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1. Introduction

LASS is the acronym for the Large Aperture Superconducting Solenoid spec-
trometer which is located in an r.f.—separated hadron beam at the Stanford Lin-
ear Accelerator Center. This spectrometer was constructed in order to perform
high statistics studies of multiparticle final states produced in hadron reactions.
Such reactions are frequently characterized by events having complicated topolo-
gies and/or relativély high particle multiplicity. Their detailed study requires a
spectrometer which can provide good resolution in momentum and position over
almost the entire solid angle subtended by the production point. In addition,
good final state particle identification must be available so that separation of the
many kinematically-overlapping final states can be achieved. Precise analyses
of the individual reaction channels require high statistics, so that the spectrom-
eter must be capable of high data-taking rates in order that such samples can
be acquired in a reasonable running time. Finally, the spectrometer must be
complemented by a sophisticated off-line analysis package which efficiently finds
tracks, recognizes and fits event topologies and correctly associates the available
particle identification information. This, together with complicated programs
which perform specific analysis tasks such as partial wave analysis, requires a

great deal of software effort allied to a very large computing capacity.

This paper describes the construction and performance of the LASS spec-
trometer, which is an attempt to realize the features just discussed. The con-
figuration of the spectrometer corresponds to the data-taking on K + and K~
interactions in hydrogen at 11 GeV/c which took place in 1981 and 1982 (here-

after referred to as Experiment E-135).

This constitutes a major upgrade of the configuration used to acquire lower
statistics data on 11 GeV/c K~ p interactions during 1977 and 1978 (Experiment
E-132).

The configuration employed during Experiment E-132 is described briefly in
Chapter 13.



2. An Overview of the Apparatus

The spectrometer, in its E-135 configuration, is schematically represented in
Fig. 1. It is located in an r.f.-separated beam line which can provide clean 7, K or
proton beams of momentum up to 16 GeV/c. Scintillation counter hodoscopes,
two threshold Cerenkov counters, and 10 planes of proportional wire chamber
(PWC) are used to identify and to measure the momentum and trajectory of
each beam particle incident upon the liquid Hj target. The target is situated on

the beam axis just inside the solenoid magnet.

The spectrometer proper consists of a superconducting solenoidal vertex de-
tector (shown in more detail in Fig. 2) having a 22.4 Kg magnetic field parallel
to the beam direction (z), followed by a conventional dipole spectrometer for
which the vertical (y) field component yields a field integral of 30 Kg-m along
the beam axis. Charged tracks emerging from the vicinity of the target are effi-
ciently detected and measufed by the solenoidal spectrometer over a solid angle
which is close to 4 7. However, the corresponding momentum resolution, which is
very good for wide-angle, slow tracks, deteriorates markedly for high momentum
tracks produced at small angles with respect to the beam direction. The ma-
jority of such tracks pass through the dipole spectrometer where their momenta
are very well measured. If follows that the combination of the two spectrometers

yields good momentum resolution over almost the entire solid angle coverage.

The solenoidal magnet has an interior volume 1.9 m in diameter by 4.2 m in
length. The liquid H; target, 85 cm in length, is located on the beam axis at
the upstream end of this volume. A package consisting of six cylindrical PWC’s
surrounds the target and is coaxial with it. These chambers have anode and cath-
ode readout, and provide precise space-point measurements for charged particle
tracks produced at large angles with respect to the beam direction. Downbeam
of the target, there are three PWC’s (with three planes per chamber) mounted
on blocks glued to the solenoid interior wall; these provide full-bore coverage.

A further three PWC’s, having anode and cathode readout, reside in the gaps
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between the solenoid coils; these also provide full-bore coverage except for a dead-
ened region in the high-flux vicinity of the beam. For each of these chambers,
thesdeadened region is covered by a small (~ 26 cm square) PWC having three
readout planes. A PWC hodoscope is located ~ 15 cm downbeam from each gap
chamber. One cathode of this chamber is segmented into pie-shaped zones, and
provides measurements of azimuth about the z direction to a precision of ~ 1.4°.
The downbeam end of the solenoid volume is closed by a 38-cell Cerenkov counter
(C‘l) containing Freon at atmospheric pressure. This provides K — w separation

capability for momenta from ~ 2.6 GeV/c to ~ 9.2 GeV/c.

The Cerenkov counter, C;, is followed by a large time-of-flight (TOF) scin-
tillation counter. This is subdivided into 24 sectors each subtending ~ 15° in
azimuth about the z axis, and provides particle identification information for

momenta up to ~ 2.5 GeV/c.

The dipole spectrometer is centered upon a conventional dipole magnet of
aperture 1.8 m (horizontal) X 1 m (vertical). In the region upstream of the mag-
net there are three magnetostrictive-readout spark (MS) chambers (each of which
has four coordinate planes) and two PWC hodoscopes with 4 mm wire spacing to
provide in-time corroboration of candidate tracks. To allow operation in the high
instantaneous flux conditions prevailing at SLAC, the MS chambers are deadened
in the beam region. However, this region is covered by two small (26 cm square)
PWC’s (three planes each), thereby preventing loss of track-finding efficiency.
Downstream of the dipole, there are four additional MS chambers with four co-
ordinate planes each; these are displaced horizontally so that their deadened
central regions coincide with the average trajectory followed by a beam particle
emerging from the dipole magnet. Timing information in this region is provided
by a 4 mm wire-spacing PWC hodoscope and two hodoscope arrays of scintil-
lation counters. Beyond these hodoscope arrays, a second threshold Cerenkov

counter (Cz) completes the spectrometer instrumentation.



3. The Beam Line

3.1 GENERAL INFORMATION
N
LASS resides at the downstream end of SLAC beam line 20-21.! This beam
line has a 300 kW power capability and contains two R.F. separators. High
quality 7*, K%, p and p beams can be obtained at momenta up to 16 GeV/c at

repetition rates of up to 180 pulses per second.

Typically, the accelerator delivers a 1.6 microsecond burst of electrons 180
times per second. During this burst, electrons arrive in five picosecond bunches
every 350 picoseconds. The number of electrons per pulse is controlled by the
current in the primary electron beam whose momentum is typically 21 GeV/c.
The primary electrons are steered onto a water cooled production target com-
posed of 0.87 radiation length of beryllium preceded by 0.25 radiation length of
copper; the copper radiator is used to enhance the electron shower before the
production target in order to increase the secondary particle lux. The primary

beam is subsequently discarded in a 300 kw beam dump.

The secondary beam has a production angle of 1°. All particles produced at +
3.85 milliradians to this angle are collected and transported down the secondary
beam line. A schematic representation of beam line 20-21 is presented in Fig. 3.

This beam line has four stages:

‘1. F0-F1 is an initial momentum selection stage; F1 is a momentum dispersed
focus; adjustable collimators are set to limit the momentum bite to + 2.5%
and the vertical bite to 0.8”; a fixed Pb filter, 0.125” thick, is provided
for radiation safety reasons; up to three additional 0.125” Pb filters can be
placed in the beam by remote control in order to reduce electron contami-

nation;

2. F1-F2 is the r.f.-separator stage, and contains two travelling wave sepa-
rators; a small-aperture collimator positioned after the separators at the

achromatic focus, F2, provides particle separation; for example, at 11
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GeV/c, n/K and p/K separation are measured as 1/40 and 1/55 respec-
tively; ;

3. F2-F3 is the final momentum selection stage; F3 is a momentum dispersed
- focus; a scintillation counter hodoscope (P) located at F3 measures the

beam particle momentum to + 0.25%;

4. F3-F4, the final stage, produces an achromatic focus just downstream of
the LASS liquild hydrogen target, at a distance of ~ 115 cm from the inside
surface of the solenoid mirror plate; for the operating conditions of E-135
the beam had a spot size which was typically ~ 0.5 (FWHM) in the z — 2z

and y — z planes at this location and contained 4-5 K’s per pulse.

3.2 BEAM LINE INSTRUMENTATION
3.2.1 Primary Beam Instrumentation

Many detectors and monitoring devices are located along the length of the

primary electron beam.[?l The most useful for the experimenter are:

1. I-30 current monitoring toroid. A toroidal current transformer, this device
measures the beam pulse current. This signal, amplified and integrated is

displayed in the control room to give a visual check of the beam intensity.

2. TC-31 steering secondary emission monitors. Located just upstream of
the production target, these devices are used by Accelerator Operations
to monitor beam steering onto the production target. Signals from the
five tungsten wires, three placed horizontally (SEM 55-57) and two placed
vertically (SEM 47-48), are amplified and displayed in the control room to

allow a visual check of the beam steering.



3.2.2 The R.F. Separators

Two travelling wave r.f.-separators RFS1 and RFS2 are located in beam line
20 hetween F1 and F2. They vertically deflect particles according to mass, so that
at F2 the various components of the beam (7, K, p...) have spatially separated
images. A >s.<;.pa,rated beam is obtained by using vertical bending to direct only

the wanted particles through the F2 collimator.

A sinusoidal r.f. | pulse having a frequency of 2856 MHz, an amplitude of 350
kV and a duration of ~ 2.5 usec is fed to the separators before the beam arrives.
Because of their velocity difference, particlés of the same momentum but different
mass produced in the same five picosecond time interval arrive at a particular
separator at different points on the sinusoidal r.f. waveform and, therefore, ex-
perience different electric field strengths. To select a particular particle type, the
phase of the r.f. separator is adjusted such that the resulting deflection is just
balanced by the deflection due to the compensating magnet so that particles of
the selected mass pass through collimator F2. Phase and timing control of the

r.f. separators are available to the experimenter in the control room.
3.2.3 The P-Hodoscope

A scintillation counter hodoscope placed at 22F3 takes advantage of the cor-
relation between momentum and horizontal displacement to measure the momen-
tum of each beam particle. The P-hodoscope (see Fig. 4) consists of six vertical
counters P1-P6, which overlap to form eleven momentum bins. Each bin is 0.24”
wide transverse to the beam and corresponds to a momentum interval of +0.25%
so that the nominal dispersion is 0.48” /% at 22F3. Analysis of 11 GeV/c data

indicates that the expression
P =10.6 +49.5 x 1073n GeV/c

can be used to define the mean incident particle momentum as a function of bin

number, n. From a study of 7-decays it is found that the distribution of beam

9
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momenta about the mean in a given bin has a standard deviation o of 39.7 + 3.3
MeV/c. The P-Hodoscope is also used while beam tuning to center the beam at
22F3 by adjusting 20D3 such that.ﬂPa = Py. |

Y

324 The 8® Hodoscope

The position and direction of the incident beam particle as it enters the tar-
get is given by coordinating measurements from a scintillation counter hodoscope
(6®) 13.1 meters upstream of the LASS solenoid iron and from a series of propor-
tional chambers close to the target. The §® hodoscope comprises two arrays of
12 - 1/2” wide (NE110) scintillation counters; one array measures the coordinate
transverse to the beam horizontally (z), while the other measures it vertically
(y). Each counter is 1/16” thick, and 7” long. The scintillation counters are
individually wrapped in a preformed 0.001” thick aluminum jacket and the array
pressed together to form a 6” x 7” paddle of counters containing a minimum
of dead area between the individual staves. The counters are viewed by RCA
4802 1/2” diameter phototubes, and are packaged so that the entire array can be
removed from the beam line for servicing and returned to position without being

resurveyed.

The 69 hodoscope is stationed along the beam line at a position where the
beam size is very large and the counting rate per counter, low; as a result this
device is useful in triggering the system on events containing one and only one

beam particle, as will be described below.

3.2.5 Cy and Ck

Beam particle identification is accomplished using two threshold gas Cerenkov
counters located just ahead of 22F4. Both counters detect photons emitted in a
narrow cone about the beam direction. These photons are reflected through 90°
by an aluminized plane mylar mirror 0.003” thick into an aluminized parabolic

collecting horn. Either directly, or by reflection from the horn, these photons pass
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through a Dynasil quartz window onto the photocathode of the photomultiplier
tube. The beam windows on both counters are of mylar; the ﬁpstream and
downstream windows of Cy are 0.014” and 0.010” thick, respectively, while both
winfdows of Cx are 0.028” thick. The threshold pressure P, in psia of H; and

CO; for particles of mass m and momentum p is given by:

p(m 2x 5.77 x 104, Hj
" \p 1.72 x 104; CO,
The 7 Cerenkov counter , Cy, is a 6 meter long, 8 inch diameter tube filled with

H; at 40 psia, so that it will count =’s only; Ck is 1.28 meters long and is filled
with CO; at 75 psia and will therefore count both 7n’s and K'’s.

Letting Cx and Ck be counts in the 7 and K counters, respectively, then

Cx - Cx implies a pion, Cy - Ck a kaon and Cy - Ck a proton.
3.2.6 Beam Proportional Wire Chambers

The beam chamber system comprises ten identical planes of proportional
wires. Each wire plane has 64 gold-plated tungsten sense wires, 20 microns in
diameter and separated by 1.016 mm; there are five guard wires equally spaced
on each side. The planes are grouped to form two chamber packages separated
by approximately 1 m. The upstream package has four planes oriented so that
the wires are horizontal, vertical and at +45° to the horizontal. The downstream
package has the remaining six planes; the first two are oriented with the wires
horizontal and vertical, and the last two are oriented at +45° to the horizohtal;
the center pair are oriented like the first pair, horizontally and vertically but
each of these planes is displaced by one half wire spacing (0.508 mm) from its
counterpart in the first pair. This device yields spatial resolution of better than

300 microns as well as angular resolution of better than 0.3 mrad.

An assembly drawing for a typical chamber is presented in Fig. 5. Alu-
minum end caps, O-ring grooves, frames having back to back cathodes, etc., are

indicated.

12
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3.2.7 SE, SY and R(VETO)

Three scintillaton counters provide a clean definition of an incident beam
particle in time and space. The first, SE, is a relatively thick scintillator at the
entry to the LASS building and is a 4” x 4” x 0.375” thick NE110 scintillator.
Its function‘ is to count all particles entrant to LASS, whether beam particles
or “halo,” and to provide the overall timing signal for the fast electronics. It is
made thick to ensure a large signal size having very little time jitter, and is also

used to provide the start pulse for the time of flight system.

SY is a 0.125” thick, 1” diameter counter used to positively tag incoming
particles and R is a 0.5” thick paddle counter with a 1” hole on the beam center-
line; R is viewed with photomultiplier tubes at either end. The counter is used
to veto beam halo. The details of the beam electronics will be given in a later

section.

3.2.8 The X-Y Hodoscope

The beam position, shape and intensity are monitored by a stand-alone beam
steering and profile monitor.}] Two proportional chambers are mounted just
downstream of the beam PWC package already described. Each chamber has 24
wires spaced 2 mm apart, one set horizontally the other vertically. The central
16 wires of each plane are read out each beam pulse. The readout logic receives
the signals, forms a coincidence with the enable gate and strobes this information
into the appropriate registers. The number of beam pulses for a given display
can be selected by front panel thumbwheel switches. The data are displayed as
a histogram on an X-Y scope where the display is held until updated. Hardware
generated vertical lines on the display, representing the expected position of the
center lines of the X-Y PWC detectors, are of help in evaluating the quality of
the beam. The histogram displays the beam position with respect to the beam
center line, its width (in 2 mm bins) and its intensity (by comparing the height

of the histogram to the selected number of pulses).
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The gated nature of this device makes it immune to spark chamber noise and
the stand-alone feature enables it to perform properly when the data acquisition

system is down. Figure 6 shows a typical beam profile.

A

4. The Liquid Hydrogen Target

The liquid hydrogen target in LASS is 33.5” long and 2.125” in diameter
(ID). The target cell is fabricated as two concentric mylar cylinders, the inner
cylinder having a wall thickness of 0.002”. Liquid hydrogen is forced down the
inner cylinder, and returns via the space between the two cylinders. The outer
cylinder is 2.3” in diameter (ID) and has a wall thickness of 0.0075”. The cross
sectional area between the two cylinders is relatively large, so that the target
may be filled with a minimum of pressure. The tubes are wrapped with 10 layers
of mylar super insulation and the assembly enclosed in a vacuum jacket which
is an aluminum cylinder 2.75” in diameter (OD) having a 0.028” thick wall.
The downstream end window is a preformed 0.005” thick mylar cap, while the

upstream window is 0.007” thick.

The design allows target cells of differing lengths and diameters to be in-
terchanged, and presents a uniform azimuthal distribution of mass to particles
leaving the target such that protons of less than 225 MeV/c momentum emitted
at 90° range out in the liquid hydrogen or the container walls. The cell is filled
with subcooled liquid H; at a temperéture of ~ 20° K. The H; is produced using
a variant of a C.T.I. model 1400 refrigerator which takes warm helium gas to ap-
proximately 10°K using multiple cycles of heat exchanging and expansion. This
helium gas is then used as the refrigerant to cool and condense the hydrogen gas
to liquid. This design enables the system to hold a minimum amount of liquid

(less than two liters) and is thus safer than Dewar filled systems.

The density of the liquid hydrogen within the target is monitored by four
vapor pressure bulbs located at the entrance and exit to the target, and three

platinum resistors (Rosemount model 146 MA—2000 Q) located within the target
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FIG. 6. Beam profile from the X — Y hodoscope.

16



cell; the typical density during normal running conditions was 0.0715 gm/cc. Fig-
ure 7 is a schematic of the target cell showing the pertinent physical parameters

and the platinum resistor positions.
LY

5. The Solenoid Spectrometer Package
5.1 THE SOLENOID MAGNET

The LASS solenoid magnet provides a 22.4 kG magnetic field parallel to the
beam direction. The inside diameter of the magnet is 185 cm and its overall length
is 465 cm. Within this volume are placed the H; target, a system of cylindrical
proportional chambers coaxial with the target and a series of planar proportional
chambers of varying design and function. The fiducial region within the bore is
320 cm in length and 75 cm in radius. Within this region the field homogeneity is
better than + 3.1%. Along the beam axis the homogeneity improves to + 0.9%.
The entire magnet bore has been mapped and a grid of values recorded every

2.54 cm in the z direction. Figure 8 shows a typical portion of this mapping.

The solenoid is constructed of four separate superconducting to‘roidal coil-
Dewar units(4 in order to permit intercoil placement of planar proportional cham-
bers. A 200 ton iron flux return path, similarly split in four places surrounds and
supports the coil assemblies. A common liquid helium reservoir is located atop
the solenoid providing the gravity feed of the liquid to the coils. This is shown
schematically in Fig. 9.

The superconductor used is a stabilized, composite, twisted, multi-filament
wire of niobium-titanium. The wire is made by soldering the superconductor
composite between two copper strips to form a rectangular cross section 0.763 x
0.533 cm. The coil is wound directly on the liquid helium vessel inner cylinder
wall. As the coil is wound, a 0.20 inch thick stainless steel support band, and
a mylar insulating strip are wound along with it for mechanical support and

insulation. Cooling by the liquid helium is accomplished from the edges. Each
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of the four toroidal windings has its own predetermined number of turns, the
configuration being.-selected for optimum central field homogeneity consistent

with the requirement of the intercoil gaps and the large downstream end opening.

‘\_The liquid helium vessel is surrounded by a liquid nitrogen cooled radiation
shield and this assembly centered in the vacuum tank by a circumferential series
of tie bolts designed for minimum conductive heat flux to the helium bath. Radial
centering and support are achieved by four low conductance hangers arranged
in a spiral pattern. Various tie rods and hangers were instrumented with stress

bolts to measure the tremendous forces on the assembly caused by the magnetic
fields.

The inductance of the coil is 25 Henries, and the magnet is run at 1600
Amperes. The liquid helium volume is ~ 5000 liters and the heat load is ~
60 I/hour. Refrigeration is supplied by two C.T.I. refrigerators, one a nominal
100 watt refrigerator, the second nominally 70 watt. Either refrigerator alone is
capable of supplying the liquid helium required by the magnet while operating
under current. However, when operated together at half speed they can handle
the magnet and supply additional liquid to a reserve tank. This conservative
design, both of the refrigeration system and of the superconductor itself, has

produced a stable, reliable and safe superconducting magnet.

5.2 THE PROPORTIONAL CHAMBER MECHANICAL PROPERTIES
5.2.1 Common Mechanical Parameters

The proportional wire chambers employed in solenoid tracking are of five
types:
1. the plug chambers;
2. the full-bore chambers;

3. the trigger chambers;

4. the gap chambers;
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5. the cylindrical chambers.

With the exception of the cylindrical chambers described below, these PWC’s

ha\\re a number of mechanical characteristics in common.

"‘The angde wire used is 20 micron gold plated tungsten wire ¥ stretched
to 59 grams tension. The last five wires on either side of a chamber plane are
called “guard wires” and are used to taper the electric field at the edges of the
chamber. These wires have diameters of 1.2, 1.7, 5, 10 and 25 mils and are
soldered to ground traces on the PC boards. The first four are of gold-plated

tungsten, while the last is of copper.

An aluminum-mylar laminate 6] of 0.003” mylar and 0.00033” aluminum has
been used as the cathode material for all of the chambers. This choice allows
the use of PC board fabrication techniques for the many, largely similar cathodes
needed. Artwork for the cathodes is generated using a computer driven photo-
plotter. Some of the cathodes are larger than can be accommodated by the
etching process hardware, so that individual sections must be glued together
along a line of symmetry. To eliminate the possibility of corona discharge, the
edge of each pattern is coated with Scotchcast 221. Electrical contact is made
to these foils by using Dynaloy 326 (1:1), a conducting epoxy, to fasten them to

mating pads on the PC boards which are the chamber frames.

~ The anode to cathode spacing for all of the standard chambersis 0.160”. The
gap chambers to be described later, have an anode-cathode spacing of 0.200”.
These dimensions are defined by chamber frames made for the most part of two
materials. Where PC boards are needed, NEMA grade FR-4 epoxy-fiberglass
laminate is used. Where PC boards are not needed, NEMA grade GPO-2
polyester fiberglass laminate is used as it is cheaper and has better arc track-
ing resistance. All frames are assembled from slabs of the above materials which
have been preground to the exact dimensions. Tolerances of 0.001” are main-
tained throughout. This precision is absolutely necessary for proper chamber

performance.
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Standard PC board techniques are employed throughout to fabricate the PC
boards to which the wires are soldered and the cathode planes epoxied. Layout
techniques using four times magnification or computer assisted layout are used
routinely with a resulting accuracy of + 0.001”. Beam and plug chambers use
sin‘ipIe double sided 1/16” thick PC boards which are surveyed and epoxied into
wells ground into the chamber frames. The full bore chambers use single-sided
copper clad boards 3/16” thick which then have the non-copper side ground
back to the 0.160” dimension necessary. The trigger chambers need double sided
0.160” PC boards. These are constructed as two 1/8” singlesided PC boards,
each having been ground back to 0.080” thick. The two sides are then epoxied

together under pressure making a double-sided board of the proper thickness.

For proper chamber performance, wire placement and wire tension control
must be extremely accurate. Wire placement accuracy of better than + 0.001” is
achieved by centering wires onto presurveyed PC board traces under a binocular

microscope.

