeks, but
changes abruptly from time to time, for instance,
during access to the detector. The calibrations
track diurnal variations of typically ±50 µm that
have been correlated with local changes in tem-
perature of about ±2◦C. Movements within a
single run are small compared to the size of the
beam.
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out of four signals is missing. The stereo angles of
the superlayers alternate between axial (A) and
stereo (U,V) pairs, in the order AUVAUVAUVA,
as shown in Figure 31. The stereo angles vary be-
tween ±45mrad and ±76mrad; they have been
chosen such that the drilling patterns are identi-
cal for the two endplates. The hole pattern has a
16-fold azimuthal symmetry which is well suited
to the modularity of the electronic readout and
trigger system. Table 9 summarizes parameters
for all superlayers.

Table 9
The DCH superlayer (SL) structure, specifying
the number of cells per layer, radius of the inner-
most sense wire layer, the cell widths, and wire
stereo angles, which vary over the four layers in
a superlayer as indicated. The radii and widths
are specified at the mid-length of the chamber.

# of Radius Width Angle
SL Cells (mm) (mm) (mrad)

1 96 260.4 17.0-19.4 0
2 112 312.4 17.5-19.5 45-50
3 128 363.4 17.8-19.6 -(52-57)
4 144 422.7 18.4-20.0 0
5 176 476.6 16.9-18.2 56-60
6 192 526.1 17.2-18.3 -(63-57)
7 208 585.4 17.7-18.8 0
8 224 636.7 17.8-18.8 65-69
9 240 688.0 18.0-18.9 -(72-76)
10 256 747.2 18.3-19.2 0

6.3.2. Cell Design and Wires
The drift cells are hexagonal in shape, 11.9 mm

by approximately 19.0 mm along the radial and
azimuthal directions, respectively. The hexago-
nal cell configuration is desirable because approx-
imate circular symmetry can be achieved over a
large portion of the cell. The choice of aspect
ratio has the benefit of decreasing the number
of wires and electronic channels, while allowing a
40-layer chamber in a confined radial space. Each
cell consists of one sense wire surrounded by six
field wires, as shown in Figure 31. The proper-
ties of the different types of gold-coated wires that
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Figure 31. Schematic layout of drift cells for
the four innermost superlayers. Lines have been
added between field wires to aid in visualization
of the cell boundaries. The numbers on the right
side give the stereo angles (mrad) of sense wires in
each layer. The 1 mm-thick beryllium inner wall
is shown inside of the first layer.

make up the drift cells are given in Table 10. The
sense wires are made of tungsten-rhenium [46],
20 µm in diameter and tensioned with a weight
of 30 g. The deflection due to gravity is 200 µm
at mid-length. Tungsten-rhenium has a substan-
tially higher linear resistivity (290 Ω/m), com-
pared to pure tungsten (160Ω/m), but it is con-
siderably stronger and has better surface quality.
While the field wires are at ground potential, a
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6. Drift Chamber

6.1. Purpose and Design Requirements
The principal purpose of the drift chamber

(DCH) is the efficient detection of charged parti-
cles and the measurement of their momenta and
angles with high precision. These high preci-
sion measurements enable the reconstruction of
exclusive B- and D-meson decays with minimal
background. The DCH complements the mea-
surements of the impact parameter and the di-
rections of charged tracks provided by the SVT
near the IP. At lower momenta, the DCH mea-
surements dominate the errors on the extrapola-
tion of charged tracks to the DIRC, EMC, and
IFR.

The reconstruction of decay and interaction
vertices outside of the SVT volume, for instance
the K0

S decays, relies solely on the DCH. For this
purpose, the chamber should be able to measure
not only the transverse momenta and positions,
but also the longitudinal position of tracks, with
a resolution of ∼1 mm.

The DCH also needs to supply information for
the charged particle trigger with a maximum time
jitter of 0.5 µs (Section 11).

For low momentum particles, the DCH is re-
quired to provide particle identification by mea-
surement of ionization loss (dE/dx). A resolu-
tion of about 7% will allow π/K separation up
to 700 MeV/c. This capability is complementary
to that of the DIRC in the barrel region, while
in the extreme backward and forward directions,
the DCH is the only device providing some dis-
crimination of particles of different mass.

Since the average momentum of charged parti-
cles produced in B- and D-meson decays is less
than 1 GeV/c, multiple scattering is a significant,
if not the dominant limitation on the track pa-
rameter resolution. In order to reduce this contri-
bution, material in front of and inside the cham-
ber volume has to be minimized.

Finally, the DCH must be operational in
the presence of large beam-generated back-
grounds, which were predicted to generate rates
of ∼5 kHz/cell in the innermost layers.

6.2. Mechanical Design and Assembly
6.2.1. Overview

The DCH is relatively small in diameter, but al-
most 3 m long, with 40 layers of small hexagonal
cells providing up to 40 spatial and ionization loss
measurements for charged particles with trans-
verse momentum greater than 180 MeV/c. Longi-
tudinal position information is obtained by plac-
ing the wires in 24 of the 40 layers at small angles
with respect to the z-axis. By choosing low-mass
aluminum field wires and a helium-based gas mix-
ture, the multiple scattering inside the DCH is
held to a minimum, less than 0.2%X0 of mate-
rial. The properties of the chosen gas, a 80:20
mixture of helium:isobutane, are presented in Ta-
ble 8. This mixture has a radiation length that
is five times larger than commonly used argon-
based gases. The smaller Lorentz angle results in
a rather uniform time-distance relationship and
thereby improved spatial resolution.

Table 8
Properties of helium-isobutane gas mixture at at-
mospheric pressure and 20◦C. The drift velocity is
given for operation without magnetic field, while
the Lorentz angle is stated for a 1.5T magnetic
field.

Parameter Values

Mixture He : C4H10 80:20
Radiation Length 807 m
Primary Ions 21.2/cm
Drift Velocity 22 µm/ ns
Lorentz Angle 32◦
dE/dx Resolution 6.9%

The inner cylindrical wall of the DCH is kept
thin to facilitate the matching of the SVT and
DCH tracks, to improve the track resolution for
high momentum tracks, and to minimize the
background from photon conversions and inter-
actions. Material in the outer wall and in the
forward direction is also minimized so as not to
degrade the performance of the DIRC and the
EMC. For this reason, the HV distribution and
all of the readout electronics are mounted on the
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positive high voltage is applied to the sense wires.
An avalanche gain of approximately 5 × 104 is
obtained at a typical operating voltage of 1960V
and a 80:20 helium:isobutane gas mixture.

Table 10
DCH wire specifications (all wires are gold
plated).