Wire tensioning is accomplished by using a wire winder which employed a
minimum of tension and then transferring the wires to the chamber frame where
accurate tensioning could be applied and monitored by an electro-optical tech-
nique. The relationship between the natural frequency of oscillation (f,) of a

stretched wire and the tension (T'), length (L) and mass per unit length (m) is:

P (%)
2L\ m

By measuring the frequency of oscillation, the tension may be calculated. A bar
magnet, which produces a vertical magnetic field, [7] is placed under the wire
while an oscillating current is driven through the wire by an audio frequency
oscillator. The force on the wire is perpendicular to the wire. The frequency of
the oscillator is varied until the wire is observed to oscillate. The use of a TV
camera with a close-up lens (50 mm) and a TV monitor makes observation of this

oscillation easy. Using this technique the uniformity in wire tension is controlled
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to better than + 1% absolute. Furthermore, this technique allows simultaneous

tensioning of many wires.

An aluminum mylar laminate is epoxied to each outer metal frame to provide
a g\as window. The material is the same as that used for the cathodes, and the
aluminum side faces away from the chamber. It is electrically connected to the
metal frame using conducting epoxy thus forming a Faraday cage around the

chamber.

The cleaning, assembly and alignment of a large chamber system cannot be

addressed completely here, however, a few words are appropriate.

The precise assembly of a multi-chamber system involving a large number
of chamber frame parts, could in principle demand a costly and time-consuming
dependence on exacting machining tolerances. In order to avoid this, a table
was developed with precision placement of alignment pins. Corresponding over-
sized (cheap) holes were made in each chamber frame, and when the frame was
mounted on the table brass bushings obtained by parting rings from commercial
brass bearing bushing stock (having a very precise bore) were placed about the
alignment pins; the annular space between each bushing and the frame was then
filled with epoxy. Half-inch diameter alignment pins were used; these serve as
survey bushings for chamber placement, and are strong enough to pilot a cham-
ber to a predetermined place should that be necessary. Printed circuit boards
and cathodes were aligned and survéyed with respect to these bushings. The end
result of this technique is that all planes of a similar type in one chamber are
interchangeable with the corresponding plane of any other chamber. This is a
crucial aid in scheduling the completion of such a large system. Furthermore, by
placing the wire frame over the alignment pins before the wire tensioning exer-
cise, it is assured that the shape of the frame when placed in the chamber will

not differ from what it was before the wires were attached.

All of the chambers are fully modular; O-rings of silicone rubber allow easy

assembly and disassembly for changes, cleaning and repair. Chambers are wired,
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cleaned and assembled in a clean room. The chamber preparation prior to as-
sembly consists of dunking each frame, wire or cathode, into a filtered bath
of chlorothene-VG and then into one of Freon TF. The wires are then visually

scanned and any remaining lint, hair, etc., removed.

.

~Using these techniques, a system of over 17000 wires and cathode pads has
been constructed which has worked reliably for many years. A detailed descrip-
tion of each chamber type follows; the accuracy and resolution of these devices

will be discussed in detail later.

5.2.2 The Plug Chambers

The plug proportional chamber system is designed to provide accurate in-time
coordinates for tracks in the vicinity of the beam axis. The active area is ~ 260
mm square, and the chamber frame dimensions are large enough to mount directly
onto the gap chamber support frame, thus presenting no additional material
within the solenoid fiducial volume. The spatial resolution of each chamber
plane is 0.29 mm. The gap chamber/plug chamber package is inserted between
the solenoid coil sections as shown in Fig. 1. In the region between the solenoid
and dipole magnets (the Twixt region) plug chambers also serve as the only
source of information for particles along the beam line. This is the case because
each of the magnetostrictive chambers in this region has been deadened in the
vicinity of the beam by the inclusion of a polyurethene foam plug, a procedure
made necessary by the high instantaneous flux at SLAC and the long memory

time of these devices.

Each plug chamber has three sense wire planes; one horizontal, one vertical
and one oriented at 35° to the horizontal (with the wires in the first and third
quadrant looking downstream). The wire spacing is 1.016 mm. Each plane has

256 sense wires with five guard wires on each side.

In outer dimension these chambers are 79” square, with frames 5-5/8” wide.

The first and last frame of each chamber is made of stainless steel to allow
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the thinnest frame possible while maintaining adequate support. Figure 10 is a

simplified asSembly drawing of a plug chamber.

The cathodes are etched on aluminum mylar laminate 14” wide ‘x 72” long
in ‘\a flag pattern with an active area 13” square. The long lead from chamber
fralﬁe to cathode is covered with Scotchcast 221 so that it will not function as
a chamber cathode. The ends of the cathode strip are stretched and epoxied to
the frame. Additionall&, six narrow strips of mylar are epoxied to the sides of
the cathode active area then stretched and epoxied to the frame to provide the
lateral tension necessary to keep the cathode flat. To minimize the thickness of

the final package, two cathodes share a common frame (Fig. 10, frames 5 and 7).

The wires are 70” long, and are stretched perpendicular to their respective
cathode strips. They must be supported at two places interior to the frame to
prevent them from oscillating or in anyway leaving the median plane. Two 1”
wide mylar strips 11” apart are stretched across the wires and epoxied to the
frame. A dab of ECO COAT-OP-2 epoxy is placed on each wire to fasten it to
this mylar support strip.

To ensure the gap spacing remains 0.160” six polyurethene spacers (1/2”
square) have been epoxied onto the cathode. These spacers do not touch the
wires, but rather rest on the wire support strip or touch their mates on the

opposite cathode.

Electrical connection to the chamber is accomplished using coaxial cable to
be described later. Each plane requires 256 connections (a 257th wire is used as
an antenna for noise detection), so that each chamber has 768 separate signal

cables attached.
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5.2.3 The Full Bore Chambers

The purpose of the full bore chambers is to provide “in-time” coordinate cov-
erage of as much of the interior bore of the solenoid as possible. The paramount
mechanical constraint is that, once installed, these chambers are not readily ac-
cessible for repair. It was this constraint primarily which forced the decision to
place no electronics on any of the proportional chambers, thereby maximizing
the detector area and reliability at once. Three full bore chambers are in use in
LASS, as shown in Fig. 2. The spatial resolution of each chamber plane is 0.58

mim.

Each full bore chamber has three sense wire planes; one horizontal, one ver-
tical, and one oriented at 45° to the horizontal, with the wires in the second and
fourth quadrant looking downstream. The wire spacing is 2.032 mm and each

plane has 640 sense wires (wire 641 is the antenna).

To maximize the area covered within the solenoid, the chamber frame was
chosen to be an octagon of outer diameter 72”. This yields an unobstructed
interior area whose diameter is approximately 55”. Figure 11 is a schematic of a

typical wire frame

The top three and bottom three frame sections are 0.160” thick single sided
G10 PC boards, as described earlier. The wires are soldered and epoxied directly
to them. Viking edge connectors (3VH40/ICND5) are soldered to the same board

(10 connectors per plane) to allow connection to the signal cable PC cards.

It is necessary to support the sense wires at two places as shown in Fig. 11
to avoid electrostatic instability. [8] The two support wires are 18.5” apart, and
this is the largest unsupported length in the chamber. The support wires are 24
gauge PVC insulated solid hookup wire; ECOCOAT OP-2 is again used to fasten
each sense wire to the support wire. A potential can be applied to these wires
to reduce the size of the insensitive region around them. These support wires

provide ideal locations for the mounting of polyurethene (6 1b/ft3) spacers which
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ensure a constant 0.160” chamber gap. The spacers, 0.25” square and 0.160”
thick, are shaved so that they do not touch any sense wires, and epoxied (with
scotchcast 225) dlrectly to the support wire. Ten spacers are used, as shown in
Fig. 11, positioned on the centerline, and at 9.25” and 18.5” from the centerline
in each direction. Spacers are essential on chambers this size as the electrostatic

force between cathode and anode is approximately 500 grams.

The cathode plane is shown schematically in Fig. 12. The pattern is chosen
to limit the anode to cathode capacitance. Since the width of the actual cathode
is greater than 48”, a cathode is composed of three sections taped and epoxied
together. Each of the cathode strips is connected to the H.V. bus via a 22
megohm—% watt resistor. Connection is made to the foil by first connecting it
to a copper strip with conducting epoxy and then soldering the resistor to this

copper strip and the H.V. bus.

The first and last frames of this chamber are the supporting cover frames and
are made of aluminum. The up beam frame is 0.75” thick while the down beam
frame is 0.875” thick. The planes are arranged so that they are in the order y
(horizontal wires) z (vertical wires), and e (45° wires), as seen by the incoming
beam particle. Furthermore, each cathode is mounted on its own G-10 frame so

that the wire plane to wire plane spacing is 0.480”.

A unique feature of this chamber is the method chosen to mount it within the
sc->lenoid, and the method used to make electrical connection to the wires. Since
there are no electronics on the chamber, connection must be made to the wires
via the cables mentioned earlier—in this case, 640 signals per chamber plane for
a total of 1920 signals per chamber. A large support ring is fabricated which
holds all the cable terminating PC boards in predetermined locations. This ring
is prefit to a particular chamber in the laboratory so that all 30 PC boards mate
with their respective edge connectors exactly. The ring is then removed to the
solenoid and mounted on blocks previously epoxied to the solenoid interior. The

cabling then proceeds from amplifier to support ring. When the chamber is to
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be mounted, it is merely pushed toward this ring along alignment pins, and all
1920 electrical connections are made simultaneously as the chamber is seated.
This procedure ha.s‘-been repeated" successfully as new chambers have been added
to the LASS spectrometer. Figure 13 is a photograph of a completed full bore

chamber.

5.2.4 Trigger Chambers

The trigger chambers serve two purposes. They too cover the full interior
bore of the solenoid and are octagonal in cross section. However, only cathode
pads, which are etched in a particular pattern are read out. The number and/or
location of the pads on which signals are induced can serve as the source of a
trigger for event selection. Furthermore, as these are “in-time” devices, they can
be used as “tracking” chambers, i.e., broad “roads” can be sketched through the
pads and data from other chambers when compared to these roads can be used
to judge the quality of a given candidate trajectory. The etched pattern of the
cathode can be changed to suit a particular experiment and, in fact, the two

cathodes of a particular chamber need not be identical.

Each trigger chamber has one plane of sense wires and two cathodes. The
sense wires are not read out but are held at positive high voltage. They are
spaced 4.064 mm apart. For stability of operation, support wires, similar to
those described for the full bore chamber, are used on the anode wires. They are
spaced 19” apart and 19.125” from the frame edge. Ten polyurethene spacers,

0.160” thick, similar to those already described, are likewise included.

The anode wires are shorted together into groups of from 15 to 17 by the PC
board artwork. Each group is separately connected to the high voltage via its

own 22 M 1 resistor.

One cathode is intended to help in track-finding during data analysis, and,
therefore, requires good angular and spatial resolution. The track cathode for

Experiment E-132 and E-135 is shown in Fig. 14 and comprises three areas, viz.
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an inner circle divided into eight sections (these are not data taking regions but
are used like the antenna wires discussed for the plug and full bore chambers)
and two rings each kbroken into 12é sections. The 256 pads so formed are read out
and give 1.4° angular resolution and spatial resolution dictated by the ring radii.
(r1 = 10.5cm, 2 = 24cm, r3 = 24.2cm, r4 = 71.2cm). The trigger cathode on the
other hand, is designed with a specific physics goal in mind, and is, therefore,
much more Iikely to ch;mge from experiment to experiment. The pattern used in
E-132 and E-135 is shown in Fig. 15 where it can be seen to again comprise three
regions: an inner one—the antenna, and two annular regions, one having eight
sections (angular resolution of 45°) and one having 16 sections (angular resolution
of 22.5°). The radii are: r; = 2cm, rp = 4cm, r3 = 4.1cm, ry = 71.1cm. The
traces carrying the signals through gaps between the radial sections are 1.016
mm wide and the gap between trace and radial section is 0.762 mm wide. This
allows reliable traces which do not break in fabrication and gaps large enough to

reduce to a few percent capacitive coupling between pickup pad and trace.

It should be noted that these cathodes are larger in both directions than the
48” maximum material width, so that they too must be made in two sections.
Due to the symmetry of the pattern, however, only one artwork is necessary. The
two sections are joined at a line of symmetry as follows: Scotch Brand adhesive
tape, 0.25” wide and 0.002” thick is used on the mylar side of the cathode to
fix the two patterns the appropriate distance apart. The adhesive tape is then
covered with Scotchcast 225 polyurethene resin, followed by a strip of mylar 1”
wide and 0.003” thick. This mylar covering seals in any chemical outgassing from
the tape, and effectively buries the sticky edges which might tend to pick up lint
in the assembly process. This same procedure is used for the full bore chamber

cathodes.

Signals from the track cathode (256 in all) are brought out of the solenoid
in a fashion similar to that employed for the full bore chambers viz., using the
Brand-Rex cable bundles (eight in all) to be described later. Since there are
only 24 of them, signals from the trigger cathode are brought out by epoxying
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copper strips to the G-10 frames and using conducting epoxy to connect them
to the cathodes. Separate 93 (1 cables (microdot miniature cable number 293-
3953-0000) are soldered to these copper strips and carry the signals out of the

solenoid.

Figure 16 shows the overall shape of the trigger chamber. The phenolic blocks
which mount the chamber to the solenoid are also shown. Figure 17 is an edge
view of this chamber‘ which demonstrates the chamber assembly and the mating
with the cable termination. The G-10 frame nearer to the gas manifold is a
spacer frame. A special phenolic handle is bolted to the cable PC cards so that
they can be pulled into the edge connectors to make the requisite contact. After
insertion, the handles are bolted in place for strain relief. The congested nature
of the interior of the solenoid (which now has three full bore chambers and three
trigger chambers and their associated cables) is the reason for belaboring the

issue of cable management.

5.2.5 The Gap Chambers

The gap chambers are planar proportional chambers designed to completely
cover the inner bore of the solenoid with “in-time” detectors which have a high ef-
ficiency for detecting multiple hits. Further, these chambers are the first of a new
series of proportional wire chambers which employ both anode and cathode strip
readout within the same gap. Thus, two advantages are realized; firstly, since
a cathode signal is induced by an anode avalanche, space points can be recon-
structed whose z-location is that of the wire plane; and, secondly, the problem of
handling multiple hits is simplified by pairing coordinates having approximately
equal total charge on each cathode foil. A more complete description of these
chambers is given in Ref. 9. Each of these chambers shares a common frame
with a plug chamber, and the whole assembly resides in the gap between adjacent
coils of the solenoid, hence the name gap chamber. They are deadened in the

center to a radius of 8.255 cm by the inclusion of mylar barriers epoxied to each
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cathode, so that the high intensity beam region does not fill the central strips

with data, thereby causing ambiguities and overlaps.

Each planar chamber has one plane of anode wires and two cathodes. The
anode plane is composed of 758 vertical sense wires spaced 2.032 mm apart. Four
equally spaced horizontal support wires leave a maximum unsupported length

“of 12.4”. Sixteen polyurethene spacers (0.25” square x 0.2”) epoxied to these
support wires serve the function of maintaining the gap width. The calculated

electrostatic force between the anode plane and a cathode plane is 1400 grams.

The half gap for this family of chambers is 0.200”. The insulator frames are
ground to 0.200” thick with wells cut in them into which the sense plane PC
boards (%” thick) are epoxied. The chamber frames are square with an inside
opening of 62”. The frame wall width is 7.5”. The cathode frames, similarly,
have wells for the cathode PC boards (three types) to which the etched chamber
cathodes are epoxied. The cathodes comprise three sections, and after they are
assembled, stretched and epoxied to the frames, small 22 gauge wires soldered to
the cathode PC boards are bent over the cathode pads and electrical contact is
made with conducting epoxy. The cathodes themselves, although stretched over
square frames, have a pattern which is octagonal (see Fig. 18). They are etched
into strips which are 0.270” wide, and which are separated by 0.050” (the longest
strip length is 61.4”). The upstream frame strips are oriented at 45° to the
vertical sense wires in the second and fourth quadrant looking downstream The
downstream cathode has its strips oriented at 90° to the upstream cathode viz.
in the first and third quadrant looking downstream. Each of the cathodes has
been surveyed after mounting on its support frame so that deformations caused
by stretching can be taken into account in the coordinate reconstruction.[1% In

order that the two cathodes have common artwork, a spacer frame 0.200” thick

is inserted between the upstream cathode and the wire frame.

The chamber is operated with positive high voltage on the anode sense plane,

while the cathode planes are at ground potential. An isolation capacitor (470 pf
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at 6 kV) is used on each anode wire to protect the readout circuitry.

The anode electronics is digital in that a wire is either hit or not. The cathode
strip readout is analog, i.e., the pulse height on each of the strips is retained. The
objective in building chambers of this type is to be able to use a series of pulse
heights on adjacent broad strips for the precise determination of a coordinate
somewhere on one of the strips. Details of the resolution so obtained will be
presented bélow; resolution values for anode and cathode of 0.59 mm and =
0.2 mm are attained, the latter demonstrating that good spatial resolution can
be achieved with the strip pitch substantially larger than the half gap, thereby

resulting in a significant savings in readout electronics costs.

5.2.6 The Cylinder Package

Six proportional cylinders were designed and built at the NRC shops at Car-
leton University to surround the liquid hydrogen target. The design emphasis
was to create a low mass detector for both transverse and forward particles, which
provides large solid angle coverage, and yields dual coordinate readout from each
gap. These chambers have anode wires of 20 micron gold-plated tungsten par-
allel to the beam axis; small angle stereo is provided by helical cathode strips
at + 10° to the axis for cylinders 1-4 and + 15° for cylinders 5 and 6. In Ta-
ble I a compilation of the relevant physical parameters for the cylinder package

is presented.

The cylinder construction [11] consists of a double cylinder of aluminum mylar
laminate and paper honeycomb (Hexcel) resulting in a thickness of approximately
0.11 gm/cm?. For each cylindrical detector, the inner cylinder supports the inner
cathode and the anode wires, while the outer cylinder supports the outer cathode.
The anode to cathode spacing is determined by Rohrcell foam rings at either end.
The gas seal is provided by a layer of RTV exterior to these rings. The cathodes
themselves are etched on the aluminum mylar laminate and have the strip widths

listed in Table I.
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Table 1

Cylinder Anode Number of Cathode Pitch* Anode/Cathode Number of Number of Stereo
Number Radius Anode Sense (mm) Gap (mm) Strips on Strips on Angle
{(cm) Wires Inner Cathode Outer Cathode
1 6.05 190 5.00 4.775 70 82 10°
2 9.55 300 5.00 4.775 114 126 10°
3 12.99 408 8.00 5.093 98 106 10°
4 16.55 520 8.00 5.093 126 134 10°
5 29.41 9241 10.352 5.767 175 182 15°
6 49.02 1540t 10.352 5.767 204 301 15°
Planar
Chamber — 758 8.13 5.080 192 192 45°

+ Pitch is defined on a circle perpendicular to the axis.

t For the anode readout, four wires are read out together as one coordinate. Adjacent
wires are connected together at the chamber, then near the amplifiers adjacent wires

are again grouped together on a PC board.




FIG. 19. A photograph of the cylindrical proportional chamber package attached
to the solenoid upstream mirror plate.
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The anode wire spacing is approximately 2 mm, and the cylinder active length
is 100 cm (cylinders 5 and 6 are 87 cm long). The anode wires are supported at
mid-length by a lucihte support riné which has an insulated charge leakage wire
attached and to which the anode wires are glued with Humaseal. Fig. 19is a
photograph of the cylinder package mounted to the inner surface of the upstream

flux return disk of the LASS solenoid.

5.2.7 The Proportional Hodoscopes

Three proportional wire chambers were built by the Johns Hopkins University
Physics Department for inclusion in the LASS spectrometer. Their location is
indicated in Fig. 1 where they appear just downstream of the time of flight
hodoscope and on either side of the dipole magnet. For ease of reference, they will
be referred to as Hodoscope 1, 2 and 3 proceeding from upstream to downstream.
Each chamber has a single plane of 512 vertical wires spaced 4.233 mm apart, and
provides in-time corroboration for tracks found by conventional spark chambers
in the Twixt and Downstream regions. Hodoscope 2, the last to be built, has
additional cathode readout which provides coarse y-coordinate information. A

brief summary of their physical characteristics is presented in Table II.

Table I1
The Proportional Hodoscope Mechanical Properties
Fiducial Fiducial
Chamber Length Height Depth Width Height
1 96” 82” 4.5” 210 cm 178 cm
2 96" 82” 7.5” 210 cm 178 cm
3 96” 60” 7.5” 210 cm 120 cm

Each chamber consists of two hollow aluminum frames providing structural
support for the wire and cathode planes. Both the wire and cathode plane frames
consist of 3/16” fiberglass boards onto which 1/16” G-10 printed circuit boards

are epoxied. This results in a nominal half gap of 0.25”. The planes are stacked
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one atop the other with 0.125” thick O-rings between each gap to provide the gas
seal. A fourth G-10 frame is added as a spacer. An additional pair 6f aluminum
frames, each formed of 0.25” x6” pié.tes, is inserted between the G-10 frames and
the aluminum support frames to provide rigidity. These additional frames also
serve to support the mylar gas windows and the gas manifold. A cross section
of the chamber frames is shown in Fig. 20. The alignment of the plane stack
is achieved by 0.5” diameter stainless steel pins spaced every 10.7” around the
perimeter of the chamber. All the drilling of the frames and the alignment of the

pins was done with a single master template.

Chambers 1 and 3 have similar cathodes. They consist of an aluminum
wire-polyester filament mesh, (0.0085” Al wires (Alloy #5056-H392) spaced ap-
proximately 28 per inch, and 0.0085” polyester filaments spaced similarly). The
mesh is stretched and glued to the G-10 frame, with the electrical connection to
the P.C. board being made with conducting epoxy. Care is taken in stretching
these mesh cathodes so that the tension is adequate to reduce their deflection to
less than 10% of the gap width when under the influence of the attractive electro-
static force. Chamber 2 has cathodes made of aluminum mylar laminate similar
to that used on all other LASS proportional chambers. These foils are etched
into horizontal strips 131—2” wide x 39” long with 11—6” spaces between them. The
strips are divided into two sections about the vertical center line so that there are
64 readout strips along each side for a total of 128 readouts. Each cathode strip

has a series 200 pf capacitor for electrical isolation. The corresponding strips

from each cathode are connected together to increase the signal strength.

The sense plane on all three chambers consists of 50 micron diameter wire.
Chamber 3 has Beryllium-Copper (4% Be - 96% Cu) wire, while chambers 1 and
2 use gold-plated tungsten wire electrolytically etched. The tungsten wire was
chosen for its greater tensile strength (600 gm for Au-W vs. about 250 gm for
Be-Cu). The actual tension applied to the wires in stretching is 250 gm for the
Au-W wire and 190 gm for the Be-Cu wire. This tension is adequate to counter

the electrostatic instability discussed earlier, obviating the need for support wires.
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After the wires are stretched to the proper tension they are soldered to the PC
boards on the sense frame. Special care is taken to use low temperature solder
and to apply as littleh heat as possit;ie; Be-Cu wire anneals easily, becomes brittle
and breaks, whereas the gold tends to evaporate from the tungsten wire leaving

tungsten which will not adhere to the solder if temperatures are too great.

After assembly, the mylar gas windows are covered with aluminum mylar
laminate and 'grounded to the chamber frame, providing an r.f. shield and pre-

venting photoionization of the gas inside the chamber.

5.3 THE PROPORTIONAL CHAMBER ELECTRONICS

The proportional chambers in LASS are serviced by two electronics systems;
an anode readout system [*213] which is digital, and a cathode readout system(l
which is analog. Both systems have been designed with the objective of maxi-
mizing the usable detector area within the confines of the LASS solenoid while at
the same time increasing the reliability of the system by removing all electronics
from the chambers to a position of easy access; this latter feature was considered

to be of paramount importance.

The stated objectives are achieved by using double shielded properly termi-
nated 95 ohm miniature coaxial cable leading to rack-mounted electronics.[15] A
cable bundle consists of eight strands of Brand Rex cable T5563 for a total of 64
signals carried by one cable bundle. The bundle is terminated at both ends by
PC cards which also provide strain relief. After electrical connection, the cables
are potted to the PC boards to make the assembly more rugged. A typical cable

is shown in Fig. 21.

The stability of the system is enhanced by having the electronics properly
cooled, thus preventing large temperature variations from affecting electronic
thresholds and delays. The systems have been designed to perform well under
conditions of high instantaneous data rate and low duty cycle. The anode system

presently comprises 14000 channels, while the cathode system has 3000 channels.
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FIG. 21. A photograph of the cable bundle used in LASS.
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5.3.1 The Anode Electronics

The proportional chamber readout system stores each wire’s data in a 40
MHz “shift register” while a decision to retain the event is made. System delay,
resolving time, and storage time are adjustable parameters, and multiple hits
on a wire, within the storage time, are retained. Cable cross talk is reduced
substantially by the use of an input transformer, while the r.f. pick-up is reduced
to a negligible level by the use of a separate ground sheath which also provides
a strengthened ground connection between chamber and amplifier. Figure 22 is

a schematic representation of the grounding scheme employed.

The heart of the front end amplifier circuit shown in Fig. 23 is a fast, inex-
pensive video amplifier (1 733) which is AC coupled to a Fairchild p 760 high
speed differential comparator. The AC coupling does, of course, limit the duty
cycle of the circuit. It is, however, ideal for the SLAC duty cycle of 1.5 u seconds
of beam every 5.5 milliseconds. The trigger threshold of the 760 has been set so
that 100 1V signals developed across the 100 Q2 input impedance can be detected
and stable operation achieved in the laboratory. In the experiment, the threshold
is set to 200 u V.

The output of the 760 is stretched to 60 ns by a 74123 retriggerable multivi-
brator and presented to the input of a pair of Intel 3101 random access memories.
The address lines of the memory are cycled, so that in effect, the memories behave
as’if they were a shift register. It shéuld be noted that the use of a multivibrator
does not imply the usual dead time associated with monostable devices, since
coincidence timing is not done with the trailing edge of this pulse. When a pulse
arrives, it is loaded into a memory location. If it is broadened by the passage of a
second particle, additional memory locations are loaded as well. Thus the circuit

has no dead time. Figure 24 shows further details of the 3101 memory system.
- The advantages of this system are:

1. The time necessary to reach a decision to retain the information is an

adjustable parameter of the system as a whole.

50



PROPORTIONAL

WIRE CHAMBER ALUM-MYLAR AMPLIFIER CARD

LAMINATE SHEATH
#i>>AMP#l

k4i>AMP*8
{ 1

16 AMPS/CARD

286142

1

Y'Y

A,
Y

FIG. 22. A schematic representation of the grounding scheme used in the anode
electronics.

51



TO CHAMBER GROUND
——

-
f
=+

112 IN456

I ¥t

1000 uH
PE30052

20003 §2oon

—0+4.75V

O'Olfi: 750 0.33uH

p——— A ) 4 LYYV

= O.OI;J.FJIZ :']I':O.Olp.f:
[~ 2N5769
L

7M
L]

Q@FAST
74123 ouT

TEST | €0ns
-9 .
Q
I00pF 2000
T TO 3101
~ TEST MEMORIES
TO CHAMBER GROUND
- —— o — e — o — 1
| 7 0.33uH
=+ 1»————'\/?/8 - e 2aa" ©0-4,75V
0.0l uF ==

0.0lHF

280784

FIG. 23. A schematic drawing of the anode electronics “front end.”

52



—— 16 DATA LINES
i — L Qp - Q5 /BOARD
3 l S iKa (4 ARE SHOWN HERE)
w Cs 7438
— 8 p-
—°3 memory 3
Bo-B3 DQ, (DATA)
i &QZ(DATA)
[¢ DATA)
§ 4/ e
74123
6ons | rest Q Dc SERIAL OUT
1 CLK—oQ—READ CLOCK
3 7474
wes D——<><}——SER|A|_ ™
—1Po 3101 Qop— 7
] A p—— o<} RESET
—P3 memory 93P —
e }— T
/ADDRESS LINES
& ﬂ<}— Thoos
@ ' <}> TA/TB
ﬂ_ WRITE
ENABLE

28588

FIG. 24. A schematic detail of the anode electronics 3101 memory section.

53



2. The resolving time is a post hoc adjustable parameter of each wire of the
system. Data are stored for an adjustable but rather large time window for
each wire (150-300 ns typica.liy). Since time information is retained within
this window in 25 ns increments, background counts are not a problem. A
software cut can be made which selects the relevant time region (called time
slot below) within a window which is typically about 100 ns wide so that
the smallest practiéal resolving time consistent with high efficiency may be

achieved.

3. The time window for data storage can be as large as 800 ns, so that more
than one piece of information per wire may be detected and retained within

this time.
4. There are no dead time losses in the system.

5. System tests, driven under computer control (or manually) can completely

certify the system to insure its integrity prior to the experiment.

6. The electronics are compatible with the need for conventional spark cham-
bers in close proximity. When the 3101 memories are in the “Read” mode,
spark chamber induced noise will not be written into the memories. There

is no evidence of such pick-up.

Measurements have been made which demonstrate that a pulse separation of
only 24 ns is adequate to retrigger and observe a second pulse on a single wire.
When coupled to a beam chamber with 1 mm wire spacing additional measure-
ments have shown better than 96% efficiency when measuring 25 particles in a
1.5 pusec pulse or in an instantaneous flux of 3 x 108 particles per second per wire.
The dynamic range of measurable signal voltage is in excess of 1000. The cross
talk rejection ratio from neighboring channels is about 330 : 1. A noise level of
about 40 uvolts is observed (to be compared to the minimum threshold of 200

pvolts).

An additional feature of this circuit is that it performs identically in the

detection of positive pulses if the input transformer is replaced with an inverting
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transformer having the same electrical characteristics (e.g., P.E. 30066).

A useful feature included for each channel is the “Cluster Logic” circuit[16}
shown in Fig. 25. The output of the 74123 feeds a signal to the cluster “chain”
whose output gives an analog signal proportional to the number of clusters
(groups of consecutive wires) hit within one chamber plane. This output, am-
plified and fed into a commercial discriminator is useful in multiplicity-type fast

logic triggers to be described later in this paper.

5.3.2 The Cathode Electronics

In order to detect the induced charge deposited on PWC cathodes, a system
has been developed which is versatile, fast, and has a good signal to noise ra-
tio for signals as low as 10714 Coulomb input. The system is partially CAMAC
based and allows for computer calibration of each channel from amplifier through
ADC. The pulse height on a cathode strip is retained and digitized using this
system, and this information then used in three ways. Firstly, a non-linear re-
lationship between position within the central strip of a cluster and the ratio of
the central strip pulse height to the pulse height on neighbor strips is developed
from which accurate position information can be abstracted. Also, when calcu-
lating three dimensional space points in situations where more than one particle
passes through the chamber, the number of trial combinations of one cathode
signal with those on the other cathode is reduced by comparing pulse height
su;ns and pairing cathode coordinates of similar total charge. Finally, the total
charge detected by the cathodes can be related to the primary ionization due
to the passage of a charged particle through the gap, thereby providing particle

identification information at low momentum (S 800 MeV/c).
The system comprises five primary elements:
(a) the input cable;
(b) the low noise amplifier;

(c) the output cable and its termination;
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FIG. 25. A schematic of the cluster logic circuit.
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(d) the SHAM-IV integrator, and;
(e) the BADC.

The input cable has been discussed previously, and the BADC has been
described elsewhere.l!7l This section will emphasize the characteristics of the

amplifier and integrator circuits.

The propbrtional chamber amplifier has been designed to give low noise am-
plification with moderately fast response (less than 10 ns rise and fall times).
It is also designed to operate while separated from the proportional chamber
by cable lengths of up to 10 meters or more. These three requirements, viz.
good bandwidth, tolerance of input cable capacitance and low noise, tend to be
contradictory. As a compromise solution, the input stage employs an FET in
common gate configuration with the dynamic source resistance set equal to the
cable characteristic resistance. The input cable is now a terminated transmission
line, so that the amplifier receives all the time information inherent to propor-
tional devices. Figure 26 is a simplified schematic of the amplifier circuit. A
gain of 100-4000, as set by a single resistor, is possible, and at a gain of 500 an
input noise of 1.5 fC has been measured. Linearity of better than 1% for an
output range of 10 mV to 4 V has been achieved, and the crosstalk rejection from

adjacent channels is 52 db.

- This amplifier can be used to service either polarity input signal by the ma-
nipulation of three jumpers per channel provided on the four layer PC board.
The amplifiers are packaged 16 per PC board and 16 PC boards per crate. Each
amplifier has circuitry for generating the analog sum of eight adjacent channels
and circuitry to provide a TTL output if the analog sum pulse height is greater

than an adjustable value.

On each card, the capability is provided to strobe a voltage step function onto
a precision 5 pf capacitor at the input to each amplifier for computer calibration

of the entire system. Alternate channels can be calibrated separately.
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FIG. 26. A schematic of the cathode readout amplifier circuit.
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The output cable consists of 32 twisted pairs, each separately shielded, and
the entire assembly again shielded with a group shield. One cable services two
amplifier cards and 6ne SHAM—IV. The cable has a characteristic impedance of
51 1 and a velocity of propagation of 0.559 c¢. The cable serves the dual function
of transmitting the signal to the SHAM-IV and providing the delay necessary to
time these signals into coincidence with the event gate. A cable length of 70.5
meters is necéssa.ry, which has the unfortunate side effect of dispersing the signal.
A pole zero termination circuit shown in Fig. 27 is used to restore the signal to
its original width—at the expense of pulse height as shown, and at a signal to

noise degradation of about 50%.

The SHAM/BADC system has been in use at SLAC for many years. The
system as designed, receives 32 channels of analog information, stores it and
presents it to an analog multiplexer. Each module is a single width CAMAC
module. Twenty modules can be accommodated within one crate. The modules
within each crate are scanned by an autonomous controller containing a sin-
gle ADC, with memory and arithmetic capability for offset, gain, and linearity
corrections. The SHAM-IV module designed for use in LASS is a fast charge
integrator. Pulses in the range of 0-300 mV (differential) and approximately 50
ns wide at the base line are received, amplified, and a charge proportional to
the integrated area under the pulse stored on a FET-isolated, 100 pf storage ca-
pacitor, provided only that the pulse fall within the “event” gate, which can be
as narrow as 100 ns. The reset pulse, which precedes the event gate, shorts the
storage capacitor to ground just prior to the integration process. This pulse can
also be used to abort an event and rearm the SHAM to accept a second pulse

within the SLAC beam spill.

Figure 28 presents a schematic block diagram of the SHAM-IV circuit. The
SHAM-IV is fabricated on a four layer PC card. The inner ground plane is
extended to the edge of the input connector at the front panel for maximum
crosstalk reduction. The input impedance of the circuit is set by resistors R1

and R7, which are user-defined in the range 0 < R < 1 K 1. Transistors Q1A
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FIG. 27. (a) A schematic of the pole zero termination circuit; (b) The signal
pulse at the amplifier when driving 51 Q; (c) The signal pulse after 70.5 meters
of cable into 51 £1; and (d) The signal pulse after the cable, properly terminated.

60



DIFF. CURRENT INTEGRATOR CAP QUTPUT BUFFER
AMP SOURCE BOOTSTRAP AND GATES BUFFER MUX AND GATE
—i2V A——0 +12V
ge 24 cw
| \.’]_
teav e

= 1,

+12v —-la2v

v+ V-
IN OUT ’

EN
Hi—506A

i1

SD5000

oy -
, \
LV Lerr |

054 ‘GVf
|

(R) RESET GATE ~ Lo
(6) INT. GATE ~ —d  b—nu
SIGNAL INPUT ——A————

MUX INPUT
OUTPUT GATE —m————— T

1010 ANALOG OUT —— ——— F=====% ssaes

FIG. 28. A schematic diagram of the SHAM-IV circuit.
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and Q1B are connected as a differential voltage amplifier with a differential gain
of approximately 10. This pulse then drives a bootstrapped current source Q2
and Q3A, B. The bootstrap circuit Q3A, B provides positive feedback to the
collector of Q2 thereby raising the effective impedance of R12 to > 100 K2. AC
coupling capacitors C2 and C3 are chosen to limit bandwidth and thereby reduce
noise. Q4 is a shunt switgh which grounds the pulsed current source whenever the
integrator gate is in the non-conducting (high Z) state. This reduces feedthrough
to the storage capacitor of spurious input pulses which might occur just ahead
of the integration gate time. Q5B is the integrator gate. Q5A performs the
reset function by discharging the storage capacitor C4 to ground just prior to
opening the integrator gate. Ul is a FET input operational amplifier with an
input impedance of 1.5 T 2 and a voltage gain from the + input of +1. From
this point onward the analog multiplexing, buffering and CAMAC control logic
are identical to other modules in the SHAM family.

The SHAM-IV input range is 0-150 pC resulting in an analog output range
of 0-4 V. Use of a 12 bit ADC yields a sensitivity of 0.0366 pC/channel. The
SHAM-1V specifications are summarized in Table III.

The BADC controls the analog multiplexing of a CAMAC crate of up to 20
SHAM-IV modules, i.e., 640 channels, digitizes the analog data and executes the
microprogrammed algorithms for thg data handling and corrections. The BADC
employs a 12 bit ADC which requires a conversion time of approximately 2 usec.
At LASS, a system employing six BADCs is in operation. Data transmission
time is reduced to a minimum since the BADCs only transmit “good” data, i.e.,
data higher than a programmable threshold value. Each data word transmitted
is accompanied by its functional label-gap or PWC cylinder number, cathode
number and strip number-making further address decoding unnecessary. The
BADC must be used in conjunction with the SLAC Type U CAMAC Crate

Controller. [18]

The use of the SHAM/BADC concept results in a savings of both dollars and
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Table III

Summary of SHAM-IV Characteristics

Number of Channels
Analog Input
Analog Z;,,

Gain

Output Noise
Integral Lineaﬁty
Integrator Droop
Gate Feedthrough
Integrator Slew Rate
Analog Output
Analog Z,y;

Delay, Input to Integrator Capacitor
Delay, Gate Input to Gate On
Channel Offset Range

Output Offset Range

Inst. Gate

Reset Gate

Reset Time

CAMAC Requirement

CAMAC Response
Power Supply Requirements

Analog Input Connector

Gate, Reset, and Analog Out Connector

32

0-150 pC Diff. (Z;,, = 510Q2)
Selectable (typical 51 1)

37.5 pC/V Diff.

~ 1 mV RMS

~2% 04V

8%/ usec; gate open

< 60 db

50 V/us

Oto+4V

< 150 0

5 ns

20 ns

100 mV

250 mV

1 T?L Load - Logical 0 Enable
1 T2L Load - Logical 0 Enable
50ns Min.

Read CHO-15 N - A - F(0) -S1
Read CH16-31 N - A - F(1) - 81
X output

+ 6V 125 ma

- 6V 310 ma

+ 24V 575 ma

- 24V 350 ma

Card edge fingers to mate with Viking 3VH36/1JN5

LEMO
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labor. The cost of the ADC, CAMAC crate, and type U controller is amortized
over 640 channels. The micro-program developed to guide the BADC proved

more than adequater and is used unchanged.

A detailed description of the performance of the gap and cylindrical chambers
employing this electronics system, including a discussion of spatial resolution and
the use of pulse height information to reduce multiple hit ambiguities will be

presented in a later section.

5.4 THE PWC GAS SYSTEM

Each of the proportional chambers described above works best when using

the variant of “magic gas” mixture described in Table IV.

In the selection of a gas delivery system, there were three options available
to provide the correct mixture for each type of PWC. The first option, that of
buying gas premixed was rejécted on the basis of cost. The second option, that
of buying the four constituents and mixing them dynamically was rejected due
to the complexity of the system and its sensitivity and susceptibility to change.
In order that the quality of the PWC gas would not be a variable in diagnosing
chamber problems and that the composition of the gas could be predictably
delivered whatever the demand, a third option was chosen for LASS. This option
involves batch mixing the gas and qualifying it before delivery to the chambers.
This third option differs from option one in that the storage tanks are larger,
they are hard plumbed in and reside in a temperature controlled environment
and furthermore the cost per ft3 of delivered gas is about a factor of ten less than

buying it premixed.
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Table IV

Gas Varieties

<9

Mixture % % % Maximum Tank
Type Isobutane Methylal Freon 13B1 Argon Tank Pressure Size

Plug 20 4 0.25 Balance 95 Ib/abs 33 ft3

Full Bore 30 4 0.25 Balance 76.6 1b/abs 33 fit3
Hodoscope/TRIG 30 6 0 Balance 79 1b/abs 15 ft?
Gap & Cylinder 20 4 0.5 Balance 95 1b/abs 33 ft3




For each set of chambers there are two tanks. While gas is being delivered
from one tank, a new batch is beipg prepared in the second. After sufficient
time has been allowed for the gas to become homogenized it is tested as being
qualified for delivery and placed in the stand-by mode. When the first tank
empties, appropriately phased pressure regulators enable automatic switching to

the stand-by tank, and the filling process is repeated.

Figure 29 shows schematically the essential details of the system. The filling
procedure begins by evacuating the tank. The correct partial pressure of methylal
is obtained by filling a measured column with methylal liquid and then allowing
it to flash to vapor in the manifold preceding the tank. The desired partial
pressure of each of the remaining constituents (isobutane, Freon 13B1 and argon)
is obtained by adding the gas to the mix until the pressure as measured on a
precision absolute pressure gauge indicates the correct value viz. the sum of
the previously injected partial pressures for those gases in the tank and the
constituent being added. Because of the small amount of Freon 13B1 required,
it is very difficult to add the correct amount by the above method, so a 2%

concentration of Freon 13B1 in argon is used as the source of this constituent.

Homogenization is achieved by allowing the methylal, isobutane, and Freon
mixture to stand for about eight hours in the tank before adding the final charge
of Argon which brings about the full tank pressure. Once fully charged a full
24 hours delay is imposed for furthér homogenization. Each tank is, of course,

supplied with a heater tape to speed up this process as much as possible.

The maximum total pressure of a mixture depends on several factors. For
LASS the storage tanks are inside the building, where the temperature never
drops below 15° C during the winter months. Hence, the partial pressures of the
methylal and the isobutane should be less than the vapor pressures of these sub-
stances at e.g., 10° C to avoid mixture instabilities and condensation. Consider
the full bore chamber mixture as an illustration. The vapor pressure of methylal

as a function of temperature is given by Logio P = 7.6265 — %@[19] where K =
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FIG. 29. A circuit diagram for the proportional chamber gas mixing station.
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temperature in °K and P = pressure in Torr at 10°C, P = 4.22 psia. For a 4%
methylal concentration, the maximum tank pressure is then 105.5 psia. For a 30%

concentration of isobutane, the partial pressure is 31.65 psia. The vapor pressure

882.80[20]
K-33

of isobutane as a function of temperature is given by LogioP = 6.74808 —

at 10°C, P = 31.87 psia.

The desired partial pressure is 31.65 psia, which is less than the vapor pressure
just calculated and hence Pro7 4 of 105.5 psia is a suitable pressure. In practice,
this was dropped to 95 psia for additional security. In addition, all pipes and
tanks were provided with tape heaters to further ensure that the temperature
never dropped below 15°C. An auxiliary heated boiler for the methylal liquid
was also installed to provide the heat of vaporization at a speed rapid enough to

prevent subcooling of the liquid.

To monitor the quality of the gas mixtures just described, the following
method has been developed. The most direct evidence of the suitability of a
particular gas mixture for a particular chamber type is obtained by actually us-
ing the gas in question in a chamber of the type desired. To this end, a series of
test chambers was constructed having 0.160” half gap spacings and wire to wire
spacings of 0.040” (~ 1 mm); 0.080” (~ 2 mm); and 0.160” (~ 4 mm). Each
chamber has only a few wires (< 16) each, which are only a few inches long, and

which are ganged together to a single readout.

‘ The test proceeds only after the gas in question has aged for at least 24
hours. The apparatus is shown schematically in Fig. 30. A Strontium 90 source
(roughly 1.4 p curie) is collimated and illuminates the chambers. A scintillation
counter (a 1/2” diameter disc of NE110 glued directly to a 56AVP phototube)
senses the particle passage. The chamber electronics provides both a digital signal
and an analog signal. The analog signal is pulse height analyzed by a LeCroy
QVT module and displayed. The digital signal is used in coincidence with the
scintillation counter signal to gate the pulse height analyzer. The peak position

and width are recorded as well as the current drawn by the chamber itself.
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FIG. 30. A schematic of the PWC gas testing system.

69




Figure 31 is a quantitative measurement of the pulse height as a function of
the gas composition for each chamber type. For reference, a curve of pulse height

vs. voltage for the canonical gas mixture is displayed alongside.

It is a virtue of this system that mistakes in mixing a gas cause the pulse
height to rise and can even cause the test chamber to spark. This test easily
catches mixtures which would tend to destroy the chamber. On the other hand,
should the pulse height drop, one can choose whether or not to compensate for

it with the chamber operating voltage or just dump the gas and mix it again.

Experience over many years of operation has shown that batch to batch
variations are small for gas which has been correctly mixed. The purging time
of the test chamber is on the order of a few minutes. When the subject gas has
been properly aged, the test procedure proceeds quickly and a tank of gas, good

for four to seven days use is validated.

5.5 GENERAL COMMENTS

Figure 2 shows the position of the various proportional chambers within the
LASS solenoid. Particles emanating from the target at wide angles, encounter
six proportional cylinders and have 12 coordinate measurements made along
their trajectories. Particles emerging in the forward direction have from 18-27
separate coordinate measurements along their helical trajectories depending on
the trajectory parameters. Table V lists the position along the beam direction of
the various planar detectors in the solenoid and the equivalent material thickness
in radiation lengths of each; the origin is defined to be 115 cm upstream of
22F4 and corresponds to the inside surface of the upstream mirror plate of the
magnet. Figure 32 is a schematic of the various chambers showing their readout

characteristics and conventions.
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FIG. 32. A schematic of the various proportional chambers emphasizing their
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Table V
Solenoid Detectors

Chamber "z Coordinate Thickness
of in% ofa
Central Plane Radiation Length
Plug 1 122.4 0.344
Gap 1 ] 130.0 0.163
Trigger A V 141.9 0.156
Full Bore (1.5) 166.2 0.330
Plug 2 199.7 0.344
Gap 2 207.3 0.163
Trigger B 219.0 0.156
Full Bore (2.5) 243.4 0.330
Plug 3 276.9 0.344
Gap 3 284.5 0.163
Trigger C 296.1 0.156
Full Bore (3.5) 321.0 0.330
Total 2.98 %

6. The Dipole Spectrometer
6.1 THE DIPOLE MAGNET

The dipole magnet used in LASS is a conventional water cooled aluminum
coil 70D43 magnet which has been modified to have a vertical gap opening of
102.1 cm. The pole pieces are 177.8 cm in the horizontal (x) direction and 109.2
cm along the beam direction (z). Figure 33 is an isometric drawing of the original
unmodified 70D43 magnet while Fig. 34 is an engineering drawing highlighting
the changes implemented in the Mark II design presently in place. The magnet
was modified to include an extra pair of coils so that a maximum field of 18.0

kG and a field integral of 30.1 kG—meters can be achieved.