Diameter Voltage Tension
Type Material (µm) (V) (g)

Sense W-Re 20 1960 30
Field Al 120 0 155
Guard Al 80 340 74
Clearing Al 120 825 155

The relatively low tension on the approxi-
mately 2.75 m-long sense wires was chosen so that
the aluminum field wires have matching gravita-
tional sag and are tensioned well below the elas-
tic limit. A simulation of the electrostatic forces
shows that the cell configuration has no instabil-
ity problems. At the nominal operating voltage
of 1960V, the wires deflect by less then 60 µm.

The field wires [47] are tensioned with 155 g
to match the gravitational sag of the sense wires
to within 20 µm. This tension is less than one-
half the tensile yield strength of the aluminum
wire. For cells at the inner or outer boundary of a
superlayer, two guard wires are added to improve
the electrostatic performance of the cell and to
match the gain of the boundary cells to those of
the cells in the inner layers. At the innermost
boundary of layer 1 and the outermost boundary
of layer 40, two clearing wires have been added
per cell to collect charges created through photon
conversions in the material of the walls.

6.3.3. Drift Isochrones
The calculated isochrones and drift paths for

ions in adjacent cells of layer 3 and 4 of an ax-
ial superlayer are presented in Figure 32. The
isochrones are circular near the sense wires, but
deviate greatly from circles near the field wires.
Ions originating in the gap between superlayers
are collected by cells in the edge layers after a de-
lay of several µs. These lagging ions do not affect

Sense

Field
Guard 1-2001

8583A16

Figure 32. Drift cell isochrones, i.e., contours of
equal drift times of ions in cells of layers 3 and 4 of
an axial superlayer. The isochrones are spaced by
100 ns. They are circular near the sense wires, but
become irregular near the field wires, and extend
into the gap between superlayers.

the drift times measurements, but they contribute
to the dE/dx measurement.

6.3.4. Cross Talk
A signal on one sense wire produces oppositely-

charged signals on neighboring wires due to ca-
pacitive coupling. The cross talk is largest be-
tween adjacent cells of adjacent layers, ranging
from −0.5% at a superlayer boundary to −2.7%
for internal layers within superlayers. For adja-
cent cells in the same layer, the cross talk ranges
from −0.8 to −1.8%, while for cells separated by
two layers it is less than 0.5%.

6.4. Electronics
6.4.1. Design Requirements and Overview

The DCH electronic system is designed to pro-
vide a measurement of the drift time and the inte-
grated charge, as well as a single bit to the trigger
system [48] for every wire with a signal. In the
80:20 helium:isobutane gas mixture, there are on
average some 22 primary and 44 total ionization
clusters produced per cm. The position of the
primary ionization clusters is derived from tim-
ing of the leading edge of the amplified signal.
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Figure 55. The difference between (a) the mea-
sured and expected Cherenkov angle for single
photons, ∆θc,γ , and (b) the measured and ex-
pected photon arrival time, for single muons in
µ+µ− events.
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Figure 56. Number of detected photons versus
track polar angle for reconstructed tracks in di-
muon events compared to Monte Carlos simula-
tion. The mean number of photons in the simu-
lation has been tuned to match the data.
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Figure 57. The difference between the measured
and expected Cherenkov angle, ∆θc,track, for sin-
gle muons in µ+µ− events. The curve represents a
Gaussian distribution fit to the data with a width
of 2.5 mrad.

geometry of the DIRC. The number of Cherenkov
photons varies with the pathlength of the track
in the radiator, it is smallest at perpendicular in-
cidence at the center and increases towards the
ends of the bars. In addition, the fraction of pho-
tons trapped by total internal reflection rises with
larger values of | cos θtrack|. This increase in the
number of photons for forward going tracks is a
good match to the increase in momentum and
thus benefits the DIRC performance.

With the present alignment, the track
Cherenkov angle resolution for di-muon events is
shown in Figure 57. The width of the fitted Gaus-
sian distribution is 2.5mrad compared to the de-
sign goal of 2.2mrad. From the measured sin-
gle track resolution versus momentum in di-muon
events and the difference between the expected
Cherenkov angles of charged pions and kaons, the
pion-kaon separation power of the DIRC can be
inferred. As shown in Figure 58, the expected
separation between kaons and pions at 3 GeV/c
is about 4.2σ, within 15% of the design goal.

Figure 59 shows an example of the use of the
DIRC for particle identification. The Kπ invari-
ant mass spectra are shown with and without the
use of the DIRC for kaon identification. The peak
corresponds to the decay of the D0 particle.
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Figure 55. The difference between (a) the mea-
sured and expected Cherenkov angle for single
photons, ∆θc,γ , and (b) the measured and ex-
pected photon arrival time, for single muons in
µ+µ− events.
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Figure 56. Number of detected photons versus
track polar angle for reconstructed tracks in di-
muon events compared to Monte Carlos simula-
tion. The mean number of photons in the simu-
lation has been tuned to match the data.
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Figure 57. The difference between the measured
and expected Cherenkov angle, ∆θc,track, for sin-
gle muons in µ+µ− events. The curve represents a
Gaussian distribution fit to the data with a width
of 2.5 mrad.

geometry of the DIRC. The number of Cherenkov
photons varies with the pathlength of the track
in the radiator, it is smallest at perpendicular in-
cidence at the center and increases towards the
ends of the bars. In addition, the fraction of pho-
tons trapped by total internal reflection rises with
larger values of | cos θtrack|. This increase in the
number of photons for forward going tracks is a
good match to the increase in momentum and
thus benefits the DIRC performance.

With the present alignment, the track
Cherenkov angle resolution for di-muon events is
shown in Figure 57. The width of the fitted Gaus-
sian distribution is 2.5mrad compared to the de-
sign goal of 2.2mrad. From the measured sin-
gle track resolution versus momentum in di-muon
events and the difference between the expected
Cherenkov angles of charged pions and kaons, the
pion-kaon separation power of the DIRC can be
inferred. As shown in Figure 58, the expected
separation between kaons and pions at 3 GeV/c
is about 4.2σ, within 15% of the design goal.

Figure 59 shows an example of the use of the
DIRC for particle identification. The Kπ invari-
ant mass spectra are shown with and without the
use of the DIRC for kaon identification. The peak
corresponds to the decay of the D0 particle.

Ricavare: dimensione pmt  e numero di fotoni rivelati
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be obtained. A position resolution of a few mm
will translate into an angular resolution of a few
mrad; corresponding parameter values are c ≈
3mrad and d ≈ 1 mrad.

However in practice, such performance is very
difficult to achieve in a large system with a small,
but unavoidable amount of inert material and
gaps, limitations of electronics, and background
in multi-particle events, plus contributions from
beam-generated background.

Though in CsI(Tl) the intrinsic efficiency for
the detection of photons is close to 100% down
to a few MeV, the minimum measurable en-
ergy in colliding beam data is expected to be
about 20 MeV, a limit that is largely determined
by beam- and event-related background and the
amount of material in front of the calorimeter.
Because of the sensitivity of the π0 efficiency to
the minimum detectable photon energy, it is ex-
tremely important to keep the amount of material
in front of the EMC to the lowest possible level.

9.1.3. CsI(Tl) Crystals
Thallium-doped CsI meets the needs of BABAR

in several ways. Its properties are listed in Ta-
ble 11. The high light yield and small Molière
radius allow for excellent energy and angular res-
olution, while the short radiation length allows
for shower containment at BABAR energies with a
relatively compact design. Furthermore, the high
light yield and the emission spectrum permit effi-
cient use of silicon photodiodes which operate well
in high magnetic fields. The transverse size of the
crystals is chosen to be comparable to the Molière
radius achieving the required angular resolution
at low energies while appropriately limiting the
total number of crystals (and readout channels).

9.2. Layout and Assembly
9.2.1. Overall Layout

The EMC consists of a cylindrical barrel and
a conical forward endcap. It has full coverage in
azimuth and extends in polar angle from 15.8◦
to 141.8◦ corresponding to a solid-angle cover-
age of 90% in the c.m. system (see Figure 61
and Table 12). The barrel contains 5,760 crystals
arranged in 48 distinct rings with 120 identical
crystals each. The endcap holds 820 crystals ar-

Table 11
Properties of CsI(Tl) .

Parameter Values

Radiation Length 1.85 cm
Molière Radius 3.8 cm
Density 4.53 g/cm3

Light Yield 50,000 γ/ MeV
Light Yield Temp. Coeff. 0.28%/◦C
Peak Emission λmax 565 nm
Refractive Index (λmax) 1.80
Signal Decay Time 680 ns (64%)

3.34 µs (36%)

ranged in eight rings, adding up to a total of 6,580
crystals. The crystals have a tapered trapezoidal
cross section. The length of the crystals increases
from 29.6 cm in the backward to 32.4 cm in the
forward direction to limit the effects of shower
leakage from increasingly higher energy particles.

Table 12
Layout of the EMC, composed of 56 axially sym-
metric rings, each consisting of CsI crystals of
identical dimensions.

θ Interval Length # Crystals
(radians) (X0) Rings /Ring

Barrel

2.456− 1.214 16.0 27 120
1.213− 0.902 16.5 7 120
0.901− 0.655 17.0 7 120
0.654− 0.473 17.5 7 120

Endcap

0.469− 0.398 17.5 3 120
0.397− 0.327 17.5 3 100
0.326− 0.301 17.5 1 80
0.300− 0.277 16.5 1 80

To minimize the probability of pre-showering,
the crystals are supported at the outer radius,
with only a thin gas seal at the front. The barrel
and outer five rings of the endcap have less than
0.3–0.6X0 of material in front of the crystal faces.
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Figure 68. The ratio of the EMC measured en-
ergy to the expected energy for electrons from
Bhabha scattering of 7.5 GeV/c. The solid line
indicates a fit using a logarithmic function.

ln Ei/Ebump, where only crystals with positive
weights, i.e., Ei > 0.0184×Ebump, are used in the
calculation. This procedure emphasizes lower-
energy crystals, while utilizing only those crystals
that make up the core of the cluster. A system-
atic bias of the calculated polar angle originates
from the non-projectivity of the crystals. This
bias is corrected by a simple offset of −2.6mrad
for θ > 90◦ and +2.6mrad for θ < 90◦.

A bump is associated with a charged particle
by projecting a track to the inner face of the
calorimeter. The distance between the track im-
pact point and the bump centroid is calculated,
and if it is consistent with the angle and momen-
tum of the track, the bump is associated with
this charged particle. Otherwise, it is assumed to
originate from a neutral particle.

On average, 15.8 clusters are detected per
hadronic event, of which 10.2 are not associated
with charged particle tracks. At current oper-
ating conditions, beam-induced background con-
tributes on average 1.4 neutral clusters with en-
ergies above 20 MeV. This number is significantly
smaller than the average number of crystals with
energies above 10 MeV (see Section 3).
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Figure 69. The energy resolution for the ECM
measured for photons and electrons from various
processes. The solid curve is a fit to Equation 6
and the shaded area denotes the rms error of the
fit.

9.7. Performance
9.7.1. Energy Resolution

At low energy, the energy resolution of the
EMC is measured directly with the radioactive
source yielding σE/E = 5.0 ± 0.8% at 6.13 MeV
(see Figure 66). At high energy, the resolution is
derived from Bhabha scattering, where the energy
of the detected shower can be predicted from the
polar angle of the e±. The measured resolution is
σE/E = 1.9 ± 0.07% at 7.5 GeV (see Figure 68).
Figure 69 shows the energy resolution extracted
from a variety of processes as a function of en-
ergy. Below 2 GeV, the mass resolution of π0 and
η mesons decaying into two photons of approx-
imately equal energy is used to infer the EMC
energy resolution [90]. The decay χc1 → J/ψγ
provides a measurement at an average energy of
about 500 MeV, and measurements at high energy
are derived from Bhabha scattering. A fit to the
energy dependence results in

σE

E
=

(2.32 ± 0.30)%
4
√

E(GeV)
⊕ (1.85 ± 0.12)%. (9)

Values of these fitted parameters are higher than
the somewhat optimistic design expectations, but
they agree with detailed Monte Carlo simulations
which include the contributions from electronic
noise and beam background, as well as the impact
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calculation. This procedure emphasizes lower-
energy crystals, while utilizing only those crystals
that make up the core of the cluster. A system-
atic bias of the calculated polar angle originates
from the non-projectivity of the crystals. This
bias is corrected by a simple offset of −2.6mrad
for θ > 90◦ and +2.6mrad for θ < 90◦.

A bump is associated with a charged particle
by projecting a track to the inner face of the
calorimeter. The distance between the track im-
pact point and the bump centroid is calculated,
and if it is consistent with the angle and momen-
tum of the track, the bump is associated with
this charged particle. Otherwise, it is assumed to
originate from a neutral particle.

On average, 15.8 clusters are detected per
hadronic event, of which 10.2 are not associated
with charged particle tracks. At current oper-
ating conditions, beam-induced background con-
tributes on average 1.4 neutral clusters with en-
ergies above 20 MeV. This number is significantly
smaller than the average number of crystals with
energies above 10 MeV (see Section 3).
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At low energy, the energy resolution of the
EMC is measured directly with the radioactive
source yielding σE/E = 5.0 ± 0.8% at 6.13 MeV
(see Figure 66). At high energy, the resolution is
derived from Bhabha scattering, where the energy
of the detected shower can be predicted from the
polar angle of the e±. The measured resolution is
σE/E = 1.9 ± 0.07% at 7.5 GeV (see Figure 68).
Figure 69 shows the energy resolution extracted
from a variety of processes as a function of en-
ergy. Below 2 GeV, the mass resolution of π0 and
η mesons decaying into two photons of approx-
imately equal energy is used to infer the EMC
energy resolution [90]. The decay χc1 → J/ψγ
provides a measurement at an average energy of
about 500 MeV, and measurements at high energy
are derived from Bhabha scattering. A fit to the
energy dependence results in
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Values of these fitted parameters are higher than
the somewhat optimistic design expectations, but
they agree with detailed Monte Carlo simulations
which include the contributions from electronic
noise and beam background, as well as the impact
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ln Ei/Ebump, where only crystals with positive
weights, i.e., Ei > 0.0184×Ebump, are used in the
calculation. This procedure emphasizes lower-
energy crystals, while utilizing only those crystals
that make up the core of the cluster. A system-
atic bias of the calculated polar angle originates
from the non-projectivity of the crystals. This
bias is corrected by a simple offset of −2.6mrad
for θ > 90◦ and +2.6mrad for θ < 90◦.