In order to achive maximum uniformity the four pancake coils are connected

electrically as follows: Coil 1 and Coil 4 (see Fig. 34) are connected in series
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FIG. 33. An isometric drawing of the 70D43 magnet as it looked originally with

a 59.7 cm gap and only one pair of coils.
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the LASS dipole.

75




as are coils 2 and 3, a.nd these two assemblies are run in parallel to the magnet
power supply. A current of 7050 Amps is used to achieve the maximum field, but
at times a current of only 3750 Amps was used to achieve a =~ 2/3 field strength
configuration (the field integral then is ~ 21.0 kG—meter). Figure 35 is a typical
full field map showing the various field components as a function of z position

within the dipole.

To achieve these high currents in a conventional magnet, and keep the op-
erating temperature below 70°C the water pressure is raised from 265 1b/in? to
340 1b/in? resulting in a flow rate of at least 8 gallons/min. This was the first
dipole to run successfully while employing high pressure Imperial Eastman hose

to effect this change.

The final modification to the magnet was to thicken the magnetic mirror
plates from 3” to 6” in order to reduce the fringe magnetic field in the vicinity
of the magnetostrictive chamber readout wands. Typical fringe field plots are

shown in Fig. 36.

6.2 AN OVERVIEW

The dipole spectrometer is that part of LASS which is designed to measure
with good resolution those particles of large longitudinal momentum which pass
through the solenoid at low angle viz. the fast forward particles. It consists of the
conventional dipole magnet previously described surrounded by magnetostrictive
spark chambers and proportional devices. Figure 37 is a schematic layout of
the dipole spectrometer detailing the type and position of the various detectors,
while Table VI and Table VII list the detectors, their position along the beam

line, and their thickness in terms of radiation lengths.
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FIG. 35. A typical full field map for the LASS dipole.
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Table VI

The Twixt Detectors

Name z Position Thickness
of in% ofa
Center of Device Radiation Length
TOF 573.1 2.480
JHUP 587.8 0.850
Plug 4 602.6 0.344
MS1 618.1 0.730
MS 2 662.9 0.730
MS 3 686.3 0.730
JHXY 708.6 0.238
Plug 5 n7.7 0.344
Total 6.44 %

6.3 THE TWIXT REGION

The twixt region is that region just downstream of the LASS solenoid and
upstream of the LASS dipole. It is ~ 150 cm in length and has within it the TOF
counter and the spark chambers and proportional devices indicated in Table VI.
The TOF array consists of 24 pie-shaped scintillation counters with TDC and
ADC readout. In addition to its primary role concerning particle identification,
this device provides in-time corroboration for the track finding algorithm used
in the twixt region. Two proportional hodoscopes—already described— provide
z (horizontal) coordinate information and further in-time corroboration for the
tracking. The beam region, which is deadened in the magnetostrictive chambers,
is covered by two plug proportional chambers (also described previously) each of
which provides three coordinates (z, y and e) of proportional in-time information.
Finally, each of three large spark chambers with magnetostrictive readout covers
an area of 150 cm vertically by 300 cm horizontally. Each consists of two spark

chamber gaps, one yielding z and y coordinates, the other yielding coordinates
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at + 30° to the = (horizontal) axis. All are deadened in the central beam region.

A detailed description of these chambers is presented in Section 6.5.

Within this region there exist a large number of out-of-time background
tracks and many very low energy particles created by scattering in C; and the
TOF counter. Because of the long memory time of magnetostrictive chambers,
these background particles create a large number of coordinates in the MS sys-
tem. In the reconstruction process to be described later, much use needs to be
made of the in-time information provided by the TOF counter, the proportional
hodoscopes and plugs to sort out the problem. Correct correlation with tracks in

the downstream region is also essential for high efficiency track reconstruction.

6.4 THE DOWNSTREAM REGION

The region just downstream of the LASS dipole is instrumented with one
proportional hodoscope, four large magnetostrictive chambers, two scintillation
counter hodoscopes and a final Cerenkov counter (C3). Two of the MS chambers
are identical to the twixt chambers, but two are larger (=~ 200 cm in height by
400 cm in width). In the latter chambers the inclined coordinates are at + 25°
to the = coordinate (horizontal) axis. The center of each of the downstream MS
chambers is shifted slightly from the beam center line in the horizontal direc-
tion to correspond to the trajectory of a beam particle as it leaves the dipole.
Two large segmented scintillation counter hodoscopes HA and HB complete the
package and provide good in-time information to the tracking algorithm. Table
VII lists the location and thickness of the various detectors in the downstream

region.
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Table VII

The Downstream Detectors

Name z Position Thickness
of in% ofa
Center Radiation Length
JHDN 1043 0.850
MSD1 ) 1075 0.730
MSD2 1126 0.730
MSD3 1176 0.730
MSD4 1227 0.730
HA 1247 1.67
HB 1267 1.67
Total 711 %

6.5 THE MAGNETOSTRICTIVE CHAMBERS
6.5.1 The Mechanical Design

Seven magnetostrictive spark chambers are used in the LASS Spectrometer
Their design emphasizes reliability and an ability to operate at high repetition
rate while maintaining high multiple spark efficiency. They must operate in a
region between two large magnets and will, therefore, experience rather large
stray magnetic fields. Finally, the spatial resolution required of these chambers
must be good and uniform across the entire active area of the chamber. The
success with which each of the above objectives has been achieved as well as a

general description of the chambers themselves is discussed below.

Each of the chambers contains two gaps, each gap consisting of two parallel
planes of wires, one at high voltage, and the other at ground potential. The width
of the gap is 1.0 cm. Wire cloth(?!] consisting of parallel aluminum wires with
cross-woven polyester fibers is stretched over G-10 frames to form these planes.

The pitch of the aluminum and polyester wires is 28.5 wires per inch. The ground
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and high voltage planés of one gap have a mutually orthogonal orientation of the
aluminum wires in the mesh so that an z (horizontal) and y (vertical) coordinate
could be read out for the gap. The other gap of the chamber consists of wires
oriented at + 30° from the vertical for five chambers and at + 25° for the two
larger chambers. The active area of the five smaller chambers is 150 cm X 300
cm while that for the remaining two is 200 cm X 400 cm. The center to center
distance between the two gaps is 6.2 cm. An aluminum foil-mylar laminate is
placed 0.160” away from each plane of the chamber exterior to the gaps. The
high voltage foil is attached to the same high voltage bus bar as the high voltage
plane, at eight points on one side of the chamber and to a number of terminating
resistors at the far side. The ground side foil was grounded. These foils serve
to make the gap appear as a terminated transmission line to the high voltage
pulser thereby contributing to the high multiple spark efficiency. Figure 38 is
a schematic diagram of the mechanical characteristics of the magnetostrictive

chambers, while Fig. 39 is a photograph of one of the large chambers.

The chambers are built and equipped to accommodate two wands per readout
plane. In practice, the y coordinate planes and the remaining three planes in the
two smaller downstream chambers were read out using only one wand. For the
other planes, the two wands overlapped and a third centrally-located fiducial
pulse delimited the coordinate range to be used on each wand. In the twixt
region, this was necessary because of the sizeable £ component of the magnetic
field; for the large chambers in the downstream region, it meant that the wands
could be kept to a manageable length, thereby reducing attenuation losses and

non-linearity effects.

Each chamber has a small polyurethene plug installed at beam center-line to
prevent sparking in the region of the beam. The size of these plugs and other

mechanical details are shown in Table VIII.
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FIG. 38. A schematic diagram of the mechanical characteristics of the magne-
tostrictive chambers.
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FIG. 39. A photograph of one of the large magnetostrictive readout spark chambers.
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Table VIII
Magnetostrictive Chambers

Meéchanical Details

I 1 1
Distance between fiducials (cm)
Chamber Plug Radius Active Area measured along coordinate axes
(cm) Width x H (cm) z y e p
MS1 3.81 297.7 X 150.4 159 161 128 128
) - 159 — 210 211
MS 2 3.81 297.7 X 150.4 159 161 127 127
159 —_ 212 212
MS 3 3.81 297.7 X 150.4 159 161 128 128
159 — 210 211
MSD 1 7.62 297.7 X 150.4 317 161 344 339
MSD 2 7.62 297.7 X 150.4 317 161 339 339
MSD 3 7.62 396.2 X 198.1 206 208 225 225
206 — 224 224
MSD 4 7.62 396.2 X 198.1 206 208 225 225
206 — 225 225

— no second wand is present

The gas used in the chambers is 90% Neon and 10% Helium recirculated
through the chambers at a rate which will replace their volume every four hours.
The gas is purified by a two stage molecular sieve purifier with the second stage
purifier immersed in liquid nitrogen. No electro-negative gases are used for
quenching. The purity of the gas emerging from the purifier is monitored by
measuring the pulse rate of a simple neon spark gap relaxation oscillator. The
spark rate of this oscillator is sensitive to even small impurities in the gas, so this

device provides an early detection of problems with the purifier or of leaks.

6.5.2 The Magnetostrictive Chamber Electronics

Each plane or half-plane of each chamber is read out by a magnetostrictive
wand(?2] and the spark location digitized by means of a 20 MHz 16 bit modular

scaling system capable of recording up to 15 sparks per wand.[23]

Figure 40 shows schematically the electrical circuits which service the spark
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FIG. 40. A schematic diagram of the electronics circuits which service an MS chamber.
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chamber. A high volt#ge pulse is applied to the chamber gap using an ITT F103
thyratron(?4 to switch eight 200 foot charge lines. This results in a 6 kV pulse
of approximately 320 nanoseconds duration on the chamber gap. The thyratrons
are triggered by the event trigger. A D.C. clearing field of 50 volts is applied to
the ground plane bus bar, which is isolated from D.C. ground by capacitors. At
the end of each beam pulse, a pulsed clearing field of about 200 volts is applied
for 3 millisecohds to cleaxi out old sparks and ionization. The chambers are run at
rates of about 20-30 triggers/second (although they have been successfully run at
100 triggers/second in the laboratory) with a deadtime (minimum time between
events) imposed of 15 milliseconds. There is no evidence of reignited old sparks

from previous events, and efficiencies do not change with trigger rates.

The magnetostrictive wand uses 0.1 mm diameter and 0.15 mm diameter
hardened Vacoflux 50 wire. The pickup coil uses 200 turns of No. 48 magnet
wire wound on a 1 mm diameter and 1 mm long form through which the mag-
netostrictive wire is threaded. The pickup coil signal is increased through a 3 to
1 auto-transformer and an operational amplifier with a gain of 1600. (See Fig.
41.) The wands vary in length from about 2 m to 4 m. The magnetostrictive
wire is laid in a slotted aluminum stem with a 1/16” thick phenolic surface to
reduce capacitive coupling of the aluminum to the ground on the high voltage
plane mesh; the longest wands have signal attenuations of about 0.4 over four

meters.

The magnetostrictive wire is biased with a small magnet before insertion into
the chamber in order to maximize the signals obtained from the spark current.
The polarity of the biasing field is the same as the field produced by the spark
in the chamber so that the normal sparking of the chamber tends to reinforce
the bias of the wire. Most of the wands are operated near either the dipole or
solenoid magnets and are, therefore, exposed to large fringe fields. These fringe
fields create a problem if the field exceeds 35 gauss in a direction which tends to
remove the wand bias. To overcome the large transverse field components in the

twixt region, a system of wand bias coils was developed which will be described

88



1OuH

10
AAN— -0
0.1 IO-'I l +6V
TuFTI15uF ‘I/_LF‘I‘5'u.F T
MCI5536G GND
Bais Mognet 0.47uF '\9 0.005 NHOO2C |2 Qutput ’
— N — 7 :

uF 1K 8™
2%5 B atoFl L4 10 uH ©
0.33 ’ HARRN o

: 5.1K
I*‘F IO.I#Fr 15, F o.n,m% -6V

(a) -

i
Y

3 100 Turn
Wand Coil

(c)

6—~85
200443

FIG. 41. A schematic diagram of the magnetostrictive wand amplifier.
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in the next section.

A zero crossing discriminator described in Ref. 25 (see Fig. 42) is used to pick
out the spark center for digitizing along with the chambers’ pulsed wire fiducials.
The TTL pulse, so formed, is input to the time digitizer modules (“Anna”). Each
channel is capable of recording 15 sparks with a resolution of 16 bits. An external
clock is used to synchronize the input signals. A start signal opens the clock gate,
enables inputs and memories, and allows a 16 bit synchronous counter to start
counting. When a spark is detected on a wand, a “write” signal transfers the
contents of the counter into a 16 x 16 bit fast memory. A block diagram of the

system is shown in Fig. 43.

The resolution and efficiency of the MS chamber system will be discussed
in a later section. However, the issue of reliability will be addressed here. In
an experiment of over 140 million triggers, the chambers performed well. The
rugged construction with the use of wire cloth planes prevented any mechanical
failure during the many years of operation. The modular nature of the readout
electronics made repair quick and relatively painless. The only unexpected prob-
lem with the entire system was caused by the effect of the solenoid fringe field
on the thyratrons. To obtain reasonable operation, they had to be well shielded,
and even then suffered extensive premature failure; however, since each thyratron

comes as a unit, their replacement proved only moderately annoying.

6.5.3 The Wand Bias Pulser

The operation of magnetostrictive readout spark chambers in ambient mag-
netic fields is practical only if the ambient fields do not reverse the direction of
magnetization along the length of the MS wand. In the twixt region between the
solenoid and dipole magnets the fringe field did in fact change direction along
the wand length, so an external magnetic field was applied to each wand, which

was sufficiently large to prevent the direction of magnetization from reversing.

This was done by winding a coil on each wand and then pulsing it with

90



+5V
J2
AECe

1K%

J3 T I10K 10K 1K JoF 0.001 puF +5V K

TP & J6

N npur & L ooorur 8K s 2000 Br

Input (O LOUT StoF K
0.22 +12V PrL
uF 3510 32000 ol !!Ci\ y
L 1 2[;004.24 4 HP2900 ;
5K |7 2N X
L 1]. 4 47pF 2N709
3.3uF 300
M1 } i

IN3064 “ 200 IN3064 1800, 1/2W ~12v DC

J5
L 1K l J— F 15uF 0.1 Fl
o4 FOIp H M T
0 10-700 MV = = ;[.“ _]?— = ue:(;::

FIG. 42. A schematic diagram of the zero crossing discriminator.

91



TIME DIGITIZER SLAC
DMA

(ANNA) CRATE
MODULE S CONTROLLER BRANCH DRIVER
)
—»
il ) UNIBUS
olo|
olo] CAMAC | []
CRATE #0 ® T0
- PP I
pong NEROM OTHER DMA COMPUTER
EVENT TRFII(\‘;SGER-——» START A Y Y ;
FIXED[ P DELAYED START
TRIGGER | LOGIC TIME |—» d INTERRUPT —»
GENER}—p
sToP START
* 4 ospLay [ o | x @
CONTROLLER | o Y o
MANUAL Z o|oisPLaY
TEST GENERATOR ¥ ceopE
2711B2

FIG. 43. A block diagram of the “Anna” readout system.

92



from 10-30 Amps of current during the beam spill. The electronics generated a
250usec current pul§e timed so that the 1.6 usec beam spill occurred at its end,
allowing almost the full 250 usec fo‘r the current to rise to a maximum. The wand
bias pulser chassis contained a driver card and 20 output cards. The driver card
amplified a logic pulse to a 30 Volt-30 Amp power pulse which drove each of the
output cards via a backplane bus. Each output card generated a 100 Volt-10
Amp pulse suitable for ﬁbiasing one MS wand. Figure 44 is a schematic of the

wand bias electronics circuits.

All the power transistors were operated in the switching mode. The duty
factor is low (180 pulses/sec x 250 usec = 4.5%), so heat dissipation in the

chassis was not a problem, despite the 20 kW peak power pulses.

Front panel meters allowed the monitoring of the current and voltage of each

channel, and an alarm system turned off the experiment if a channel failed.

6.6 THE SCINTILLATION COUNTER HODOSCOPES

6.6.1 TOF

The TOF hodoscope in the LASS spectrometer has three main functions,
namely, it aids in the identification of charged secondary particles produced in
thg target, it serves as an element in the experimental trigger, and it provides
in-time information for use in twixt track finding. (Section 10.5.3 below.) The
first function is accomplished by measuring the time interval between a beam
particle hitting the SE counter (Section 3.2.7) situated upbeam of the target
and an associated secondary particle hitting one of the TOF counters. This time
measurement is made with a resolution of 1.1 ns FWHM, which allows separation
between m and K mesons up to 1.1 GeV/c, between K mesons and protons up
to 2.2 GeV/c and between 7 mesons and protons up to 2.5 GeV/c. Details of
resolution and particle identification will be presented in Section 7.4. This section

will describe the mechanical properties and design of the hodoscope itself.(26]
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Figure 45 is a schematic representation of the TOF hodoscope. It has an
active area which is roughly circular in shape with an external diameter of 2.90
meters and internal Ldia,meter of 36.5 cm. It is split into 24, 15° wedge-shaped
segments and is positioned just downstream of the €; Cerenkov counter at a

distance of ~ 460 cm downstream of 22F4.

As an element of the event trigger, the hodoscope is used in conjunction
with four trigger quadrant counters which cover the 30.5 cm diameter hole in the
TOF array. The quadrant counters form an annulus with a 7.6 cm diameter hole
through which the beam passes. Signals from all 28 counters can be combined
to form triggers having multiplicity > 1, 2, 3 and 4 which can then be used in

the selection of events of particular interest.

The shape of each of the scintillation counters is shown in Fig. 46. Each
counter is made of 1 cm thick NE110 scintillator. The light guides are split
into three parts, the light pipes, elbow and Winston cone. The light pipes and
elbows are made of 1 cm thick lucite which is machined and flame polished to
form strips which are then heated until pliable and hand shaped. Care is taken
to minimize differences in the length of the strips. The Winston conesl?”l are
machined of solid lucite and then coated with aluminum by vacuum deposition.
All glue joints are made using NE580. The phototubes used are Amperex 56

AVP’s serviced by standard 1.5 mA resistor chains.

" A major problem in the design of these counters is their location in the fringe
field of the solenoid magnet. This field, which exceeds 600 gauss in places, must
be reduced to less than 1 gauss for proper operation of the counters. To this
end, three techniques are employed: (1) magnetic shielding, (2) the inclusion of a
bucking coil coaxial with the photomultiplier tube within the shield and (3) the
inclusion of the bend in the light pipe so that the phototube sits approximately

perpendicular to the magnetic field.

The magnetic shields are made of two steel tubes and two © metal tubes. The

arrangement of these tubes is shown in Fig. 47. The inner x metal shield is made
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of Eagle AA high permeability foil taped into position. The outer ¢ metal shield
is made of lower permeability Eagle A material. An attempt is made to design all
layers to the criterio;x that they ext.énd 1.5 times their diameter past the sensitive
area. This was not possible for the y metal shields due to the position of the
Winston cone. A 250 turn bucking coil is wound on the inner shield, centered
on the cathode—first dynode gap of the photomultiplier. Each shield assembly
weighs 50 kg. and is sui;)ject to severe magnetic forces, hence, these assemblies

are rigidly mounted to the C; support structure.

The anode signals from the photomultiplier tubes are input to LRS 623 dis-
criminators whose output is then used to stop LRS 2228 TDCs. The last dynode
signals are inverted and input to LRS 2249A ADCs. The pulse height informa-
tion from the ADCs is used to modify the timing information recorded by the
TDCs, thereby reducing the “time walk” contributions to the timing errors. To
calibrate the system, and to ensure stable performance, a light emitting diode
(Monsanto 5353 yellow) is glued on to the tip of each counter. These diodes
are pulsed periodically to insure that the counters are working correctly. Pulsed
with high voltage from a mercury pulser, light pulses with fast risetimes which

approximate scintillation light are obtained.

The compromises made in the design of this hodoscope reflect the geometry of
the LASS system. The triangular geometry of the counters reflects the advantages
of a circular geometry to match that of the C; Cerenkov counter for triggering
purposes. This, of course, precludes the possibility of viewing each counter from
both ends, a preferred design for superior timing resolution. The triangular
geometry is, however, very effective in improving the time resolution for points
furthest from the phototube. The design thickness of 1 cm reflects the need to
keep absorption and multiple scattering of particles to an acceptable level. It is
well known that the timing resolution improves as the thickness of the counter
increases. Studies indicate that the observed resolution is limited at present by

photon statistics.
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6.6.2 HA, HB

Located just in front of the LASS eight-celled Cerenkov counter, Ca, are
two large scintillation counter hodoscopes, HA and HB, shown schematically in
Fig. 48. The HA hodoscope consists of an upper and lower row of 8” x 33”
scintillation paddle counters. Each row contains 21 counters, the center counter
being a 4” x -31” paddle mounted so as to form a 4” X 4” hole in the center of
the hodoscope. The HB hodoscope consists of an upper and lower row with 38
scintillation paddle counters in each. These counters measure (4”-6”) x 33”, and
are arranged as shown in Fig. 48. The center counters are displaced upward and
downward to form a 4” X 4” hole in the center of this array. Both hodoscopes are
displaced in the z direction such that an 11 GeV/c beam particle passes through
the 47 x 4” holes.

The information from the HA and HB hodoscopes is used in the definition of
the event trigger, and also for time and position corroboration of particles passing
through the dipole. For triggering purposes, all HA and HB counter phototube
signals are discriminated, and OR’d together to form a fast logic signal. For
tracking purposes the signals from the HA and HB discriminators are fed into

CAMAC based, event latched, buffer strobe modules, and recorded.

Covering the 4” x 4” hole in the HA and HB hodoscopes is an 9.84 cm
radius circular lollipop scintillation counter, LP3. This counter is used in anti-
coincidence with the main event trigger in order to prevent delta rays from trig-

gering the spectrometer.

6.6.3 The Bucking Coils

To enable photomultiplier tubes to operate in the large fringe field of the
LASS solenoid and dipole, carefully designed magnetic shields are, of course,
employed. However, it was envisioned that in some geometries and for some
counters shielding alone would not suffice. Magnetic shielding is most effective

when attempting to shunt fields perpendicular to the cylindrical shield. Fields
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FIG. 48. A schematic drawing of the HA and HB hodoscopes.
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parallel to the tube axis are, at best, more difficult to divert. To prepare for
this eventuality a system of bucking coils was developed. Number 20 A.W.G.
Formvar wire is wouﬁd, using a lathe, onto either a u metal or an iron shield and
a thin layer of epoxy used to keep the winding in place. Up to 250 turns of wire
are employed. The coil is wound about the shield rather than directly about the
phototube to lessen the regulation tolerance which would have otherwise been
required. The simple circuit shown in Fig. 49 is more than adequate to provide
the 5 amperes maximun necessary to cancel the largest parallel residual fields. All
phototubes on the scintillator hodoscopes and Cerenkov counters have these coils
available. Most signals, however, improved with the use of only 0.2-0.5 amperes.
The system allows the direction of the current to be reversed during set up so
that curves could be taken properly using the one Ohm precision resistor as a

monitor. The system operates stably and reliably.

7. Particle Identification
7.1 INTRODUCTION

The study of multibody states at energies in excess of 10 GeV/c quickly points
up the need for large aperture detectors which can identify each of the particles
in the final state. In general, it is necessary not only to correctly distinguish
the final states, but in addition to identify each of the individual particles, since
otherwise the kinematic correlations that are characteristic of a particular final

state may be obscured by particle misidentification.

The LASS spectrometer has some capability of identifying charged particles.
This is accomplished by the use of four devices: C; and C, situated at the end
of the solenoid and at the end of the dipole spectrometer respectively, the TOF
hodoscope described previously and the proportional cylinders surrounding the

target, which permit the measurement of energy loss (dE/dz).

Particles exiting the downstream end of the solenoid (except those passing

through the beam hole) traverse the C; and TOF counters. Many of the particles
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analyzed by the dipole spectrometer pass through Cg, and the cylinder package
intercepts a large fraction of the low momentum particles emanating from the
target. C; is a seglr;énted a.tmospﬂeric pressure counter in which the threshold
momentum is varied by changing the radiator gas. It presently uses Freon 114 and
has a pion threshold of ~ 2.6 GeV/c and a kaon threshold of ~ 9.2 GeV/c. This
counter provides an efficient pion tag and, because of its 38 element construction,
is able to handle high mﬁltiplicity events without much confusion. C; is an eight
element counter which may be operated at pressures of up to 3 atmospheres. In
E-135 the counter was filled with Freon 12 at an operating pressure of ~ 1.2
atmospheres, yielding a pion threshold of ~ 2.9 GeV/c and a kaon threshold of
~ 10.3 GeV/c. The TOF hodoscope provides e/n, n /K, K/p and 7 /p separation
at momenta up to 0.35, 1.1, 2.2, and 2.5 GeV/c respectively, while the cylinder

dE /dz measurement provides 7 /p separation at particle momenta up to ~ 0.7
GeV/c.

7.2 THE UPSTREAM CERENKOV COUNTER (C;)

7.2.1 Introduction

The implementation of particle identification over a wide range of momenta is
a difficult problem for large acceptance multi-particle spectrometers. Photomul-
tipliers must operate in a magnetic-field-free region, and the Cerenkov light must
be- channelled away from the solenoid to distances that permit effective magnetic
shielding. This transport of the light is accompanied by losses in the reflecting
and focusing elements that constitute the light channels. Hence it is desirable to
begin with as many Cerenkov photons as possible by the use of a long radiator.
There are, however, practical limits to the radiator length. In a long radiator,
the Cerenkov light is dispersed away from any optical axis as the source particle
describes a helix in the solenoidal field, while the photons are always emitted
at an angle with respect to the local tangent to the trajectory. Thus, in a very

long radiator, the light is dispersed towards two or more of the cells into which
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the counter is segmented, with independent light losses in each of these separate
light channels. In addition, the radiator must fit between the chamber packages
needed to characteriz? the incominé and outgoing segments of the trajectory. All
of these factors have been considered in the design of the optimized upstream,

or C;, Cerenkov counter.

7.2.2 Mechanical Structure

The light-tight counter consists of a cylindrical gas vessel filled with Freon
114, occupying the downstream end of the solenoid with an approximate radiator
length of 180 cm. Reflective partitions subdivide the radiator volume and light
collection channels into 38 cells and corresponding light channels direct the light
at right angles to the beam axis toward the optical assemblies, one per channel.
Each of these consists of a Fresnel lens of 1/8” thick ultraviolet transmitting
plastic that focuses the light on the photocathode of an RCA 8850 Quantacon
tube, a light-catcher conical mirror just ahead of the phototube, and a three-
layer magnetic shield to ensure efficient photomultiplier operation. The complete
mechanical structure, shown in Fig. 50(a) and (b), appears as twelve arms that
radiate from the back of the solenoid. The counter is divided into the 38 cells
as follows: the volume within 8.5 cm of the beam line is split into half-cylinders,
each viewed by a single photomultiplier. The volume from 8.5 cm to the outer
radius of the counter, as seen by a beam particle, is divided into three conical
shells, defined by thin foils, concentric with the beam-line as shown in Fig. 51.
At z = 370 cm the radii of the thin foil partitions are 8.5 cm, 29.3 cm, 52.0 cm,
and 83.0 cm; each one of these rings is further subdivided in azimuth into twelve
cells of 30° each. The segmentation of the counter into light channels is achieved
by a structure of thin aluminum beams and struts of aluminum honeycomb that
support aluminum-coated mylar partitions. The mylar foil, also used for the light-
catchers, has a double coat of vacuum-deposited aluminum, and its reflectivity
in the wavelength range 310 < A < 600 nm is 85% on average. Each of the light

channels is such that a straight trajectory from the center of the target entering
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any such subdivision or “cell” does not deviate from the center line of the cell by
more than 3.5°. The Cerenkov cells belonging to the five, six, and Seven o’clock
locations constitute an exception to the general arrangement described. These
cells are at the bottom of the spectrometer, where the free space is limited by
the floor. Their orthogonal light channels are shorter than the rest, and the
appropriate photomultipliers are at a distance of ~ 1.9 m, from the beam axis,
as compared to ~ 4.3 m, for the other tubes. This demands light focussing and
magnetic shields specific to this so-called bottom quadrant. Figure 52 illustrates

the variations in the Fresnel lenses used.

7.2.3 Magnetic shields

The magnetic shield design was based on well-known formulae and a series
of empirical tests in which the components of the magnetic field were measured
within the shield at the position of the photomultiplier with both LASS magnets
energized. The chosen shield (see Fig. 53) consists of an outer 1018 iron pipe
11.43 cm O.D., 0.64-cm-thick wall, and 44.45 cm length; a middle iron pipe 8.89
cm O.D., same wall thickness, and 30.5 cm length, set back 3.33 cm from the
aperture of the outer pipe; and a u—metal shield, CoNetic 22P70, 17.7 cm long,
set back 6.67 cm from the same reference. The back end of the outer pipe was
closed by a 0.95-cm-thick iron disc with feedthroughs for the electrical connec-
tiqns. The iron elements were annealed at 900° C in a hydrogen atmosphere,
cooled at the rate of 25° C /hour‘to about 700° C , and then to room temper-
ature with the furnace off. The photocathode is at 10 cm from the outer pipe
aperture. The longitudinal component of the magnetic field along the center line
of the shield was measured and found to be below 0.1 G in the region of the
photocathode and up to 7.5 cm behind it. A test of the installed shields was
carried out as follows: after the installation of the shields and phototubes, but
prior to any exposure of the shields to the LASS fields, the singles’ rates and
pulse-height spectrum of each photomultiplier were measured. These were found

not to change as the magnetic fields were increased to their operational values.
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There was no need to excite the bucking coils.

The bottom-quadrant shields consist of an assembly as described, enclosed
in an iron pipe of 14.6 cm 0.D., 0.95-cm-thick wall, and 49.5 cm long, which was
provided with a flat closing disc at the back and an additional light catcher at
its aperture (see Fig. 54).

7.2.4 Readbut and Cz;libration

RCA 8850 Quantacon photomultiplier tubes are chosen for this counter be-
cause of their high quantum efficiency, exceptionally high first dynode quantum
efficiency and their ability to detect and measure well a single photoelectron spec-
trum. The RCA 8850 Quantacon tubes were fitted to RCA AJ2209A bases. A
high-voltage tap at the cathode potential supplied the electrostatic shields. The
anode signals were fed, after delay, into a 10-bit charge sensitive analog-to-digital
converter LRS2249A, in coincidence with either a gate from the master trigger or
a calibration gate. The dynode signals were used for redundancy and monitoring
purposes. After inversion, amplification, and discrimination the dynode signal
set a latch ON in the CAMAC readout. Another discriminator output was input
to an OR of all tubes, from which a pulse-height calibration gate derived; a final

output was used to monitor the singles’ rate of the phototube.

Pulse-height calibrations were cgrried out regularly. The purpose of the cal-
ibration was to ensure that the gain of the phototube was sufficient to place the
single photoelectron peak at about 150 channels above pedestal. (See Fig. 55.)
After the initial setting, the system was stable, and seldom was there need to ad-
just a photomultiplier voltage. The Cerenkov cell could be read out redundantly,
either by a pulse-height above pedestal on the anode signal chain, or a latch ON
for the dynode signal.
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7.2.5 Performance

The performance of C; has beer checked using pions from the two-body decay
of K° mesons. These are produced copiously in a kaon beam experiment and
are rather easily identified on the basis of their mass and the clear nature of the

neutral vee topology.

Each track found in the solenoid planes and reaching full bore chamber 3.5
is propagated through C; by means of Runge-Kutta integration (Section 10.4
and 10.6 below). Each cell intersected by the track and having an ADC value
at least 10 counts above pedestal is considered to be on, and the cell number
and ADC value are associated, therefore, with the track in question. If the track
passes within 3 cm of the boundary between cells at entrance (z = 370.2 c¢m),
any adjacent cells which are on are also considered to be track-associated. This
is necessary because the uncertainty in position of the track with respect to the
boundary may be as large as 2 cm and also because of the spread of light emitted
in the unpartitioned C; extension (329.6 < z < 370.2cm); this latter effect yields
a Cerenkov ring of maximum radius ~ 2 cm at the entrance to the segmented

part of the counter (z = 370.2 cm).

Figure 56 is a scatter-plot of position at z = 370.2 for tracks of momentum
greater than 4 GeV/c yielding no light in C;. For the A-, B- and C-rings outside
the bottom quadrant, the uncorroborated hits correspond almost entirely to the

2.5-3% non-pion contamination in the K°~derived sample.

The highly (~ 50%) inefficient regions at the inner edge of each ring in the
bottom quadrant arise as the result of an error in the design of the cone assembly
used to aid light collection (see Fig. 54). Photons originating from the left-most
third of the Fresnel lens, as illustrated in Fig. 54, are either totally reflected
or at best enter the photo-tube at a very steep angle with respect to the axis.
This happens because each reflection at the surface of the cone attached to the
phototube rotates the photon direction away from the phototube axis by twice

the cone angle. The cone angle is 10°, and photons from the extreme left edge of
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FIG. 56. The distribution in (z, y) at the entrance to the partitioned region of
C, for uncorroborated pions from the K° sample described in the text.
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the Fresnel lens in Fig. 54 initially cross the tube axis at ~ 50°. It follows that
after the third reflection such photons are actually leaving the cone assembly

rather than being collected by it! .

The loss in efficiency observed at the top and bottom of the central D-cells
is due to the fact that photons reflected from the mirrors in these regions have

no unobstructed path to the corresponding phototubes.

In Fig. 57 the dependence of Cerenkov efficiency on pion momentum is shown
for pions from the K° sample. The low efficiency regions of the bottom quadrant
and regions within 3 cm of the cell boundaries have been excluded. For pions, the
Cerenkov radiation threshold is expected to occur at 2.6 GeV/c on the basis of a
refractive index (n) value of 1.00145 for Freon 114, while for kaons the threshold
is at 9.2 GeV/c. The curves shown in Fig. 57 correspond to simultaneous fits to
the efficiency data for the three rings using an expression consisting of a constant
background, an asymptotic efficiency value and a threshold rise exhibiting a

sin? 8¢ dependence where

1
cosfo = —

Bn

The resulting fitted value of pion threshold is 2.61 GeV/c, as expected, and the
asymptotic values of the number of photoelectrons per meter of radiator are found
to be 4.6+0.2, 4.8+0.1 and 5.3+0.2 for the A-, B- and C-rings respectively. The
constant background corresponds to a rate of ~ 2.5%, and asymptotic efficiency
values of 0.971 + 0.006, 0.987 + 0.002 and 0.998 + 0.002 are obtained for rings
A-C respectively.

The background is probably the net result of C; noise, electron contamination
in the sample, 6-rays and tracks which cannot be found (e.g. electrons resulting
from ~-conversions in the material of the chambers downstream of full bore

chamber 2.5).

The low efficiency of the A-ring is probably the net result of non-pion con-

tamination in the sample and the somewhat reduced radiator path-length for this
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ring. It is believed that the true efficiency is somewhat higher than this value

would indicate.

The overall efficiency of C; is ~ 97.5% when the inefficient regions of the
bottom quadrant and the D-ring cells are excluded. The further exclusion of

the regions in the vicinity of the cell partitions results in an overall efficiency of

99.5%.

7.3 THE C; CERENKOV COUNTER

The Cerenkov counter, Cz, which is described more fully in Ref. 28, is basi-
cally a threshold-type counter, but the optical system is designed such that each
of the eight mirrors reflects the Cerenkov light into a corresponding light horn(27]
and phototube (see Fig. 58). Hence the counter may be used as a hodoscope of
eight optically independent Cerenkov cells. The different optical units are not
physically separated, but if the Cerenkov cone of a particle intersects only one
mirror it will be detected only by the opposing phototube. For two or more par-
ticles incident upon different areas of the counter, independent information is,
therefore, available on the identity of each particle. However, for E-135, only low-
angle, high momentum tracks pass through the dipole spectrometer and reach

Cs, so that the particle multiplicity is, in general, very low.

The chamber is therefore used more often as a single, large, uniformly efficient

counter by summing the outputs of each of the phototubes.

The other feature (of operation more than design) that distinguishes it from
a simple "yes-no” threshold counter is that the individual pulse heights from the
phototubes are recorded. Thus, identification may be made, in some cases, on
the basis of how much light is emitted. This extends the useful range of the
counter to momenta somewhat above the threshold of the heavier particle, and

may aid in identification when more than one particle enters a single mirror.

The main frame of the counter is a large, rectangular, steel box designed to

withstand pressures between 0 and 3 atmospheres. The entrance window, which
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FIG. 58. (a) An isometric drawing of the Cerenkov counter, Cz, showing the

and phototubes. (b) A side view of the Cerenkov counter,

mirrors, light bars,

Cs.
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is 2 mm thick Aluminum, is 2.5 m X 1.25 m and the minimum path length of
the radiator is 1.75 m. At the back of the counter there is a plane of mirrors
covering a total a.rea: of 2.5 m X 1.'.V25 m and consisting of eight square sections
of spherical mirrors set edge to edge. Each of the upper four mirrors is inclined
at an angle of 10° with respect to the vertical so that it reflects light into one
of the upper four light horns; similarly, each of the lower mirrors is inclined to
reflect light into one of the lower light horns. The horns are designed to accept
all light rays which have an angle with respect to the axis of the horn that is less
than a maximum cutoff angle of 25°, and the collected light then detected by a
single photomultiplier tube (Amperex XP2041) having a photocathode diameter
of 110 mm.

The mirrors and light horns are machined from acrylic and hand polished. A
thin UV-reflecting aluminum coating is deposited by evaporation. The size of the
horns is essentially fixed by the diameter of the phototubes, while the optimal
radius of curvature for the mirrors is determined by conventional ray tracing and
by detailed Monte Carlo studies. A radius of curvature of 1.75 m was chosen
so as to optimize the uniformity of the optical efficiency for the various particle

trajectories.

A particularly important feature of the optics is that it is designed to de-
tect ultraviolet Cerenkov radiation for wavelengths as low as 2300 A. Since the
Ce_renkov radiation intensity is proportional to 1/A?, the amount of light emitted
between 2300 and 5000 A is three times that emitted between 3500-5000 A, the
visible region normally detected when no effort is made to prevent absorption
of the ultraviolet. For this reason phototubes with extended UV response are
used, and the ports between the light horns and the phototubes are constructed
of quartz. Figure 59 shows the spectral sensitivity of the XP2041 phototube.
The reflectance of the mirrors and horns is measured as a function of wavelength
and is ~ 80% for wavelengths as short as 2300 A. This defines the primary
quality control criterion for the mirror production, and mirrors which do not

achieve this reflectance are polished further and recoated. The radiator is cho-
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FIG. 59. The spectral sensitivity and quantum efficiency of the Amperex XP2041
photomultiplier tube.
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sen to be Freon 12 (CClez) because of its relatively high index of refraction
(n—1=1.15x 10"15 at STP) and good transmission of ultraviolet frequencies;
the transmission is ~ 100% for A ~ 2300 A (although it falls rapidly to zero for

shorter wavelengths).

The signals from the eight C; phototubes are input firstly to a channel of
LeCroy 2249A ADC to measure the pulse height, and subsequently to a discrim-

inator and an event latched buffer strobe channel for digital processing.

The uniformity and efficiency of the C4 Cerenkov counter have been discussed
previously. The threshold momentum values are 2.9 and 10.3 GeV/c for pions
and kaons respectively, and the counter has been shown capable of discriminating

between 7 and K mesons with a rejection ratio in excess of 5000:1.

7.4 TOF

Figure 60 shows the scatter-plot of longitudinal momentum (py) versus trans-
verse momentum (pr) in the laboratory frame for charged tracks originating in
the target which intersect one of the 24 TOF counters (recall that the quad coun-
ters are not equipped with TDC’s or ADC’s). The cut-off at pr ~ 250 MeV/c
for low pr, is due to the frame-size of the solenoid planar chambers. For pr, <
600 MeV/c, the acceptance in pr increases almost linearly with pr, since tracks
whose pr would imply a collision with a chamber-frame or the solenoid wall are
carried forward by their py, to exit the solenoid before such a collision can occur.
The loss of acceptance at low pr is due to tracks which cannot reach the inner
radius of the TOF counters. This region of loss expands to higher pr as pr, in-
creases. There is a further acceptance loss for tracks having pr, ~ 500 MeV/c
and pr S 250 MeV/c. These tracks make one complete revolution within the
solenoid and reach the beam axis again in the vicinity of the TOF counters. It
follows that they pass through the TOF counters inside the minimum radius of
the active area. Finally, the stopping power of C; results in an acceptance loss of

a mass-dependent nature; protons or anti-protons of momentum S 400 MeV/c,
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FIG. 60. The (pr, pr) scatter plot in the lab frame for tracks intersecting the
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kaons of momentum S 250 MeV/c and pions of momentum S 100 MeV/c all
range out in C; before they can reach the TOF counters (e.g. see Fig. 62 (b) and
(@)). |

All tracks found in the solenoid planes and reaching full bore chamber 3.5 are
tracked downstream to the z-location of the TOF counters by means of Runge-
Kutta integration (see Sections 10.4 and 10.6 below). For those tracks intersecting
the active area of the counter, the point of impact is thus defined with a resolution
which varies from a few centimeters for low momentum tracks to a few millimeters
for high momentum tracks. If a track hits a TOF counter within 3 cm of its edge,
or if more than one track hits the same counter, a flag indicating the potential

ambiguity is set.

For a given track intersecting a TOF counter, the path-length and flight-
time are dependent upon the event topology, and a particular hypothesis must
be selected before the TOF information may be used. Once this choice is made,
the flight time of the beam kaon from the SE counter (which starts all timing)
to the primary vertex can be calculated. If the track in question results from a
secondary vertex, the flight time of the parent particle may also be estimated.
Finally, the measured momentum of the chosen track together with its path-
length from point of origin to the TOF counter may be used to calculate the
corresponding flight time for each of four mass assumptions viz. electron, pion
ka,_on and proton. In this way four estimates are obtained of the expected time
elapsed from the SE timing starf until the track reaches the TOF counter in

question.

The corresponding measured time (TMEAS) is obtained from the TDC value

as follows:

TMEAS = a; * TDC — a2 — = — = — e — (a6t? + art?)

VSEADC v +TOFADC

In this expression £ is the direct path-length of the light produced in the scin-

tillating material from the point of impact to the photomultiplier tube; v is the
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velocity of light in the scintillator; the o; are constants to be determined from the
data, and SEADC and TOFADC are the ADC values recorded in the SE and TOF
counter respectively.h The parameﬂér a1 converts TDC counts to nanoseconds,
and as is an offset value. The terms involving SEADC and TOFADC correct
for time slewing in these counters, and the terms containing £? and £2 provide a

position dependent correction for the internal optics of the TOF paddles.

The constbants o; and v, as well as the timing resolution of the individual
TOF counters are determined using high momentum (> 3 GeV/c) negatively-
charged tracks produced at a primary vertex. These data are grouped into subsets
according to trigger and operational conditions, and separate TOF constants ob-
tained for each grouping. Within each subset, small drifts in the timing offset
are adjusted on a run by run basis. Figure 61 shows the resulting difference
between expected and measured time for a representative sample of high mo-
mentum tracks; this distribution is well-represented by a gaussian of o = 0.46 ns
centered at zero. The timing resolution of the individual counters varies from 0.3

ns to 0.6 ns.

In Fig. 62 (a)-(d), the momentum dependence of the difference between ex-
pected and measured time is shown as a function of the mass hypothesis selected.
Electrons are well-separated from pions up to ~ 350 MeV/c and pions from pro-
tons up to ~ 2.5 GeV/c; for a typical flight path of ~ 6 m, these momentum
values correspond to a time difference of 1.5 ns i.e. ~ 3 standard deviations. Fig-
ure 62 (c) indicates that the data sample used contains few slow kaons; however
the 1.5 ns time difference implies that pions can be separated from kaons for

momenta up to ~ 1.1 GeV/c.

The timing identification decisions made in the analysis are based on the
value of the difference in the expected and measured times for a particular mass

hypothesis divided by the timing resolution of the TOF counter which was hit.

The low momentum cut-off in Fig. 62 (a) at ~ 80 MeV/c is due to the
limitations of the track-finding algorithm (see Section 10.4 below). The cut-off
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FIG. 61. The difference between expected and TOF-measured flight time for a
typical sample of high momentum (> 3 GeV/c) tracks.
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at ~ 100 MeV/c in Fig. 62 (b) and at ~ 400 MeV/c in Fig. 62 (d) is due
to the stopping power of C,; the straggling to negative time difference at low

momentum apparent in Fig. 62 (d) is due to energy loss in C;.

7.5 IONIZATION MEASUREMENTS IN THE CYLINDRICAL PWC’s

7.5.1 Introduction

The potential for particle identification using ionization discrimination was
recognized at the inception of the design of the cylindrical proportional chamber
system. The primary design criteria for this device were, however, focused on
efficiency of multi-particle detection. This biased the operating point for these
chambers nearer to the avalanche region than to the truly proportional region.
Pulse height information might nevertheless offer some particle discrimination,
particularly for particles produced at wide angles where neither Cerenkov nor
time of flight information would exist. Protons here would be heavily ionizing

and might still be separable from pions or kaons.

After data taking was complete this possibility was studied and it was found
that although the cylindrical chambers had been operated in a partially saturated
mode, significant particle discrimination was still attainable. In this section the
calibration procedure and the discrimination algorithm are described and some

results of this procedure are presented.

7.5.2 Calibration Procedure

The model is based on the assumption that there is a § dependence to the
measured energy deposited, and that an empirical path length correction may be

made to normalize the pulse height measurements.

In order to study the path length correction only minimum ionizing tracks
were considered, in particular, negatively-charged tracks of momenta > 0.3 GeV/c.