A bump is associated with a charged particle
by projecting a track to the inner face of the
calorimeter. The distance between the track im-
pact point and the bump centroid is calculated,
and if it is consistent with the angle and momen-
tum of the track, the bump is associated with
this charged particle. Otherwise, it is assumed to
originate from a neutral particle.

On average, 15.8 clusters are detected per
hadronic event, of which 10.2 are not associated
with charged particle tracks. At current oper-
ating conditions, beam-induced background con-
tributes on average 1.4 neutral clusters with en-
ergies above 20 MeV. This number is significantly
smaller than the average number of crystals with
energies above 10 MeV (see Section 3).
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9.7. Performance
9.7.1. Energy Resolution

At low energy, the energy resolution of the
EMC is measured directly with the radioactive
source yielding σE/E = 5.0 ± 0.8% at 6.13 MeV
(see Figure 66). At high energy, the resolution is
derived from Bhabha scattering, where the energy
of the detected shower can be predicted from the
polar angle of the e±. The measured resolution is
σE/E = 1.9 ± 0.07% at 7.5 GeV (see Figure 68).
Figure 69 shows the energy resolution extracted
from a variety of processes as a function of en-
ergy. Below 2 GeV, the mass resolution of π0 and
η mesons decaying into two photons of approx-
imately equal energy is used to infer the EMC
energy resolution [90]. The decay χc1 → J/ψγ
provides a measurement at an average energy of
about 500 MeV, and measurements at high energy
are derived from Bhabha scattering. A fit to the
energy dependence results in

σE

E
=

(2.32 ± 0.30)%
4
√

E(GeV)
⊕ (1.85 ± 0.12)%. (9)

Values of these fitted parameters are higher than
the somewhat optimistic design expectations, but
they agree with detailed Monte Carlo simulations
which include the contributions from electronic
noise and beam background, as well as the impact
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Figure 70. The angular resolution of the EMC
for photons from π0 decays. The solid curve is a
fit to Equation 7.

of the material and the energy thresholds.

9.7.2. Angular Resolution
The measurement of the angular resolution is

based on the analysis of π0 and η decays to two
photons of approximately equal energy. The re-
sult is presented in Figure 70. The resolution
varies between about 12mrad at low energies and
3mrad at high energies. A fit to an empirical pa-
rameterization of the energy dependence results
in

σθ = σφ

= (
3.87 ± 0.07
√

E(GeV)
+ 0.00 ± 0.04) mrad. (10)

These fitted values are slightly better than would
be expected from detailed Monte Carlo simula-
tions.

9.7.3. π0 Mass and Width
Figure 71 shows the two-photon invariant mass

in BB events. The reconstructed π0 mass is mea-
sured to be 135.1 MeV/c2 and is stable to better
than 1% over the full photon energy range. The
width of 6.9 MeV/c2 agrees well with the predic-
tion obtained from detailed Monte-Carlo simula-
tions. In low-occupancy τ+τ− events, the width
is slightly smaller, 6.5 MeV/c2, for π0 energies be-
low 1 GeV. A similar improvement is also ob-
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Figure 71. Invariant mass of two photons in BB
events. The energies of the photons and the π0

are required to exceed 30 MeV and 300 MeV, re-
spectively. The solid line is a fit to the data.

served in analyses using selected isolated photons
in hadronic events.

9.7.4. Electron Identification
Electrons are separated from charged hadrons

primarily on the basis of the shower energy, lat-
eral shower moments, and track momentum. In
addition, the dE/dx energy loss in the DCH and
the DIRC Cherenkov angle are required to be
consistent with an electron. The most impor-
tant variable for the discrimination of hadrons
is the ratio of the shower energy to the track
momentum (E/p). Figure 72 shows the effi-
ciency for electron identification and the pion mis-
identification probability as a function of momen-
tum for two sets of selection criteria. The elec-
tron efficiency is measured using radiative Bhab-
has and e+e− → e+e−e+e− events. The pion
misidentification probability is measured for se-
lected charged pions from K0

S decays and three-
prong τ decays. A tight (very tight) selector re-
sults in an efficiency plateau at 94.8% (88.1%)
in the momentum range 0.5 < p < 2 GeV/c. The
pion misidentification probability is of order 0.3%
(0.15%) for the tight (very tight) selection crite-
ria.
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of the material and the energy thresholds.
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The measurement of the angular resolution is

based on the analysis of π0 and η decays to two
photons of approximately equal energy. The re-
sult is presented in Figure 70. The resolution
varies between about 12mrad at low energies and
3mrad at high energies. A fit to an empirical pa-
rameterization of the energy dependence results
in
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Figure 71 shows the two-photon invariant mass

in BB events. The reconstructed π0 mass is mea-
sured to be 135.1 MeV/c2 and is stable to better
than 1% over the full photon energy range. The
width of 6.9 MeV/c2 agrees well with the predic-
tion obtained from detailed Monte-Carlo simula-
tions. In low-occupancy τ+τ− events, the width
is slightly smaller, 6.5 MeV/c2, for π0 energies be-
low 1 GeV. A similar improvement is also ob-
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in hadronic events.

9.7.4. Electron Identification
Electrons are separated from charged hadrons

primarily on the basis of the shower energy, lat-
eral shower moments, and track momentum. In
addition, the dE/dx energy loss in the DCH and
the DIRC Cherenkov angle are required to be
consistent with an electron. The most impor-
tant variable for the discrimination of hadrons
is the ratio of the shower energy to the track
momentum (E/p). Figure 72 shows the effi-
ciency for electron identification and the pion mis-
identification probability as a function of momen-
tum for two sets of selection criteria. The elec-
tron efficiency is measured using radiative Bhab-
has and e+e− → e+e−e+e− events. The pion
misidentification probability is measured for se-
lected charged pions from K0

S decays and three-
prong τ decays. A tight (very tight) selector re-
sults in an efficiency plateau at 94.8% (88.1%)
in the momentum range 0.5 < p < 2 GeV/c. The
pion misidentification probability is of order 0.3%
(0.15%) for the tight (very tight) selection crite-
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Eugenio Paoloni P$a, semina%o PhD maggio ₂₀₁₂

PRESTAZIONI
77

3-2001
8583A42 Photon Energy (GeV)

0 1 2 3

! "
  (

m
ra

d)

0

4

8

12
## $ 0%

MonteCarlo

Figure 70. The angular resolution of the EMC
for photons from π0 decays. The solid curve is a
fit to Equation 7.

of the material and the energy thresholds.