(This provides a 95% pure sample of pions with 8 > 0.9). The correlation of the
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pulse height with track path length in the gas was then studied. This was done
in two steps; first a correction was made to the data by multiplying the pulse
heights by the cosin;: of the angle ‘41V:hat the track makes with the normal to the
cylinder surface at the entry point. Naively, it might be expected that after this
correction the pulse height distributions would no longer depend on the angle of
incidence, but this is far from what is observed. Models can be devised which can
account qualitatively for the observed results. However, it was decided to treat
this effect empirically and a correction factor was found by which the already
corrected pulse heights could be multiplied to remove the residual path length
dependence. This correction factor varies from run to run because of variations
in gas gain and is obtained as the result of a run by run calibration. Figure
63 shows this correction function for a typical cylinder. The 8 dependence for
B < 0.9 was then obtained using protons from a fitted elastic K~ p event sample.
The nature of the kinematics is such that these protons are largely of normal
incidence and need very mino‘r path length correction (> 90% have a path length

factor > 0.9).

At this point the pulse height centers, corrected to normal incidence, were
parametrized as a function of §. Measured pulse heights are well known to be
Landau distributed, however, the measured pulse heights raised to the 0.3 power
were found to be reasonably Gaussian (See Fig. 64). The mean of the Gaussian
distribution as a function of 8 for one cylinder is shown in Fig. 65. A typical
standard deviation for these distributions is about 1.0. As can be seen in Fig.
65 the means decrease by about 2.5 as 8 goes from 0.15 — 0.95. This behavior

is defined as part of the run-by-run calibration

7.5.3 Discrimination Procedure

The relative probability that a track is a proton (or pion or kaon) is deter-
mined by the product of the individual probabilities as determined from each

cylinder. The individual probabilities are determined as follows: first the pulse
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height signal is checked for minimal cleanliness, the two-step path length correc-
tion is applied and the corrected pplse height is raised to the 0.3 power, the result
being denoted by pps. Using the measured momentum, § is calculated for each
of the three mass hypotheses, i.e., proton, kaon or pion and the corresponding

probability obtained using the calibration Gaussians viz.

— (PM — p(ﬁi))2
on0 o

iy
I
11
[T

where 1 denotes p, 7 or K.

The relative probability is then just the ratio of the probabilities for the various
hypotheses in pairs. These probabilities are multiplied together for all the con-
tributing cylinders, resulting in three relative probabilities (p/7, p/K, K/7) and
the number of cylinders used. Special handling is, of course, applied to saturated

strips, single cathodes, etc.

7.5.4 Results

To illustrate the effectiveness of this procedure, proton to pion discrimination
will be discussed. The discrimination is described in terms of pion rejection and
proton loss, both of which are sensitive to the probability cut used. Different
analyses may require differing cuts, but if the cut is set at (P,/Px) = 2.0, a pion
re:jection of approximately 92%, is obtained for momenta over 0.3 GeV/c; the
corresponding proton loss is, of course, momentum dependent and is depicted in

Fig. 66 for two extreme cases of gas gain fluctuation.

Figure 67 illustrates the power of this procedure in a particular case. The
reactions K~ p — K~7ntn, and K~p — K ~pn°® have similar topologies and over-
lap kinematically. In particular, at K~ 7t invariant masses above 2.0 GeV/c?,
the K~ ntn final state is kinematically ambiguous with final states which contain
protons. For positive tracks with cylinder hits, the ratio of the proton and pion

probabilities obtained from the pulse height information was computed, and the
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logarithm of the probability ratio was plotted versus the particle’s momentum
(Fig. 67). The protons and pions are well separated in the plot, which shows
that below ~ 700 MeV/ c, there is ciéar discrimination between these two particle
species. This is the primary means by which the K~ 7tn sample is cleansed of

the substantial contamination due to final states containing a proton.

8. The Trigger System
8.1 INTRODUCTION

In general, the physics channels which are easily studied in the LASS spec-
trometer are somewhat constrained by the poor duty factor of the SLAC accel-
erator, which allows the use of a relatively low average flux coupled with a high
average pulse rate to produce an adequate number of incident particles. This
leads to a unique data taking environment compared to large electronic detec-
tors located at circular accelerators and, in turn, this implies a somewhat unusual
emphasis in the trigger. In most of these other detectors, the number of events
which can be taken is limited by the spectrometer rate capability, the cycle time
of the accelerator, and the analysis power available. This leads to experiments
which concentrate on a few specific channels which must be cleanly defined at the
hardware triggering level. This is difficult to accomplish in a bias free manner
and so some acceptance loss is usually the price for obtaining a relatively small,
cleanly selected event sample. In the SLAC environment, it is more appropriate
to concentrate on obtaining the highest possible statistics, with a minimum of
bias, and with the largest possible acceptance on a wide variety of physics chan-
nels simultaneously. In other words, it is appropriate to run LASS as a high data

rate “bubble chamber.” The triggering problems are then:
1. to define a clean interaction trigger with minimum acceptance loss; and

2. to maximize the triggering rate.
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As discussed below, in E-135 the event trigger is defined by requiring that
two or more charged secondaries should exit the target, and that the incident
beam particle should not. Other, more specific, hardware triggers are included
to aid in monitoring the performance of the spectrometer, such as: (a) a 7 decay
trigger, (b) a forward elastic trigger; (c) a random beam trigger; and (d) a pure

interaction trigger, i.e., a disappearing beam particle.

More speciﬁcievent triggers, which use particle identification information, for

example, are defined in the off-line analysis.

8.2 THE BEAM TRIGGER

The function of the beam logic is a) to identify and select the incident beam
particle, b) to define the incident beam spot size and c) to reject events which
have multiple beam particles within a 16 ns time window on either side of the

beam particle.

Figure 68 is a schematic representation of the beam logic. Particle identifica-
tion and selection are accomplished via use of the two beam Cerenkov counters
Cr and Cg. €y is set to count 7’s while Cx is set to count both 7’s and K’s
(at 11 GeV/c). Thus, the logic array used separates the electronic signals from
the three possible legitimate particles. Kaons are chosen when they satisfy the
other requirements of a good beam particle, and a final beam trigger (labelled

BEAMTRIG) BEAM x Cj * Ck is formed.

To define the incident spot size, the SY and R veto counters are used; SY,
a 2.54 cm diameter counter on beam-center-line is used to positively define the
particle while R eliminates what would be unwanted particles in the beam “halo”
region, i.e., outside the 2.54 cm beam region. These halo particles have a high
probability of interacting with the target vacuum jacket and causing confusion in

the event reconstruction. Thus, SY * R represents the beam definition hardware.

The multiple particle suppression is the task of the §® hodoscope. The
8(or®) > 1 signal and the # (or ® ) > 2 signal are used to perform this function.

137



8,2

s

BEAM LOGIC
Linear r\\>921
L

Fan In
2

©
v
N
6
v
N

Linear ¢21
Fanln :>

$22
SE-SY-R

——

ﬁ;%
/

3 |_——Halo
*-—13—}

bt:::) . $__:::: Beam

914
=X

} And

LT/ M Proton
T D

Junkon

[:> Discriminator E:::} Or

FIG. 68. A schematic of the beam logic.

138

Kaon

Beam
Trigger

9-84
4866A4




The logic for this function is (§ > 1+® > 1)+ >2+ & > 2. To ensure that
a triggering beam particle have no other beam particle within 16 ns requires
care being taken with the timing at the appropriate discriminators. The set up
is as follows: the § > 1(® > 1) discriminator is set to a width of 16 ns and
the § > 2 (® > 2) discriminator set to twice that width. The § > 1 signal is

then delayed by 16 ns and input to the beam forming coincidence unit. The
discriminators used in this logical exercise must be of the “updating” kind, t.e.
if an updating discriminator is triggered while it is producing a logical 1 state,
the output is extended in time by the selected output duration. The 16 ns knock
out figure was arrived at by requiring that the SE counter be capable of clearly

resolving the signals due to successive beam particles.

In summary, the Beam Trigger can be seen to be
BE'AMTRIGE(021+(I>21)*022*@22*SE*SY*E*6;*CK

All counters and many intermediate logical signals are recorded separately in
event latched buffer strobe modules for further analysis in the software. The
width of the event gate is always less than 16 ns, typically 12 ns, and in some
instances such as the P hodoscope, latch gates may be as narrow as 6 ns. Finally,
since timing plays an important role in particle identification through the use of
the TOF hodoscope, the EVENT pulse—to be described in the next section—is

redefined by retiming it with SE, the counter which establishes time zero.

8.3 THE CLUSTER LOGIC

The goal in this experiment is to trigger on two or more charged secondaries
exiting the target. The job would be simple if the target were surrounded by
a detecting “box” such that a trigger would result upon two or more particles
being detected. In practice, this is not entirely possible; however, by using the
techniques alluded to earlier viz., the PWC cluster logic, a good approximation

to such a trigger may be achieved.
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Proportional cylinders surround the target, and planar proportional cham-
bers close the “box” so defined in the forward direction. Using the cluster circuit
and anode electronic; discussed ear{lier, an analog signal proportional to the num-
ber of particles which pass through each proportional device may be obtained. In
order to reduce any dependence on the efficiency of a given proportional device,
more than one proportional device is used for each part of the trigger, and a

logical OR formed of the resulting signals.

In the forward direction, the central 32 wires of each plane of PLUG 1 are
disconnected from the cluster circuit; signals from the remaining wires are ORed
toform a PLUG 1 > 1 and PLUG 1 > 2 signal. PLUG 2 on the other hand serves
a more restrictive function. Each of its three planes has a number of central wires
(64 wires for the y and e planes, 80 wires for the z plane) included in the cluster
trigger. The use of only these central wires permits the inclusion of any very

forward going tracks in the trigger logic.

The logical functions which are formed are defined as follows:

PLG1>1 : at least 2 of (PLG1 z > 1, PLG1 y>1, PLGl e> 1)
PLG1>2 : at least 1 of (PLG1 z > 2, PLG1 y>2, PLG1 e> 2)
PLG2>1 : at least 2 of (PLG2 z > 1, PLG2 y>1, PLG2 e> 1)
PLGS>1 : PLG1 >1+ PLG2 >1

CYL>2 :  CYL2 >1# (CYLL >2 + CYL 2>2)

CYL>3 . CYL2 >1 % (CYL1 >3 + CYL 2>3)

CYL>3 : CYL1>3+xCYL2>3

CYL =2 : CYL2>2%CYL>3

CYL=1lor2 : CYL2>1+CYL>3

The cluster logic is described schematically in Fig. 69. It should be noted
that each of the cylinder functions formed includes the requirement of at least

CYL2 > 1; this is because Cylinder 2 is further from the beam axis and therefore
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contains fewer accidental or soft particle hits. It should also be noted that the
definition of CY L > 3 is not the same as not (CYL > 3) but is a less restrictive

veto.

Each of the above formed logical signals is used as part of the Physics Trigger

described below.

8.4 EVENT TRIGGER DEFINITION

To finally arrive at the basic physics trigger (TO), and achieve the goal of
detecting and triggering on any event having two or more secondaries leaving
the target, the cluster logic described in the last section might be used to form
the “box” according to a simple scheme such as the logical OR of CYL > 2;
PLG1 > 2; and (PLG1 > 1 %+ CYL > 1). This would have produced a highly
efficient trigger but at the cost of accepting too many accidental triggers. The
final trigger employed does make use of the cluster logic, but incorporates signals

from various hodoscopes as well.

Four separate triggers are formed and logically ORed to form the physics
trigger T0. All contain the BEAMTRIG tag and the requirement that there be
no signal from the lollipop counter on beam center-line downstream of the HA and
HB hodoscopes thereby reducing the fraction of triggers from beam associated

delta rays.

" The first trigger, T0(1), attempts to accept all events with three or more
secondaries of which at least one is forward and at least two enter the cylinders.
The forward particle must be confirmed by the inclusion of a signal from the

TOF logic, in this case, TOF > 1. Symbolically:

TO(1) = BT+ LP*TOF > 1% (PLG1>1xCYL>2+CYL > 3)

The second trigger, T0(2), attempts to capture those events with secondaries

which go predominantly transverse to the target. The exclusion of fast forward
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particles is ensured by the inclusion of a veto from the downstream hodoscope

walls HA and HB. Thus:

TO(2) =BT +«LP*(HA>1+HB>1)*CYL =2

The third trigger, T0(3), aims at including those events having one or more
forward secondaries and one or two secondaries moving transverse to the beam-

line. Thus:

TO(3) = BT * LP+*TOF > 1% (PLGS >1+CYL =1 or 2)

Lastly, the T0(4) trigger adds those events whose secondaries are primarily

thrust forward:

T0(4) = BT « LP+*TOF > 2% PLG1>2

It is clear that for events having three or more charged secondaries, the above

triggers have overlapping acceptance.

Finally, Monte Carlo studies of various physics channels have shown that the
logical OR of the triggers defined above results in an almost flat acceptance.

Figure 70 is a schematic drawing of the Physics and Monitor Triggers.

8.5 TYPICAL RUN TRIGGERS

To monitor the experiment, various monitor triggers are formed. These mon-
itor triggers occur at rates far in excess of the physics trigger rate, therefore, a
module has been developed which enables one to accept a small fraction of these
triggers. Called the trigger rate equalizer,lzg] an ECL10000 series circuit in a
NIM package has been developed which provides a NIM level output which is
prescaled down from the input by an integer N, where N = A + 108, where A
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and B can be set from front panel rotary switches. Thus, the triggers described
below can be accepted at rates of e.g. one in ten or one in a thousand throughout

the running of the experiment.

[{ P}

A trigger formed to select three-body decays of the beam kaons is the “r
trigger, T1. These three body decay 7 events are used later in the analysis
to study the momentum resolution of the dipole as well as for calibrating the

P-hodoscope measurement of the beam momentum. The definition is:

Ti=BT+«LP+«TOF >1+«xHA>2+«HB>?2

An elastic trigger, T2, requires one and only one particle to have passed
through the HA and HB hodoscopes. These triggers are taken mainly for the
study of track finding in the spectrometer with very simple and highly constrained
events. They help also to understand the dipole momentum resolution, since they

provide a very clean sample of ~ 11 GeV/c particles. The trigger definition is:

T2=BT+LP+«+TOF >1+HA>1+HB>1+x(HA>2+ HB > 2)

Triggers T3 and T4 are designed to provide unbiased events for Monte Carlo
trigger efficiency studies. T3, a random beam trigger, provides an unbiased
sample of the beam phase space, and a source of absolutely unbiased triggers.
T4 provides a simple interaction trigger viz. beam-particle in, and no beam

particle in the secondary

T3=BEAM =(0>1+®>1)%0>2+®>2+SE+«SY*R
T4=BT +«LP+TOF > 1

The above triggers and the physics trigger 70 are illustrated schematically
in Fig. 70. The scale-down rates noted in the individual trigger rate equalizers

prevailed for the E-135 experiment.
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8.6 TRIGGER ACCEPTANCE

The physics trigger, TO, is designed to provide uniform acceptance at high
efficiency. For final states with three or more charged secondaries, the trigger
efficiency has indeed been measured to be large and uniform. This is illustrated
in Fig. 71(a) using Monte Carlo data on the reaction K~ p — Ke°n~p with the
K° decaying to 7~ i.e. a reaction yielding a total of three (if the proton does
not escape from the target) or four charged particles in the spectrometer. The
acceptance is plotted as a function of cos ©¢gy, the t-channel helicity cosine, for
different values of K°7~ effective mass. Clearly, the acceptance is large (~ 85%)

and approximately uniform at all mass values.

For two-body final states it is difficult to define a high acceptance trigger
which does not also accept too many background events. For example, the re-
action K~p — K~ ntn has been studied also using Monte Carlo data, and the
results are presented in Fig. 71(b). Although the acceptance is significantly
smaller and not flat, it is slowly varying and there are no zeros in the high mass
region, which is the region of primary interest. This has not been the case in pre-
vious experiments studying this reaction, This is demonstrated in Fig. 71(c), in
which the K~ 7 mass spectrum obtained in E-135 is compared to the spectra ob-
tained in E-132 (with ¢'(K — K7) < 0.2 GeV'?) and E-75, an earlier experiment
employing a dipole spectrometer very similar to the LASS dipole spectrometer,
but located just after the downstream end of the target. In E-132, the solenoidal
vertex detector yielded a factor of ~ 4 increase in acceptance for the K*(1435)
relative to the K*(890) in comparison to E-75, even though both experiments
used a trigger requiring forward production of two or more charged particles.
The use of the cylindrical “box” in the trigger definition for E-135, together with
improved track finding efficiency for slow tracks, results in a further increase in

acceptance for M(K~nt) > 1.6 GeV/c2.
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It follows that the good acceptance of the E-135 physics trigger coupled with
the high statistics of the experiment should yield significant new discoveries con-

cerning strange meson spectroscopy in the mass region below 3 GeV/c?.

9. The Data Acquisition System
9.1 INTRODUCTION AND OVERVIEW

The LASS data acquisition hardware is designed to handle the 100 kilowords
per second (=~ 50 events/second) input data stream to the SLAC computer. It
is designed to store the event data on high density magnetic tape and allow
monitoring of the LASS hardware systems during data collection. The overall
computer arrangement is shown schematically in Fig. 72. The data are collected
by system device controllers located in the control room. When an event trigger
takes place, these controllers transfer their data to a DEC PDP-11 mini com-
puter via direct memory access (DMA).[3°] The PDP-11 assembles, compacts
and buffers the data for transmission via an IBM System 7 over a high speed
coaxial data link to the SLAC triplex system for recording on magnetic tape. A
real time program[3ll called REALTIME controls the management of the data
and in particular allows access to the data by an IBM2250 graphics terminal from

which the entire experimental apparatus can be monitored.

9.2 THE PDP-11

In order to meet the high data rate specification and also provide a flexible
data system to handle multiple users, the data acquisition system utilizes the
asynchronous unibus of a PDP-11 minicomputer (see Fig. 73). The PDP-11 is
required to provide the front end buffer of the experimental data to the IBM
System 7 terminal which drives the link to the SLAC computer center. The
PDP-11 has been chosen because of its unique architecture which utilizes a single

instruction set that allows data to be transferred and/or modified between CPU,
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memory, and peripheral devices, with either the CPU or peripheral device having
control of the bus. Due to the asynchronous nature of the unibus, it is compatible
with devices that op;erate over a wide range of speeds. This asynchronous unibus
is required by LASS because the experimental data from the various controllers

arrive at different times.

The event data flow from the apparatus into buffer tables in the computer
memory and asynchronously out of the previous event tables into the IBM system
7 and up to the Triplex. The PDP-11 central processor is not required to act
in a direct way during the event transfer. However, at the event completion it

swaps buffers and initiates control allowing the next event trigger.

During the early stages of operation a PDP-11/20 with 20K (16 bit) words
of memory were used. Later, this was changed to a PDP-11/04 with a total of

24K words of memory.

The unibus is extended out of the main frame of the PDP-11 and terminated
in a UNICRATEB?l wherein a series of direct memory access (DMA) channels
handle all high speed data transfer. The DMA’s are linked together in a simple
daisy chain priority scheme with the DMA closest to the computer having priority
and those downstream inhibited by the upstream DMA bus mastership. The rest
of the devices on the bus communicate using conventional techniques involving

program-controlled interrupt type transfers.

4 The various controllers are required to respond to signals from their associ-
ated DMA and the event trigger. In preparation for an event, the PDP-11 pro-
gram sets up in the DMA the memory address register followed by the word count
register which sets the READY/SYNC flip-flop to READY. After the DMA’s are
initialized and the PDP-11 is ready for the next event, it sends a pulse which
sets the PDP-11 “OK” flip-flop. This flip-flop allows the fast logic associated
with the experiment to be gated “on”. The fast electronics determines if there
is an event of interest and issues an EVENT signal. The EVENT signal gates

on the various control boxes, fires the thyratrons, and resets the PDP-11 OK
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flip-flop. The controllers respond by presenting to the DMA 16 data bits and a
SYNC pulse which resets the READY/SYNC flip-flop, thus demanding a DMA
operation. The DMA requests a m;mory cycle, reads in the data, increments the
memory address and word count registers, and sets the READY/SYNC flip-flop.
This READY/SYNC process continues until either the word count overflows or
the controller has presented all of its information, generating a DONE signal to
the interrupt controller. After receiving a DONE signal from each DMA and/or
controller, the DONE interrupt controller sends a DONE interrupt to the PDP-11

which then processes the event.

The proportional chamber anode and cathode system controllers, and the
magnetostrictive chamber system controller have already been discussed. The
CAMAC system for acquiring scaler, buffer strobe, TDC and ADC information
is described in Ref. 33, while that for recording DVM information is described
in Ref. 34. The PDP-11 interface to the control panel uses a standard DR11
interface. The control panel‘ switches enable one to start, stop, change tapes

and/or run numbers, and add or subtract data acquisition functions on command.
9.3 THE SYSTEM 7

The IBM System 7 and associated equipment function as a 200 kilobyte/second
data terminal between the PDP-11 experimental control computer and the SLAC
Triplex. The System 7 has 8K of 16 bit, 400 ns solid state memory, a 400 ns cycle
time, and an ASR33 teletype. The System 7 also has three digital inputs and
three digital outputs as the front end for an experimenter and a sensor based
control adapter (SBCA) as a back end, controlling the 1/2 mile serial coaxial
link to the Triplex. Internal to the System 7, the front end is serviced by a
programmed interrupt scheme and the output SBCA by a DMA.

One of the three - 16 bit digital inputs is used for programmed interrupt
control and the other two for digital input data. In order to maintain a data
through-put rate of 200 kilobytes/second, two 16 bit digital data words are pre-

sented simultaneously to the two digital inputs of the System 7 from the System
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7 DMA of the PDP-11, and share the same input cycle. Thus approximately 18
usec are required to transfer 32 bits of data. The Input and Output use “full
handshake” modes f<;r each cycle. At the end of the read interrupt routine, a bit
is changed in one of the digital outputs which is phase detected to form a SYNC
pulse to the PDP-11 DMA. When the PDP-11 word count register overflows, it

sends an end of record interrupt to the System 7.

The System 7 software is, of course, an integral part of the SLAC REAL-
TIME program. It comprises two parts. The first, the System 7 program, resides
in the System 7 itself and provides communication and data transmission capa-
bility between itself and the Triplex, error recovery, buffer management and the
detailed interface to the PDP-11. The second, the System 7 task, resides in the
Triplex and serves to interface with the System 7 program and to ensure that
the transmitted data are routed to the appropriate nodes within the REALTIME

program. Further details of this program are included in Ref. 35.

9.4 THE TRIPLEX

The Triplex system at SLAC consists of the following hardware items:
(a) An IBM 360/91 having two million bytes of memory.
(b) Two IBM 370/168s having three million bytes of memory.

(c) A 10 high density tape drives each addressable by four control units
(6250 bpi, 125 in/sec, 780K bytes/second).

(d) Four IBM 5098 sensor based control units (SBCU). These connect eight
remote System 7 computers via coaxial cables (5000 foot maximum).
Each SBCU has a maximum data transfer rate of 277K bytes/second.
Two selector channels are dedicated on each 168 to each SBCU. Each
SBCU can be switched to either 168. Each SBCU is connected to each

of the two 168’s via a primary and a secondary selector channel.