9.7.2. Angular Resolution
The measurement of the angular resolution is

based on the analysis of π0 and η decays to two
photons of approximately equal energy. The re-
sult is presented in Figure 70. The resolution
varies between about 12mrad at low energies and
3mrad at high energies. A fit to an empirical pa-
rameterization of the energy dependence results
in

σθ = σφ

= (
3.87 ± 0.07
√

E(GeV)
+ 0.00 ± 0.04) mrad. (10)

These fitted values are slightly better than would
be expected from detailed Monte Carlo simula-
tions.

9.7.3. π0 Mass and Width
Figure 71 shows the two-photon invariant mass

in BB events. The reconstructed π0 mass is mea-
sured to be 135.1 MeV/c2 and is stable to better
than 1% over the full photon energy range. The
width of 6.9 MeV/c2 agrees well with the predic-
tion obtained from detailed Monte-Carlo simula-
tions. In low-occupancy τ+τ− events, the width
is slightly smaller, 6.5 MeV/c2, for π0 energies be-
low 1 GeV. A similar improvement is also ob-
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in hadronic events.

9.7.4. Electron Identification
Electrons are separated from charged hadrons

primarily on the basis of the shower energy, lat-
eral shower moments, and track momentum. In
addition, the dE/dx energy loss in the DCH and
the DIRC Cherenkov angle are required to be
consistent with an electron. The most impor-
tant variable for the discrimination of hadrons
is the ratio of the shower energy to the track
momentum (E/p). Figure 72 shows the effi-
ciency for electron identification and the pion mis-
identification probability as a function of momen-
tum for two sets of selection criteria. The elec-
tron efficiency is measured using radiative Bhab-
has and e+e− → e+e−e+e− events. The pion
misidentification probability is measured for se-
lected charged pions from K0

S decays and three-
prong τ decays. A tight (very tight) selector re-
sults in an efficiency plateau at 94.8% (88.1%)
in the momentum range 0.5 < p < 2 GeV/c. The
pion misidentification probability is of order 0.3%
(0.15%) for the tight (very tight) selection crite-
ria.
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Figure 72. The electron efficiency and pion mis-
identification probability as a function of a) the
particle momentum and b) the polar angle, mea-
sured in the laboratory system.

9.8. Summary
The EMC is presently performing close to de-

sign expectations. Improvements in the energy
resolution are expected from the optimization of
the feature-extraction algorithms designed to fur-
ther reduce the electronics noise. Modifications to
the electronics should allow for more precise cal-
ibrations. The expected noise reduction should
permit a lower single-crystal readout threshold.
However, this decrease in noise might be offset

by an increase in the beam background that is
expected for higher luminosities and beam cur-
rents.
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Figure 73. Overview of the IFR: Barrel sectors and forward (FW) and backward (BW) end doors; the
shape of the RPC modules and their dimensions are indicated.

linseed oil. The RPCs are operated in limited
streamer mode and the signals are read out ca-
pacitively, on both sides of the gap, by external
electrodes made of aluminum strips on a mylar
substrate.

The cylindrical RPCs have resistive electrodes
made of a special plastic composed of a conduct-
ing polymer and ABS plastic. The gap thickness
and the spacers are identical to the planar RPCs.
No linseed oil or any other surface treatments
have been applied. The very thin and flexible
electrodes are laminated to fiberglass boards and
foam to form a rigid structure. The copper read-
out strips are attached to the fiberglass boards.

10.3. RPC Design and Construction
The IFR detectors cover a total active area of

about 2,000 m2. There are a total of 806 RPC
modules, 57 in each of the six barrel sectors, 108
in each of the four half end doors, and 32 in the
two cylindrical layers. The size and the shape of
the modules are matched to the steel dimensions
with very little dead space. More than 25 differ-
ent shapes and sizes were built. Because the size

of a module is limited by the maximum size of
the material available, i.e., 320×130 cm2 for the
bakelite sheets, two or three RPC modules are
joined to form a gap-size chamber. The modules
of each chamber are connected to the gas system
in series, while the high voltage is supplied sepa-
rately to each module.

In the barrel sectors, the gaps between the steel
plates extend 375 cm in the z direction and vary
in width from 180 cm to 320 cm. Three modules
are needed to cover the whole area of the gap, as
shown in Figure 73. Each barrel module has 32
strips running perpendicular to the beam axis to
measure the z coordinate and 96 strips in the or-
thogonal direction extending over three modules
to measure φ.

Each of the four half end doors is divided into
three sections by steel spacers that are needed
for mechanical strength. Each of these sections is
covered by two RPC modules that are joined to
form a larger chamber with horizontal and verti-
cal readout strips.

The readout strips are separated from the
ground aluminum plane by a 4 mm-thick foam
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10. Detector for Muons and Neutral
Hadrons

10.1. Physics Requirements and Goals
The Instrumented Flux Return (IFR) was de-

signed to identify muons with high efficiency and
good purity, and to detect neutral hadrons (pri-
marily K0

L and neutrons) over a wide range of
momenta and angles. Muons are important for
tagging the flavor of neutral B mesons via semi-
leptonic decays, for the reconstruction of vector
mesons, like the J/ψ , and for the study of semi-
leptonic and rare decays involving leptons of B
and D mesons and τ leptons. K0

L detection al-
lows the study of exclusive B decays, in particular
CP eigenstates. The IFR can also help in vetoing
charm decays and improve the reconstruction of
neutrinos.

The principal requirements for IFR are large
solid angle coverage, good efficiency, and high
background rejection for muons down to mo-
menta below 1 GeV/c. For neutral hadrons, high
efficiency and good angular resolution are most
important. Because this system is very large and
difficult to access, high reliability and extensive
monitoring of the detector performance and the
associated electronics plus the voltage distribu-
tion are required.

10.2. Overview and RPC Concept
The IFR uses the steel flux return of the mag-

net as a muon filter and hadron absorber. Sin-
gle gap resistive plate chambers (RPCs) [96] with
two-coordinate readout have been chosen as de-
tectors.

The RPCs are installed in the gaps of the finely
segmented steel (see Section 4) of the barrel and
the end doors of the flux return, as illustrated in
Figure 73. The steel segmentation has been cho-
sen on the basis of Monte Carlo studies of muon
penetration and charged and neutral hadron in-
teractions. The steel is segmented into 18 plates,
increasing in thickness from 2 cm for the inner
nine plates to 10 cm for the outermost plates. The
nominal gap between the steel plates is 3.5 cm
in the inner layers of the barrel and 3.2 cm else-
where. There are 19 RPC layers in the barrel
and 18 in the endcaps. In addition, two layers of
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Figure 74. Cross section of a planar RPC with the
schematics of the high voltage (HV) connection.

cylindrical RPCs are installed between the EMC
and the magnet cryostat to detect particles exit-
ing the EMC.

RPCs detect streamers from ionizing particles
via capacitive readout strips. They offer several
advantages: simple, low cost construction and the
possibility of covering odd shapes with minimal
dead space. Further benefits are large signals and
fast response allowing for simple and robust front-
end electronics and good time resolution, typi-
cally 1–2 ns. The position resolution depends on
the segmentation of the readout; a value of a few
mm is achievable.

The construction of the planar and cylindrical
RPCs differ in detail, but they are based on the
same concept. A cross section of an RPC is shown
schematically in Figure 74.

The planar RPCs consist of two bakelite (phe-
nolic polymer) sheets, 2 mm-thick and separated
by a gap of 2 mm. The gap is enclosed at the
edge by a 7 mm wide frame. The gap width is
kept uniform by polycarbonate spacers (0.8 cm2)
that are glued to the bakelite, spaced at dis-
tances of about 10 cm. The bulk resistivity of
the bakelite sheets has been especially tuned to
1011–1012 Ω cm. The external surfaces are coated
with graphite to achieve a surface resistivity of ∼
100 kΩ/square. These two graphite surfaces are
connected to high voltage (∼ 8 kV) and ground,
and protected by an insulating mylar film. The
bakelite surfaces facing the gap are treated with
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Table 13
IFR Readout segmentation. The total number of channels is close to 53,000.

# of # of readout # strips strip length strip width total #
section sectors coordinate layers layer/sect (cm) (mm) channels

barrel 6 φ 19 96 350 19.7-32.8 ≈ 11, 000
z 19 96 190-318 38.5 ≈ 11, 000

endcap 4 y 18 6x32 124-262 28.3 13,824
x 18 3x64 10-180 38.0 ≈ 15, 000

cylinder 4 φ 1 128 370 16.0 512
z 1 128 211 29.0 512
u 1 128 10-422 29.0 512
v 1 128 10-423 29.0 512
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Figure 75. Block diagram of the IFR electronics.

exchanges per day.

10.5. Electronics
A block diagram of the IFR electronics system

[101] is shown in Figure 75. It includes the FECs,
the data acquisition, and the trigger.

The FECs service 16 channels each. They
shape and discriminate the input signals and set
a bit for each strip with a signal above a fixed
threshold. The input stage operates continuously
and is connected directly to the strips which act
as transmission lines. A fast OR of all FEC in-
put signals provides time information and is also
used for diagnostic purposes. Two types of FECs

are employed to handle inputs of different polar-
ity for signals from the opposite sides of the gap.
Because of the very low occupancy there is no
provision for buffering during the trigger latency
[99].

Signals from 3,300 FECs are transmitted to
eight custom IFR front-end crates that are lo-
cated near the detector. Each front-end crate
houses up to 16 data handling cards, four trigger
cards and a crate controller card (ICC) that col-
lects data from the DAQ cards and forwards them
to a ROM. There are three kinds of data cards:
the FIFO boards (IFBs) that buffer strip hits, the
TDC boards (ITBs) that provide time informa-
tion, and the calibration boards (ICBs) that in-
ject test pulses into the FECs. To deliver the data
and clock signals to all the boards in the front-end
crate, a custom backplane (PDB) for the standard
6U Eurocard crate was designed using 9-layer
strip line technology. Each board is connected
to the ICC via three point-to-point lines for three
single-end signals (data-in, data-out and clock),
all of the same length and impedance (50Ω).

The IFB reads the digital hit patterns from the
FECs in less than 2.2 ms, stores the data into FI-
FOs and transfers the FIFO contents into one of
the ROMs. Each IFB handles 64 FECs, acting as
an acquisition master. It receives commands via
the PDB, and transmits and receives data pat-
terns from the ROM (via G-Link and ICC). This
card operates with the system clock frequency of
59.5MHz.
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Figure 76. Distribution of the efficiency for all
RPC modules measured with cosmic rays in June
1999. Some 50 modules were not operational at
that time.

rent was very temperature dependent, specifi-
cally, the current increases 14–20% per ◦C. Be-
cause the IR experimental hall does not have tem-
perature regulation this presents a serious prob-
lem. The FECs that are installed in the steel
gaps dissipate 3 W each, generating a total power
of 3.3 kW in the barrel and 1.3 kW in the forward
end door.

During the first summer of operation, the daily
average temperature in the IR hall was 28◦C
and the maximum hall temperature frequently
exceeded 31◦C. The temperature inside the steel
rose to more than 37◦C and the dark currents
in many modules exceeded the capabilities of the
HV system and some RPCs had to be temporarily
disconnected.

To overcome this problem, water cooling was
installed on the barrel and end door steel, remov-
ing ≈10 kW of heat and stabilizing the tempera-
ture at 20–21◦C in the barrel, 22◦C in the back-
ward and 24◦C in the forward end doors. Fig-
ure 77 shows the history of temperature in the
hall and temperature and total dark current in
the backward end door. While the current closely
follows the temperature variations, the range of
change is now limited to a few degrees.

During operation at high temperatures, a large
fraction of the RPCs (>50%) showed not only
very high dark currents, but also some reduc-
tion in efficiency compared to earlier measure-
ments [105]. After the cooling was installed and
the RPCs were reconnected, some of them contin-
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Figure 77. History of the temperature and dark
current in the RPC modules since January 2000.
a) temperature in the IR-2 hall and in the back-
ward end door; b) total dark current in the 216
modules of the backward end door.
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Figure 78. Efficiency history for 12 months start-
ing in June 1999 for RPC modules showing dif-
ferent performance: a) highly efficient and stable;
b) continuous slow decrease in efficiency; c) more
recent, faster decrease in efficiency.

ued to deteriorate while others remained stable,
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Figure 79. Muon efficiency (left scale) and pion
misidentification probability (right scale) as a
function of a) the laboratory track momentum,
and b) the polar angle (for 1.5 < p < 3.0 GeV/c
momentum), obtained with loose selection crite-
ria.

the missing momentum computed from the mea-
sured particles in the final state. The data in
Figure 80 indicate that the angular resolution of
the K0

L derived from the IFR cluster information
is of the order of 60mrad. For K0

L’s interacting
in the EMC, the resolution is better by about a
factor of two.