(e) Numerous mass storage disk packs, high speed line printers, and graphic

display devices.
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The system is a multiple-user oriented system which allows the users to in-
teract with the system through an interactive program known as WYLBUR.
Through WYLBUR, the user can edlt text, submit batch jobs, look at output
and call various graphics displays. In addition to WYLBUR, it is also possible
to communicate with jobs in the system through an interactive program known

as REALTIME. The REALTIME Program provides the basic structure for col-

lecting data and for moriitoring the performance of the spectrometer.

The REALTIME program is an operating system that provides the user with
the necessary facilities to route data and instructions concerning the data dy-
namically from one destination to another. The emphasis in this system is on
movement of data with due consideration of timing problems. Because of this
approach the system is more accurately called a communication network rather

than a realtime system.

The network is composed of several destinations, or nodes, which have specific
programs or tasks associated with them. The nodes are connected by various
routes along which buffers of data or messages can travel. The primary function
of the program is, therefore, to route messages between nodes according to specific

route codes.

A simplified block diagram of the REALTIME network is shown in Fig. 74.
The raw data collected by the PDP-11 are sent to the System 7. The System 7
sends the data buffer to the REALTIME program. Once in the 370, the buffer is
delivered to the spooler task which routes the data onto high density magnetic
tape. The spooler task has the highest priority of any in the system so that every
data buffer from the PDP-11 is written onto tape. If for any reason the Triplex

is unavailable for writing data, the PDP-11 will not open the event gate.

The message router just described is the heart of the REALTIME program.
The function of the many other tasks which comprise the REALTIME program is
clear from their names, e.g., the spooler task, the System 7 task, the initialization

task, etc. The COMMAND task, however, has the primary function of allowing
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the user to define, initialize and modify the nodes, and route codes of his com-
munication network. Associated with this COMMAND task is a COMMAND
language. This langt;age is quite sriiall, containing only about a dozen commands
for defining nodes and route codes, attaching programs, and allocating message
buffers. Using these commands, it is especially easy to interact with the REAL-
TIME program. The analysis task and the IBM 2250 graphics terminal provide

a superb experiment monitor and will be described in the following section.

9.5 SYSTEM MONITORING

In addition to being written onto tape, a portion of the data is delivered to
the ANALYSIS task. The ANALYSIS task contains the complete event recon-
struction program which is used to fully analyze a sample of the input data. This
task runs at a lower priority than the SPOOLER task, and is run in the sample
mode, which means that not every event is analyzed. However, the analysis of the
events which are sampled can be made as sophisticated as desired . Therefore,
such things as effective mass, missing mass, momentum distribution, etc., can be
computed on-line. In addition, the analyzed events are used to compute numer-
ous quantities essential to monitoring the performance of the spectrometer, such
as readout efficiencies, proportional chamber plane efficiencies, spark chamber
plane and gap efficiencies and multiplicities, cluster sizes, etc. Also many non-
event related data are collected and displayed; beam magnet currents, digital
volt meter readings of all experimental high and low voltages, cumulative scaler
readings, etc. All of these items and hundreds more are monitored not only for
each run, but also as a function of time. Stored in the Triplex, these data can be
recalled and displayed to show graphically the behavior of each quantity during

weeks of running.

The results obtained from the ANALYSIS task are sent in the form of mes-
sages to a graphics task which formats the data so that it can be sent to an IBM
2250 graphics display terminal located in the LASS control room. This device,
which contains a 1000 x 1000 matrix of addressable points is used to display the
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results of the analysis on a CRT display. Vectors can be drawn between points,
allowing a visual display simulation of the experimental hardware. Figs. 75 and
76 are examples of tflis display; F1g 75 being a plan view of the apparatus, with
analyzed tracks in evidence. Fig. 76 is a beam’s eye view, with emphasis on
tracks and points in the cylinder chambers. An often used feature of the 2250
scope is its ability to be addressed by a light pen. This enhanced the “Zoom”
feature of the'program such that by placing the pen at any point on the display

it would be enlarged, and centered on the screen.

The 2250 scope serves also as a terminal through which commands can be
entered, thus enabling the experimenter to interact extensively with the RE-
ALTIME program. This is done via the COMMAND task. The user can then
display histograms and plots, examine and change variables in the program, show
the status of the network, and even modify the network itself. Each of the last

four commands is stored on a roll-up screen at the bottom of the CRT.

The interactive capability and the feedback provided by the REALTIME
program make it an extremely valuable tool in debugging the various sub-systems
of the spectrometer. In addition, it provides a way of extensively monitoring the
data at all levels, from simple efficiencies to actual physics distributions. Finally,
it provides a testing ground for software development and improvements in the

analysis program using real data.

10. Data Analysis
10.1 INTRODUCTION

Data analysis or “production code” is responsible for translating the highly
coded electronics information captured by the data acquisition system into the
tracks and vertices of a physics event. This is by nature a modular process
(beam-finding, solenoid track finding, topology recognition, etc.), a structure

accentuated further by the memory limits imposed by the LASS emulator farm
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which demand that the program be broken into a series of small overlays. The
chronological ordering of these modules in the program can appear somewhat
obscure (downstreain track ﬁndiné is performed before solenoid track finding)
but as this is the result of arcane organizational constraints, these anomalies will
be ignored, and the major functions of the production code will be presented in
an upstream to downstream track finding order followed by event consolidation

and topology: identification.

The prospect of processing 140 million events only heightens the importance
of the traditional, but largely uncooperative goals of speed, accuracy, generality,
self-monitoring and robustness. Speed and accuracy are addressed by making the
code “dynamic” so that simple clean topologies are analyzed quickly, while more
complex topologies or noisy events receive more careful attention. Generality is
maintained by avoiding any preconceived ideas of experimental analysis objectives
as exemplified by the “soft” treatment of both particle identification and topology
selection. The monitoring facilities and robustness of the program may be traced
to its original use as part of the online data acquisition system. Since the end of
data-taking, the monitors have been refined and interfaced to data-bases which
record over 800 parameters each time the program executes and the robustness
is best illustrated by the processing of several millions of events without program

failure.

-10.2 BEAM CHAMBER COORDINATE MAKING AND TRACK FINDING

The beam track finding algorithm has been designed primarily to recognize
the triggering beam track correctly and efficiently in a high flux environment (an
instantaneous rate of > 3 x 108 particles/sec). For pattern recognition, the beam
chambers are naturally grouped into two packages separated by about 1 m: the
upstream (U) group has four planes with y, z, p and e (at 45°) coordinates; the
downstream (D) has six planes giving y, z, ¥/, z/, € and p, the z' and y/ planes
being staggered by 1/2 wire-spacing relative to x and y respectively. Since the

beam has very small divergence (~ 2 mrad), match points created in the U and
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D planes have no useful directional information and the algorithm emphasizes
matching of time-slot (TS) patterns in the proportional chamber read-out so as
to minimize ambiguities. The timiflg information is considered at each stage, and

all beam chamber coordinates and match points are assigned a TS bit mask.

In making coordinates in each plane, only single and double wire clusters
are permitted, and two adjacent wires are only allowed to form a single cluster
if their TS masks overlap. Before making match points, the coordinates from
the downstream z z' and y y' staggered planes are combined, averaging any
with overlapping TS masks if separated by 1/2 wire spacing or less; the U and D
packages are then treated similarly in making match-point lists. This procedure is
only to simplify match point making in the D package; at the track candidate level
all planes are treated equally. In combining wires to make a single coordinate,

their TS masks are logically ORed.

Four-way and three-way match points are made with tight geometrical tol-
erances, in addition demanding at least a single bit overlap in the TS masks of
all coordinates. Any three-way combination is allowed to be in one and only
one single four-way combination; in resolving multiple use, number of overlap
bits takes precedence over geometry. Finally, two-ways are made from unused
coordinate pairs having time overlap. All match-points are assigned a (non-zero)

TS mask which is the logical AND of the associated coordinate masks.

- A list of possible track candidates is then made by combining U and D match
points with compatible timing (because of time jitter on up to 10 planes, U and
D match points with single bit TS masks shifted by one bit are considered com-
patible). Each candidate is given a quality rating based on three factors: the
degree of timing compatibility; the total number of coordinates; and parallelism
with the z-axis. Candidates which are compatible with the trigger timing are as-
signed an additional over riding ‘in-time’ quality rating summarizing the 6 and ¢
hodoscope corroboration and proximity to the event trigger timing. All ‘in-time’

candidates must also pass through the SY counter. The primary ‘in-time’ beam
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track is then selected as the one with the highest total quality rating; maximal
hodoscope corroboration and ‘in-time’ compatibility are demanded at this stage.
Events with no suc}; beam track a:re rejected (they are known to be predomi-
nantly beam decays). The ‘non-event’ beam tracks accompanying the in-time
beam track are then selected by choosing iteratively the remaining candidates
with highest quality (penalizing for coordinates used on previous tracks) until no
candidate rerﬁains with ”suﬂicient unshared coordinates. Events having greater
than 3 beam tracks are discarded because of the degree of confusion caused in

the solenoid.

Straight lines are fitted to the coordinates of each beam track and the ‘non-
event’ tracks are extrapolated into the solenoid and twixt regions. If at least 18
of the 24 plug and full bore planes give corroboration on a good straight line, the
coordinates are poisoned and are not used in match point making for solenoid or

twixt region track candidates.

For ~ 2% of all triggers a good in-time beam track is not found, primarily
as a consequence of beam particle decay; a further ~ 3% of all triggers yield
more than three tracks. Triggers in each of these categories are rejected. For the
remainder, a single beam track is found in ~ 50% of the events, while double and

triple beam tracks occur at rates of ~ 35% and ~ 15%, respectively.

10.3 PROPORTIONAL CHAMBER COORDINATES
10.3.1 Proportional Chamber Anodes

The various proportional chamber anode types employed in the LASS spec-
trometer, their wire spacing and associated nominal error are summarized in

Table IX.
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Table IX

Chamber type Wire spacing (cm) Nominal error (cm)
Beam 0.1016 0.029
Plug 0.1016 0.029
Full-bore (N.5) 0.2032 0.059
Gap B 0.2032 0.059
Cylinder 0.2000 0.058
Johns Hopkins 0.4000 0.115

The nominal error is just the wire spacing divided by /12, this being the
r.m.s. error corresponding to a “top-hat” distribution of width equal to the wire

spacing.

The anode coordinate data unpacking routines establish a time-slot pattern
for each anode wire which is on; this pattern is compared to the appropriate
in-time mask, and only those wire numbers having at least a one-bit overlap re-
tained. For a given plane or cylinder, the list of in-time wire numbers is then
searched; isolated wires are converted to coordinate values and clusters of ad-
jacent wires are treated as individual coordinates applying the same conversion

procedure to the center of the cluster.

For individual wires, the assigned error is the nominal value specified in
Table IX. The correctness of this procedure in the case of single wire coordinates
is demonstrated by Fig. 77, which was obtained as follows. Under field off
conditions, straight line track-finding was carried out in the solenoid planes.
For lines of good quality (viz. highly-corroborated and associating well with
the incident beam track within the length of the target), the line parameters
were calculated in £ — z and y — z projection using pairs of (z,y) coordinates
in two different proportional chamber devices of either plug or full bore type.
Corroboration of this line was then obtained in the inclined (or e) coordinate
plane belonging to the chamber package containing the original (z,y) pair. The

corresponding residual distributions are plotted in Fig. 77 (a) and (b) for a plug

163



I
(a) :

600 —

400 | —
‘E 200 |- —
O
O
O

200 —
< (b)
> ‘
Lud

150 —

100 —

50 — ' —

|

-04 -02 0O 02 04

5-85 RESIDUAL (cm) 4866872
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full-bore proportional chamber calculated as discussed in the text.
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chamber and a full bore chamber respectively. Since the e plane is located only 1-
2 cms from the (z, y) pair, the error on the calculated position should correspond
to the nominal resolutlon, the error on the e-coordinate should also correspond
to the nominal resolution, so that the residual distribution should yield an r.m.s.
deviation which is /2 times nominal. The measured r.m.s. deviation divided by
V2 is 0.029 cm for Fig. 77( ) and 0.059 cm for Fig. 77(b), thus confirming the

nominal assxgnments

In the case of a coordinate corresponding to a cluster of anode wires, the ques-
tion of the appropriate error assignment is not simply answered. Certainly, there
is a clear correlation between cluster size and the slope of a track with respect to
the anode surface in question; defining tan 8 to be g—: for planar coordinate ¢ and
r%fi for cylindrical coordinates, the dependence of average cluster size on tan§
is as shown in Fig. 78(a)-78(d) for a plug chamber, a full bore chamber, a gap
chamber and a cylindrical chamber, respectively; the asymmetry in Fig. 78 (d) is
due to the Lorentz angle effect, since the data correspond to field-on conditions.
The data of Fig. 78 imply that cluster size is primarily determined by track ge-
ometry and hence that the center of a cluster of wires is well-correlated with the
intersection point of a track with the plane in question; in turn this would sug-
gest that the top-hat error assignment is appropriate. However, clusters can be
created by mechanisms other than track geometry. For example adjacent wires
or groups of wires can be turned on by different tracks separated by several wire
spé-xcings; the center of the resulting merged cluster could then be many standard
deviations away from both tracks if the nominal error is assigned; a similar effect
could result if, in the gap in question, a single track generated a é-ray which
turned on a group of wires adjacent to, but on one side of, the true intersection
point. Clearly, such coordinates can, and probably should, be discarded at the
track fitting stage. However such a procedure can lead to inefficiencies at the
track finding level. For this reason a two-step approach has been adopted jn the
treatment of multi-wire anode clusters. For the purpose of match-point making,

track finding and track fitting at the production code stage, the error assigned to
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a full-bore, (c) a gap and (d) a cylindrical proportional chamber; tan 6 is defined
in the text, and the skewing in (d) is due to the Lorentz angle effect.
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a coordinate resulting from a multi-wire cluster is the nominal error multiplied
by the cluster size. At the data summary tape (DST) analysis stage, when events
are refitted subject to geometrical ;nd kinematical constraints pertaining to the
event as a whole, the nominal error will be assigned!3¢! and folded together with
the appropriate uncertainty due to multiple-scattering. This procedure should
result in more meaningful confidence level distributions, and should yield im-
proved resolution at the data analysis stage. The effect on confidence level is
illustrated in Fig. 79 in the case of field-off tracks found in the solenoid planar
chambers; Fig. 79(a) shows the confidence level distribution resulting when the
anode errors are assigned according to cluster size; Fig. 79(b) shows the effect of
using the nominal error values instead. Obviously, the distribution of Fig. 79(b)
is more sensible, especially since no multiple-scattering error contributions are

included.

In summary, the data of Fig. 78 and Fig. 79(b) indicate that it is appropri-
ate to assign the nominal error to anode coordinates resulting from multi-wire
clusters. However in order to avoid potential track finding losses, such a coordi-
nate is assigned an error which is scaled up according to the cluster size at the
production code stage, but which will be reset to the nominal value in the course

of DST analysis.

10.3.2 Cathode Strip Coordinates

The mechanical characteristics of the planar gap chambers and cylindrical
chambers have been described above (Sections 5.2.5 and 5.2.6 respectively). Each
cathode foil of each chamber is segmented into strips spanning the active area.
The output of the electronics interrogating these devices (Section 5.3.2 above)
consists of a strip number and pulse height (p.h.) value for each strip having a

p.h. value more than 10 counts above a preset threshold.

The procedure used to convert p.h. information to coordinate value is es-

sentially the same for the gap chambers and the cylinders. Consequently, in the
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following, this process will be described for the gap chambers, and only specific
points of difference concerning the cylinders will be discussed. Each strip of the
cathode system corrésponds to a p:;rticula.r output channel, and for each channel
a pedestal and gain value are obtained from calibration runs recorded at frequent
intervals throughout data-taking. Pulse height values range from 0-4095 counts
(12 bit ADC) and typical pedestal values vary from 20-60 counts depending on
the channel number in question. The relative gain values are quite well-localized
to the range 0.9-1.1, but for a few channels the relative gain may be as low as

0.6 or as high as 1.8.

The first step in data handling involves making pedestal and gain correc-
tions to the p.h. for each strip which is on.137 Subsequently, isolated strips are
discarded and clusters of two or more adjacent strips created; for the cylinders,
questions of wrap-around must be correctly handled at this stage. Each cluster is
then searched for local peaks where, for a group of three adjacent strips, a peak

in strip 2 is defined by the réquirement

(p.h)1 < (p.h)z > (p-h)s

with appropriate modifications for the first or last strip in a cluster. This local
peak is accepted for conversion to a coordinate provided the p.h. in the peak
strip is greater than some minimum value, typically 50 counts. In Fig. 80(a), a
peak pulse height distribution is shown for cylinder 1 (saturated strips excluded).
A maximum is observed at ~ 500 counts, followed by the Landau tail. The
sharp increase below ~ 100 counts is associated with out-of-time hits; this is
demonstrated in Fig. 80(b), where the coordinate resulting from the peak has
been required to corroborate an in-time anode wire. The low p.h. spike exists
only in cylinders 1 and 2, which are situated close to the target in a high rate
region. The raw peak p.h. distributions for all other devices are very similar to

Fig. 80(b).

For a given peak strip, the assumption is made that the position of the image

of the anode charge centroid is located within the strip, and that the shape of the
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FIG. 80. a) The peak pulse height distribution for coordinates in cylinder 1;
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charge distribution induced on the cathode is independent of the magnitude of
the anode charge and does not change as the anode image position tracks across
the strip. This 1mp11es that for the strips on either side of the central strip, the
ratio of the pulse height to that of the central strip should vary in a well-defined
way as the anode image position changes. It follows that, independently of any
assumption concerning the relationship of pulse height to position, a scatter
plot of (left p.h./center p.h.) against (right p.h./center p.h.) should exhibit a
unique locus. This is shown in Fig. 81(a) for the upstream foil of gap 2 and
in Fig. 81(b) for the inner foil of cylinder 2. Peaks involving saturated strips
have been excluded from Fig. 81, and corroboration of an anode coordinate
has been required; also data points away from the immediate vicinity of the
densely-populated locus have been excluded in order to exhibit clearly the region
of each plot to which the algorithm described below is applied. The treatment of
the excluded regions and the procedure applied to peaks involving one or more

saturated strips will be discussed after the exposition of the basic algorithm.

The distribution of Fig. 81(a) is representative of those observed for the
other gap chambers and for cylinders 3-6; the difference in the position of the
locus observed in Fig. 81(b) is due to the fact that the anode-to-cathode gap is
approximately equal to the strip width for cylinders 1 and 2, whereas it is in the

ratio of ~ 0.6 for all other devices.

_ The basic algorithm used to convert pulse height information to coordinate
value has evolved from considerations of the problem of a point charge located
midway between two infinite, grounded, conducting planes. The solution to this
problem involves an infinite series of image charges. The induced charge density
at a point (z, y) due to an image charge Q@ at (z,, 0) may be calculated and

integrated over y for a strip with edges at z; and z3 to give a charge

QZ( 1) [ta - [(;Z+1) ]_tan_l [ﬁ”

where g is the perpendicular distance from the charge @ to either plane (i.e.
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FIG. 81. The scatter-plot of (left p.h./center p.h.) ratio against (right p.h./center
p.h.) ratio for (a) the upstream foil of gap 2, and (b) the inner foil of cylinder 2;
saturated strips have been excluded and anode corroboration has been required.
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equivalent to the anode-to-cathode gap).

If z; and z3 are chosen to correspond to the nominal gap chamber strip pitch
(0.320”) and g is set to the nominal gap size (0.200”) the charges induced on a
group of five adjacent strips may be calculated as z, is varied across the range
of the central strip. Taking these charge values to correspond to measured pulse
heights, the curves (a) and (b) of Fig. 82 are generated to correspond to the
distributions of Figs. 81(a) and 81(b) respectively. The qualitative difference
in the distributions is well represented in this simple picture, even though a
cylindrical chamber of radius ~ 9.5 cm (or 6 cm for cylinder 1) has been treated as
planar. The distribution of Fig. 81(a) is represented approximately by the shaded
region, (c), of Fig. 82 and lies below the calculated curve (a); the distribution of

Fig. 81(b) exhibits a similar relationship to the curve(b) of Fig. 82.

The data of Fig. 81 establish explicitly the relationship between pulse height
ratio and position at two points on the central strip. The ends of the distribution
establish the ratio values at the edge and the symmetry point defines the ratio
value at the middle. If, in the expression for the induced charge, z; and z3 are
considered to correspond to the aluminized area only, the width of the insulating
space between adjacent strips and the anode-to-cathode gap, g, may be treated
as parameters. It is found that these parameters may be adjusted such that the
curves (a) and(b) of Fig. 82 do describe the data of Fig. 81. Consequently the
first step in defining the ratio-to-position relationship is to obtain gap and width
parameter values for each foil of each gap and cylinder chamber.[38] For a group
of five strips, the charge induced on each (C;, ¢ = 1, 5) may then be calculated
as the source charge tracks across the central strip, and the corresponding be-
havior of any pulse height ratio represented by the behavior of the corresponding
charge ratio. This is illustrated in Fig. 83 for a typical gap chamber foil. The
C3/C3 curve shows how the left-hand ratio of Fig. 81(a) is converted to position,
and a mirror image curve yields a similar result for the right-hand ratio. Each
coordinate measurement is assigned an error, which for the initial steeply-falling

part of the curve is a base error of 185 um, but which expands rapidly as the
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curve flattens out; when both pulse height ratios are measured, as in Fig. 81(a),
the final coordinate measurement is obtained as the weighted average of the two
measurements. One :ddvanta.ge of filis procedure is that if there is evidence indi-
cating that one of the two ratios is bad e.g., due to peak overlap, the other ratio

can still be used to give a reliable estimate of the coordinate value.

The other curves of Fig. 83 are used to deal with peaks containing one or more
saturated strips. The C3/Cy curve is used when the central strip is saturated
and C4 > Cq; its image is used when Cy > C4. When two of the three central
strips are saturated, the C5/Cy curve or its image (i.e. C1/C4) may be used
depending on whether C4 or C; is saturated. In this case, if the ratio falls below
the minimum value shown, the coordinate is set to correspond to the center of the
half of the strip for which the curve is not plotted and assigned the appropriate
“top-hat” error. For three saturated strips, C5/C} is used when Cs < Cy, and its
image (viz. C1/Cs) otherwise. In the case of four saturated strips the coordinate
is treated as corresponding to a hodoscope element of half-strip width (c.f. C5/C5
below minimum), and for five saturated strips the treatment corresponds to a

hodoscope element of full strip width.

The distributions of Fig. 81 correspond to all of the strips on each foil, so
that the resulting ratio-to-position curves represent an average over all channels.
The loci corresponding to individual peak channels exhibit some jitter (typically
< 0.03 at the axis) about the calcul;ated locus. This implies that separate ratio-
to-position curves should be stored for each channel of each foil. This is not
practical, and so as a compromise two numbers are stored for each channel which
measure the deviation of the intercept at each end of the observed locus from the
calculated position. These so-called cross-talk correction parameters/39 are then
used to map the observed locus onto the calculated curve prior to the calculation
of position from ratio. This somewhat arbitrary approach works quite well and

results typically in unfolding ~ 50 pm from the final resolution.