For multi-hadron events with a reconstructed
J/ψ decay, Figure 81 shows the angular differ-
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Figure 80. Angular difference, cos∆ξ, between
the direction of the missing momentum and the
closest neutral IFR cluster for a sample of φ
mesons produced in the reaction e+e− → φγ with
φ → K0

LK0
S .

ence, ∆φ, between the missing momentum and
the direction of the nearest neutral hadron clus-
ter. The observed peak demonstrates clearly that
the missing momentum can be associated with a
neutral hadron, assumed to be a K0

L. The K0
L de-

tection efficiency increases roughly linearly with
momentum; it varies between 20% and 40% in the
momentum range from 1 GeV/c to 4 GeV/c (EMC
and IFR combined).

10.10. Summary and Outlook
The IFR is the largest RPC system built to

date. It provides efficient muon identification and
allows for the detection of K0

L’s interacting in the
steel and the calorimeter. During the first year of
operation, a large fraction of the RPC modules
have suffered significant losses in efficiency. This
effect appears to be correlated with high temper-
atures, but the full extent of the problem and its
cause remain under study. Thanks to the large
number of RPC layers, this problem has not yet
impacted the overall performance severely. But
present extrapolations, even after installation of
water cooling on the steel, indicate a severe prob-
lem for the future operation. Recently, 24 end
door modules have been replaced by new RPCs
with a substantially thinner coating of linseed oil
and improved treatment of the bakelite surfaces.
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11. Trigger

11.1. Trigger Requirements
The basic requirement for the trigger system is

the selection of events of interest (see Table 14)
with a high, stable, and well-understood efficiency
while rejecting background events and keeping
the total event rate under 120Hz. At design lumi-
nosity, beam-induced background rates are typi-
cally about 20 kHz each for one or more tracks
in the drift chamber with pt > 120 MeV/c or at
least one EMC cluster with E > 100 MeV. Ef-
ficiency, diagnostic, and background studies re-
quire prescaled samples of special event types,
such as those failing the trigger selection criteria,
and random beam crossings.

The total trigger efficiency is required to exceed
99% for all BB events and at least 95% for contin-
uum events. Less stringent requirements apply to
other event types, e.g., τ+τ− events should have
a 90-95% trigger efficiency, depending on the spe-
cific τ± decay channels.

The trigger system must be robust and flexible
in order to function even under extreme back-
ground situations. It must also be able to operate
in an environment with dead or noisy electronics
channels. The trigger should contribute no more
than 1% to dead time.

11.2. Trigger Overview
The trigger is implemented as a two-level hier-

archy, the Level 1 (L1) in hardware followed by

Table 14
Cross sections, production and trigger rates for
the principal physics processes at 10.58 GeV for a
luminosity of 3 × 1033 cm−2s−1. The e+e− cross
section refers to events with either the e+, e−, or
both inside the EMC detection volume.

Cross Production Level 1
Event section Rate Trigger
type (nb) (Hz) Rate (Hz)

bb 1.1 3.2 3.2
other qq 3.4 10.2 10.1
e+e− ∼53 159 156
µ+µ− 1.2 3.5 3.1
τ+τ− 0.9 2.8 2.4

the Level 3 (L3) in software. It is designed to ac-
commodate up to ten times the initially projected
[3] PEP-II background rates at design luminos-
ity and to degrade slowly for backgrounds above
that level. Redundancy is built into the system
to measure and monitor trigger efficiencies.

During normal operation, the L1 is configured
to have an output rate of typically 1 kHz. Triggers
are produced within a fixed latency window of 11–
12 µs after the e+e−collision, and delivered to the
Fast Control and Timing System (FCTS). Data
used to form the trigger decision are preserved
with each event for efficiency studies.

The L3 receives the output from L1, performs a
second stage rate reduction for the main physics
sources, and identifies and flags the special cat-
egories of events needed for luminosity determi-
nation, diagnostic, and calibration purposes. At
design luminosity, the L3 filter acceptance for
physics is ∼90Hz, while ∼30Hz contain the other
special event categories. The L3 algorithms com-
ply with the same software conventions and stan-
dards used in all other BABAR software, thereby
simplifying its design, testing, and maintenance.

11.3. Level 1 Trigger System
The L1 trigger decision is based on charged

tracks in the DCH above a preset transverse mo-
mentum, showers in the EMC, and tracks de-
tected in the IFR. Trigger data are processed
by three specialized hardware processors. As de-
scribed below, the drift chamber trigger (DCT)
and electromagnetic calorimeter trigger (EMT)
both satisfy all trigger requirements indepen-
dently with high efficiency, and thereby provide
a high degree of redundancy, which enables the
measurement of trigger efficiency. The instru-
mented flux return trigger (IFT) is used for trig-
gering µ+µ− and cosmic rays, mostly for diagnos-
tic purposes.

The overall structure of the L1 trigger is illus-
trated in Figure 82. Each of the three L1 trigger
processors generates trigger primitives, summary
data on the position and energy of particles, that
are sent to the global trigger (GLT) every 134 ns.
The DCT and EMT primitives sent to the GLT
are φ-maps. An individual φ-map consists of an
n-bit word representing a particular pattern of
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Figure 82. Simplified L1 trigger schematic. Indi-
cated on the figure are the number of components
(in square brackets), and the transmission rates
between components in terms of total signal bits.

trigger objects as distributed in fixed-width φ re-
gions from 0 to 2π. A trigger object is a quantity
indicating the presence of a particle, such as a
drift chamber track or a calorimeter energy de-
posit. The IFT primitive is a three-bit pattern
representing the hit topology in the IFR. The
meaning of the various trigger primitive inputs
to the GLT are summarized in Table 15.

The GLT processes all trigger primitives to
form specific triggers and then delivers them to
the FCTS. The FCTS can optionally mask or
prescale any of these triggers. If a valid trigger
remains, a L1 Accept is issued to initiate event
readout. The trigger definition logic, masks, and
prescale values are all configurable on a per run
basis.

The L1 hardware is housed in five 9U VME
crates. The L1 trigger operates in a continuous
sampling mode, generating trigger information at
regular, fixed time intervals. The DCH front-end
electronics (FEEs) and the EMC untriggered per-
sonality cards (UPCs) send raw data to the DCT

and EMT about 2 µs after the e+e− collision.
The DCT and EMT event processing times are
4–5 µs, followed by another ∼3 µs of processing
in the GLT to issue a L1 trigger. The L1 trigger
takes approximately 1 µs to propagate through
the FCTS and the readout modules (ROMs) to
initiate event readout. These steps are all ac-
complished within the 12.8 µs FEE buffer capac-
ity limit.

The DCT, EMT and GLT each maintain a four-
event buffer to hold information resulting from
the various stages of the L1 trigger. These data
are read out by the normal data acquisition sys-
tem.

11.3.1. Level 1 Drift Chamber Trigger
The input data to the DCT consist of one bit

for each of the 7104 DCH cells. These bits convey
time information derived from the sense wire sig-
nal for that cell. The DCT output primitives are
candidate tracks encoded in terms of three 16-bit
φ-maps as listed in Table 15.

The DCT algorithms are executed in three
types of modules [106]. First, track segments,
their φ positions and drift time estimates are
found using a set of 24 Track Segment Finder
(TSF) modules [107]. These data are then
passed to the Binary Link Tracker (BLT) mod-
ule [108], where segments are linked into complete
tracks. In parallel, the φ information for segments
found in axial superlayers is transmitted to eight
transverse momentum discriminator (PTD) mod-
ules [109], which search for tracks above a set pt

threshold.
Each of the three DCT modules (TSF, BLT,

and PTD) relies heavily on multiple FPGA’s [110]
which perform the control and algorithmic func-
tions. All cabling is handled by a small (6U) back-
of-crate interface behind each main board.

Track Segment Finder

The TSF modules are responsible for find-
ing track segments in 1776 overlapping eight-cell
pivot groups. A pivot group is a contiguous set
of cells that span all four layers within a super-
layer. The pivot group shape is such that only
reasonably straight tracks originating from the
interaction point can produce a valid segment.
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Table 15
Trigger primitives for the DCT and EMT. Most energy thresholds are adjustable; those listed are typical
values.

Description Origin No. of bits Threshold

B Short track reaching DCH superlayer 5 BLT 16 120 MeV/c
A Long track reaching DCH superlayer 10 BLT 16 180 MeV/c
A′ High pt track PTD 16 800 MeV/c

M All-θ MIP energy TPB 20 100 MeV
G All-θ intermediate energy TPB 20 250 MeV
E All-θ high energy TPB 20 700 MeV
X Forward endcap MIP TPB 20 100 MeV
Y Backward barrel high energy TPB 10 1 GeV

Figure 83 shows the arrangement of cells within
a pivot group. Cell 4 is called the pivot cell ;
the TSF algorithm is optimized to find track seg-
ments that pivot about this cell.

The DCH signals are sampled every 269 ns.
The passage of a single particle through the DCH
will produce ionization that drifts to the sense
wires in typically no more than four of these
clock ticks. Each cell is associated with a two-bit
counter that is incremented at every clock tick for
which a signal is present. In this way, a short time
history of each cell is preserved. For each clock
tick, the collection of two-bit counters for each
pivot group forms a 16-bit value used to address
a look-up-table. This look-up-table contains two-
bit weights indicating whether there is no accept-
able segment, a low-quality segment, a three-layer
segment (allowing for cell inefficiencies), or a four-
layer segment. When an acceptable segment is
found, that pivot group is examined to determine
which of three subsequent clock ticks produce the
highest weight or best pattern.

The look-up-table also contains position and
time information which, along with a summary of
cell occupancies, forms the basis of data sent to
the BLT and PTD. The TSF algorithm uses the
time-variation of the look-up-table weights to re-
fine both the event time and its uncertainty, thus
enabling it to output results to the BLT every
134 ns.

The position resolution as measured from the
data after calibration, is typically ∼600 µm for a

Track
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Figure 83. Track Segment Finder pivot group.

four-layer segment and ∼900 µm for a three-layer
segment. For tracks originating from the IP, the
efficiency for finding TSF segments is 97%, and
the efficiency for high-quality three-layer or four-
layer TSF segments is 94%.

Binary Link Tracker

The BLT receives segment hit information from
all 24 TSF’s at a rate of 320 bits every 134 ns
and links them into complete tracks. The seg-
ment hits are mapped onto the DCH geometry in
terms of 320 supercells, 32 sectors in φ and ten
radial superlayers. Each bit indicates whether a
segment is found in that supercell or not. The
BLT input data are combined using a logical OR
with a programmable mask pattern. The mask-
ing allows the system to activate track segments
corresponding to dead or highly inefficient cells
to prevent efficiency degradation. The linking al-
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Table 17
Level 1 Trigger efficiencies (%) and rates (Hz) at a luminosity of 2.2× 1033 cm−2s−1 for selected triggers
applied to various physics processes. The symbols refer to the counts for each object.

Level 1 Trigger εBB εB→π0π0 εB→τν εcc εuds εee εµµ εττ Rate

A≥3 & B∗ ≥1 97.1 66.4 81.8 88.9 81.1 — — 17.7 180
A≥1 & B∗ ≥1 & A′ ≥1 95.0 63.0 83.2 89.2 85.2 98.6 99.1 79.9 410
Combined DCT (ORed) 99.1 79.7 92.2 95.3 90.6 98.9 99.1 80.6 560
M≥3 & M∗ ≥1 99.7 98.6 93.7 98.5 94.7 — — 53.7 160
EM∗ ≥1 71.4 94.9 55.5 77.1 79.5 97.8 — 65.8 150
Combined EMT (ORed) 99.8 99.2 95.5 98.8 95.6 99.2 — 77.6 340

B≥3 & A≥2 & M≥2 99.4 81.2 90.3 94.8 87.8 — — 19.7 170
M∗ ≥1 & A≥1 & A′ ≥1 95.1 68.8 83.7 90.1 87.0 97.8 95.9 78.2 250
E≥1 & B≥2 & A≥1 72.1 92.4 60.2 77.7 79.2 99.3 — 72.8 140
M∗ ≥1 & U≥5 (µ-pair) — — — — — — 60.3 — 70
Combined Level 1 triggers >99.9 99.8 99.7 99.9 98.2 >99.9 99.6 94.5 970

For a typical L1 rate of 1 kHz, Bhabha and
annihilation physics events contribute ∼130Hz.
There are also 100Hz of cosmic ray and 20Hz of
random beam crossing triggers. The remaining
triggers are due to lost particles interacting with
the beam pipe or other components. The distri-
bution of single track z0 values as reconstructed
by L3 for all L1 triggers is shown in Figure 86.
The most prominent peaks at z = ±20 cm cor-
respond to a flange of the beam pipe. The peak
at z0 = −55 cm corresponds to a step in the syn-
chrotron mask.

The L1 trigger hardware operation has been
very stable. For the first one and half years of op-
eration, there have been only four hardware fail-
ures in the L1 system, mainly auxiliary or com-
munication boards. Occasional adjustments to
the EMT tower mask were used to temporarily
suppress noisy channels in the EMC electronics.

11.5. Level 3 Trigger System
The L3 trigger software comprises event recon-

struction and classification, a set of event selec-
tion filters, and monitoring. This software runs
on the online computer farm. The filters have ac-
cess to the complete event data for making their
decision, including the output of the L1 trigger
processors and FCTS trigger scalers. L3 operates
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Figure 86. Single track z0 for all L1 tracks, re-
constructed by L3.

by refining and augmenting the selection meth-
ods used in L1. For example, better DCH track-
ing (vertex resolution) and EMC clustering filters
allow for greater rejection of beam backgrounds
and Bhabha events.

The L3 system runs within the Online Event
Processing (OEP) framework (see Section 12).
OEP delivers events to L3, then prescales and
logs those which pass the L3 selection criteria.