In converting a local peak to a coordinate value, the first step is to store the
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p.h. information for the central strip and two strips on each side. Any strip
which is off has its p.h. set to zero. If the first p.h. is significantly larger than
would be expected (;n the basis of: Vthe second p.h. and the p.h. ratio curves,
the (left p.h./central p.h.) ratio is considered to suffer from overlap problems
and is discarded; the same check of the (right p.h./central p.h.) ratio is made
using the fifth and fourth p.h.’s. If neither ratio can be considered good, the
central strip is treated as a hodoscope element and given the “top-hat” error
corresponding to strip width. Any peak involving one or more saturated strips is
then treated as discussed previously, while an unsaturated peak having only one
good ratio is converted to a coordinate value using the relevant single anodel*!

ratio-to-position curve.

If the peak has two p.h. ratio measurements which seem to be all right, the
corresponding position with respect to the selected zone in the equivalent of Fig.
81 is established. If the point lies above the zone, the peak is presumed to suffer
from overlap problems and the central strip treated as a hodoscope element; the
same treatment is applied to the symmetric region located below the knee of
the distribution, i.e. where both ratios are very small. In the remaining regions
between the zone and the axes, the smaller ratio is discarded and the coordinate
and error calculation performed using the larger ratio only. For a point falling
within the acceptable region of the ratio scatter-plot, the coordinate and error
value are obtained as the weighted average of the results from the left-and right-

ratio separately.

It should be noted that, although the data of Fig. 81 correspond to single
anode coordinates, the acceptable zone is defined on the basis of all data, since at
the stage of the production code at which the cathode coordinates are created no
anode correlations have been established. At this point coordinates are created
on the basis of single-anode curves, since this accounts for 60-70% of the final
coordinates. Subsequently, when anode corroboration has been established and
the appropriate anode structure is known, multi-anode cathode coordinates are

recalculated using the multi-anode ratio-to-position curves. For the gap cham-

177



bers, the additional correction due to foil stretching must also be added at this

stage, since only then is position along a given strip established.

Solenoid track finding, which is discussed in detail in the next section, is
carried out initially in the planar chambers and subsequently in the cylinders. For
the gap and cylinder chambers, the cathode coordinates correspond to orthogonal
projections of the anode charge position, so that a point calculated from an anode
coordinate and one or more cathode coordinates corresponds, within error, to a
space point on the track in question. This contrasts sharply with the situation in
the other proportional chambers; here the z,y and e coordinates are measured at
different locations along a track, so that in general the resulting point can suffer
from large systematic errors depending on the local direction cosines of the track

in question.

It follows that space-(or match—) point making in the gap and cylinder cham-
bers is extremely important to precise, fast track finding. In this regard addi-
tional help in reducing the number of spurious match-points created is obtained,
in the case of two-foil points, by requiring that the cathode signals induced on
the foils match well in total pulse height. For the gap chambers the ratio of total
p.h. on each foil peaks typically in the range 0.95-1.05 depending on the running
conditions; however, because of the curvature of the cylindrical cathodes, the cor-
responding p.h. ratio for outer to inner foil peaks at a value which varies from ~
1.2-5 for cylinder 1 to 1.05-1.10 for cylinder 6. It follows that a pulse height scale
factor needs to be introduced for each chamber such that the ratio distribution
peaks at 1.0. The typical resulting p.h. data are illustrated by Fig. 84, which
pertains to cylinder 2; Fig. 84(a) shows the scatter plot of total p.h. on the
inner foil against the scaled-down total p.h. on the outer foil; the corresponding
ratio behavior is shown in Fig. 84(b), where (inner p.h./outer p.h.) is plotted for
(inner p.h. < outer p.h.) and 2 - (outer p.h./inner p.h.) for outer p.h. less than
inner. Clearly, the pulse heights match well, and a ratio in the range 0.5-1.5 is

considered acceptable.[41]
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The procedure adopted in creating match-points in the gap and cylinder
chambers is to compare each measured anode coordinate with the corresponding
coordinate calculated from all palrs of cathode coordinates which satisfy the p.h.
matching requirement described above. If the results agree at the four standard
deviation level, the three coordinates are considered to constitute a match-point;
for each anode, up to two such match-points are retained, although it happens
rarely that there are two such matches within the tight error requirements im-
posed. In such cases, it may happen that a spurious cathode combination has
a slightly smaller residual than the correct one, hence the necessity of retaining
both. Also, for multi-anode coordinates resulting from the merging of two clus-
ters it can be the case that there are two real cathode pairs matching the anode

cluster within tolerance.

If the anode cluster contains four or more wires, and if the error on the anode
coordinate calculated from the two foils is less than the anode error, the mea-
sured anode coordinate is replaced by the calculated one and the corresponding
coordinate along the wire direction (y for gap chambers, z for cylinders) and its

error also calculated from the two foils.

For smaller clusters, the anode coordinate is retained and the corresponding
coordinate along the wire calculated in a way which is equivalent to a fit to the
three coordinate measurements taking account of their errors. This is necessary
since the cathode errors can vary over a wide range, and means, for example, that
when one cathode coordinate is well-measured and the other poorly measured the
procedure automatically tends toward the result obtained from the anode and

one cathode coordinate.

The resolution and cleanliness of the match-point making process are illus-
trated in Figs. 85-88(a) for cylinders 2, 4, and 6 and in Fig. 88(b) for gap 2.
In each case the residual plotted corresponds to the difference between the mea-
sured single-anode coordinate and the corresponding value calculated from two

foil coordinates which have no overlap problems and which involve no saturated
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strips. For cylinder 6, a single-anode coordinate corresponds to four wires ganged
together; the individual wires are clearly resolved in this case (Fig. 87), and the
wire spacing is corrt;ctly reproducéd; this is illustrated in Fig. 88(a), which is
obtained from Fig. 87(a) by subtracting the nominal wire position from each 0.2
cm section of the distribution in the range (—0.4, 0.4) ¢cm and superimposing the

resulting distributions.

The scatter plots of Figs. 85-87 demonstrate clearly that there is no signifi-
cant z or wire number (i.e. ¢) dependence of the resolution; a similar lack of =

or y dependence is found for the gap chambers (not shown).

The curves of Figs. 85, 86, and 88 are gaussians with the indicated standard
deviation; clearly they describe the peaks very well; the low level of background
not described by the curves demonstrates that the fraction of spurious match

points is small.

For the cylinders the resolution within a given foil is larger than that shown
in Fig. 85-88 by a factor ~ 1/2; it follows that this value is 155um, 185um, 220um
for cylinders 2, 4 and 6 respectively. For the gap chambers, the foil resolution
equals that shown e.g., in Fig. 88(b). It follows that the foil resolution is the
same for gap 2 and cylinder 4, which have the same strip-width to gap size ratio,

despite the fact that cylinder 4 has an anode radius of only ~ 16.5 cm.

In Fig. 89, the foil resolution is plotted against the ratio of strip width to gap
size. A linear dependence based on cylinders 4 and 6 would imply a resolution of
~ 100um for cylinder 2, rather than the observed 155um; the latter value reflects
the fact that the ratio band in Fig. 81(b) is broader than that of Fig. 81(a). This
is not due to channel-to-channel jitter, since the same broadening is observed for
individual channels; also the effect of pedestal jitter (~ 3 ADC counts) is too

small to account for the observed ratio band widths in Fig. 81.

The source of the observed ratio band width is not understood; however the
data of Fig. 84(a) indicate that the uncertainty in total pulse height measurement

is approximately proportional to the p.h. value. If it is assumed that this is true of
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the p.h. measured on an individual strip, the distribution of Fig. 84(b) together
with similar distributions for other chambers indicates that the p.h; uncertainty
is ~ 10-12% of the p.h. value. This yields a value of ~ 0.025 — 0.030 for the
standard deviation of the ratio band distribution at the axis, as is observed in Fig.
81(b). It also results in an error value of ~ 0.010 — 0.0125 for Fig. 81(a) when
pedestal jitter is taken into account, and this agrees with the observed behavior.
This effect, which is not observed when calibrate data are taken, appears to
be the determining factor as concerns the resolution attainable in the gap and

cylinder chambers; however, as indicated above, its source is not understood.

As indicated above, it is assumed that the resolution in the coordinate mea-
sured along the anode wire direction is related to the resolution transverse to the

anode direction by the factor (1/tan fp;ch).

For the gap chambers (fpitch = 45°) this means that the y-resolution is the
same as that illustrated in Fig. 88(b); this has been confirmed under field-off
conditions by finding straight tracks using gap 1 and gap 3, and corroborating

them in gap 2.

For the cylinders, the implied z resolution is ~ 0.7 mm, and this is attained
for tracks making an angle greater than 30° with the anode wire direction in
the radial plane containing the wire in question. At lower angles, the anode
avalanche becomes increasingly cylindrical in nature and the z resolution tends

to.deteriorate somewhat, reaching a value of ~ 1.5 mm at ~ 10°.

When the gap and cylinder chambers play the role of corroborating a given
track, no cathode information is sought unless anode corroboration is first found.
If, subsequently, two cathode coordinates are found corroborating the track, they
are subjected to the same p.h. comparison and match-point resolution tests
described above. For a successful match, the y or z coordinate is calculated as
for a match-point; otherwise the coordinate is calculated for each anode/cathode

pairing and the y or z coordinate yielding the better corroboration retained.

In the next section, the procedures followed in solenoid track-finding are dis-
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cussed in detail with emphasis on the important role played by the gap chambers.

10.4 SOLENOID TRACK FINDING

The algorithm employed in solenoid track finding is based on the assumption
that the trajectories of charged tracks are well-approximated by helices of the

form

T = zc + 1 C08[@res + b(2 — Zper)]

Y = Ye + rsin[dpes + b(2 — 2zrep)]

where 2 is measured along the magnetic field axis. The projection of such a helix
onto the plane orthogonal to the z-axis is a circle of radius r centered at (z, y.);
the parameter b measures the rate of change of azimuth on this circle with respect
to 2z, and @,.; is the value of the azimuthal angle at z = z,.y. The uniformity of
the magnetic field is such that this provides a very good description of the actual

charged particle trajectories.

Track finding begins in the planar gap chambers by creating match-points
(three-dimensional space points) in the three gap chambers. A three-way match-
point is created when the anode (z) coordinate calculated from a pair of cathode
coordinates agrees at the 40 level with a measured anode coordinate; after all such
match-points have been made, two way match points are created by combining

any unused anode and cathode coordinates.

A trial helix may then be defined by choosing one match-point (i.e., an (z,y)
pair at fixed z) from each gap chamber, and requiring that the resulting trajec-
tory correspond to a good one-constraint helix fit. The resulting helix parameters
and covariance matrix are then used to search the other solenoid detectors for
corroboration of this candidate helix. Tracks yielding a high-enough level of
corroboration are then subjected to a three-dimensional helix fit to all pivotal
(i.e., match-point) and corroborating coordinates. Multiple-scattering (assum-

ing a pion mass) is taken into account in the fit, and only those tracks which
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have a confidence level greater than 10~* are retained. As each track is found,
it is compared to any previously-found tracks in order that duplicé.tes may be
eliminated. Finally, if the track survives this process it is stored in the output
track-bank. This process is continued until all combinations of three gap chamber

match-points have been tried.

Subsequently, all other combinations of three planar devices are used in a
similar way. In particulé;r, as each proportional chamber is invoked for the first
time, match-points are created with the same three-way and two-way hierarchy
as described for the gap chambers. However, whereas the three gap chamber co-
ordinates are in effect measured at the same z location, in the other proportional
chambers the three coordinates are measured at different z-locations. Since there
is no information on track direction available at the time of match-point mak-
ing, this means that rather loose tolerances must be employed, and multiple-use
of coordinates must be allowed in order to increase the probability of finding
steeply-pitching tracks. The i'esulting match-point lists tend, as a consequence,
to contain substantial numbers of fake match-points. In turn, this generates a
substantial increase in the number of trial helices which must be checked for a
given set of three devices (hereafter referred to as a “call”). The impact of these
fake match-points on the track finding time is greatly reduced by adopting an
iterative approach to the calculation of the trial helix parameters. For any call
involving at least one proportional chamber, the first-estimate helix parameters
are used to map the proportional chamber coordinates to a common z-location.
The helix parameters are then recalculated using the new coordinate values, and
the subsequent requirement that the helix correspond to a good one-constraint
fit eliminates a very large fraction of the fake helices. The surviving helix can-
didates are treated in exactly the same manner as that described above for the

three-gap-chamber call.

Since the majority of produced tracks come directly from the primary inter-
action vertex, and since the beam particle trajectory through the target is well

defined by means of the beam telescope, it proves useful to make use of addi-
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tional calls involving the beam and two chambers in the track finding process. In
such beam calls, the match-point from the first chamber is replaced by the beam
position at the midcile of the targét. This means that the trial helix parame-
ters can be calculated, and corroboration, fitting etc. carried out just as for the
three-chamber calls. The beam position is not used in the fit to a track found by
means of a beam call, but the fitted track is not accepted unless it passes within

0.5 cm of the beam inside the target volume.

Clearly, the use of beam calls improves the efficiency of track finding for
tracks from the primary vertex. More importantly, however, it greatly improves
the probability of finding such tracks produced at large enough angle that they

intersect only two or three chambers before exiting the solenoid.

The algorithm used in the planar track finding demands that the trial helix
not turn through more than 27 radians within the z-range of the chambers defin-
ing the call. This imposes a lower limit of ~ 80 MeV/c on the p, value of tracks
which can be found using three planar chambers. The limit is slightly reduced
to 65-70 MeV /c for events occurring near the downstream end of the target as a

consequence of the beam calls.

The planar track finding program makes use of 34 three-chamber and beam
calls. The use of such a large number of calls serves to compensate greatly for
any chamber inefficiencies. However, in the absence of any limiting strategy
coﬁcerning the creation and use of match-points, the track finding time per event
is very large, since each track is found many times. In order to prevent this,
the following procedure for “poisoning” coordinates and match-points is adopted.
Each accepted track is assigned a flag on the basis of coordinate configuration and
confidence level which indicates whether it is of poisonable quality; approximately
85% of the finally-accepted tracks are of such quality. The coordinates on such a
track are flagged as poisoned, and the current list of match-points checked against
the list of poisoned coordinates. Any match-point not containing at least two

unpoisoned coordinates is then poisoned, and thereby eliminated from further
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use in track finding. Poisoned coordinates are still used to corroborate tracks,
but are not used in any subsequent calls to match-point making rbutines. The
efficiency of the chambers is such that for most events the track finding in effect
self-terminates after relatively few calls. However, for tracks which are difficult to
find because e.g., of several missing coordinates, this poisoning strategy together
with the redundancy in the call structure enables the program to extend its

search-time in a dynamic way, thereby enhancing the track finding efficiency.

Track finding in the cylinder package begins at the conclusion of the planar
track finding. However, in order to increase the cylinder track finding efficiency
near the downstream end of the package, the initial group of calls corresponds to
a hybrid track finding mode involving the first gap chamber. Any unused match-
points in gap chamber 1 are reconstituted in the format of cylindrical chamber
match-points and stored in the location of the outermost cylinder (i.e., cylinder
6) which is almost never intersected by tracks reaching gap chamber 1. The
cylindrical track finding algoﬁthm is then carried out using the 15 possible calls
involving gap 1, the beam, and the inner five cylinders. At this point, match-
points are made in cylinder 6 and the 35 additional three—chamber and beam

calls carried out.

The cylindrical track finding algorithm is very similar to the planar algorithm,
although there are differences in the details of the tests which are used to define an
acceptable trial helix. There are, however, two significant procedural differences;
ﬁr-st, candidate helices are required to turn through no more than 7 radians in
the z-range of the pivotal coordinates and secondly, for forward-going cylindrical
candidates, planar corroboration is not sought beyond the full bore chamber
1.5. The first of these requirements means that multi-loop tracks are found in
segments with semi-circular (z, y) projections. The fact that such segments
belong to the same track is recognized in the section of the program dealing
with event topology. Since such tracks usually suffer significant energy loss from
segment to segment, this is a much simpler and more effective way of dealing with

such looping tracks than trying to find and fit the entire track in one step. The
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second requirement is imposed because such tracks as would corroborate beyond
full bore chamber 1.5 should have been found as planar tracks. If théy are found
as planar tracks, but the poisoning{'does not prevent the upstream portion being
found as a cylindrical track, it is frequently because the track has scattered or
decayed in flight. If corroboration of such cylindrical tracks is extended beyond
the second chamber, coordinates from the secondary track tend to be picked up
as the corroboration window opens up. This can result in distortion or rejection

of the cylindrical track candidate.

Apart from these differences, the corroboration, fitting, duplicate removal
and storing routines are the same as for planar track finding, as is the strategy
concerning the poisoning of match-points and coordinates. On the IBM 3081,
planar track finding requires ~ 200 msec/event whereas the subsequent cylindri-

cal track finding requires only ~ 40 msec/event.

10.5 DIPOLE TRACK FINDING
10.5.1 Introduction

The dipole spectrometer in LASS provides momentum analysis of relatively
fast particles produced close to the beam axis in the solenoid. It consists of
the twixt region, located between the time of flight (TOF) array and the dipole
electromagnet; the dipole, which produces a vertical magnetic field that serves to
bend the particles in the horizontal (z — z) plane, and the “downstream” region
located down-beam of the dipole. The magnetostrictive (MS) and proportional
wire chambers (PWC) located in the twixt and downstream regions are used to
measure the trajectory of each particle before and after it passes through the
dipole aperture. The observed deflection of the particle and the known magnetic

field along its orbit are then used to infer the particle’s momentum.

A substantial number of the particles entering the twixt region from the
solenoid do not fall within the geometrical acceptance of the dipole magnet.

However, the measurement of their trajectories in the twixt region does provide
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extra information, whose use will be elaborated upon in the section concerning

solenoid-twixt track joining.
10.5.2 Coordinate Unpacking

There are seven magnetostrictive chambers and five proportional wire cham-
bers used to find tracks in the dipole spectrometer. Each magnetostrictive cham-
ber has four readout planes, one readout on each side of two spark gaps. The
proportional wire chambers, because of their superior time resolution, play a
vital role in identifying the event-related tracks; tracks associated with a previ-
ous interaction are sufficiently out-of-time that they do not register in the PWC
devices, but can be detected by the MS chambers due to the inherently long

memory of these devices.

The PWC devices present their coordinate information in the form of a wire
address that is translated into a geometrical coordinate as described in Section
10.3.1. The raw data from the MS chambers are the time of arrival of every pulse
(a clock count) on the magnetostrictive wands that instrument every spark gap.
For every event two fiducial pulses are generated for each wand, one at each end.
Since the propagation velocity of a pulse is almost constant along the length of
the wand, a linear relationship exists between the clock count of each pulse and
the location along the wand at which the pulse was generated. The clock count
of a pulse relative to the clock count of the fiducial pulses then gives the location
at which the pulse was generated relative to the location of the fiducials. The
absolute coordinate along the wand can then be inferred from the known fiducial
locations. It is necessary to include in this calculation a small correction to each
coordinate that is a function of the observed time of arrival in order to account

for the variation in sound velocity along the wand.
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10.5.3 The Track Finding Algorithm

Both the twixt and downstream region of the dipole spectrometer are free
of large magnetic field components, so the tracks in these volumes can be well
approximated by straight lines. The MS chambers provide most of the coordinate
information, and form the basis for the track finding algorithm in both regions.
Each MS chamber provides two pairs of coordinates, each pair being measured

at z-planes separated by 6.2 cm.

The track finding in the twixt and downstream regions is done by defining
precise line candidates in a series of calls. In each call, pairs of match-points are
constructed dynamically as the track finding progresses, each pair being used to
define a new line candidate. The candidate line definition is made in the following
manner. A pair of similar MS planes is chosen, for example the z-plane in MSD1
and the z-plane in MSD4. A pair of coordinates (one from each plane) is chosen
to define a line in the z — z plane, which is then extrapolated to the adjacent gap
of each chamber, i.e. the e — p gap of MSD1 and the e — p gap of MSD4. Then
for each gap in turn, every pair of e — p coordinates is examined to see whether it
predicts an z-coordinate that agrees with the extrapolated line. If a set of e — p’s
cannot be found for either one of the two gaps, the trial £ — z line is discarded

and another pair of z-coordinates from MSD1 and MSD4 is tested.

Once two pairs of acceptable e — p coordinates are found, they are used to
compute the parameters and errors of a candidate line. This line is extrapolated
to the unused coordinate planes to define expected hit points and uncertainties.
The error on these predicted hit points is quite small (~ 1 mm) and reflects the

precision of the coordinates used to determine the candidate line.

The largest source of noise in the MS chambers is due to particles from a
previous interaction, which are unassociated with the triggered event. Such out-
of-time tracks can be recognized by the absence of PWC coordinates or scintillator
hits on the candidate line. The candidate line is extrapolated to each in-time

device and the actual hits in the device are examined to determine whether any
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can be associated with the candidate line. The line candidate is rejected at this
stage if it fails to have a sufficient number of in-time hits. Once the line candidate
has satisfied the in-time requiremerit, it is extrapolated to the other planes in the

region, and a search for corroborating coordinates in each plane is made.

Each plane in turn is checked to see whether there is a coordinate in the
plane which is within 3o of the extrapolated candidate line position. Line can-
didates which fail to find a sufficient number of corroborating coordinates are
rejected. A least-squares straight line fit is made to the found coordinates and
the candidate line is recorroborated, using the fitted line parameters to define
the candidate line. After a second least-squares fit using the coordinates from
the second corroboration, the track is judged on the basis of the fit confidence
level. If the confidence level is unacceptably low, the coordinates with the largest
x2 contributions to the fit are removed iteratively and the track refitted until the
fit becomes acceptable or the track fails because too few coordinates remain on

the track.

The fitted track candidate is then checked for in-time corroboration once
more. A track candidate which is corroborated in most of the in-time devices is
accepted and stored away, otherwise it is rejected. Prior to discarding the out-of-
time track candidates, one further check is made to see if the track is otherwise
of high quality based on the corroborating information in the MS chambers. In
such cases, the track’s coordinates are poisoned so that they are no longer used
to define candidate lines; if this is not done, such tracks, which are genuine out-
of-time tracks, will be found repeatedly on different calls but will always fail the

in-time requirement.

This procedure for defining line candidates is repeated for all pairs of z-
coordinates in the two planes. This then constitutes one track finding call, which
is characterized by the choices of the two pivotal planes and the two spark gaps
used to define the candidate lines. An identical search is then performed using

all other possible calls; all pairs of y-planes are searched using the e — p spark
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gap for corroboration, and all pairs of e-planes and p-planes are searched, using

the =z — y spark gaps for corroboration.

This algorithm is used to find the lines in both the twixt and downstream
regions. In the twixt region, an additional strategy is employed to find the
tracks which only pass through the plug 4 and plug 5 chambers. This algorithm
consists of making 3-way and 2-way match-points in each plug chamber and then
using pairs of match-points, one from each plug chamber, to define candidate
lines which are then extrapolated to the other chambers in the twixt region for

corroboration.

The three Johns Hopkins proportional chambers play only a corroborative
role in the track finding procedure because of their relatively poor coordinate

resolution.

10.5.4 Dipole Crossing

Downstream and twixt lines which come close to meeting each other at the
z-plane in the middle of the dipole are considered to define a candidate particle
trajectory. Their deflection in the dipole bend plane is calculated, and the result
used to estimate the momentum of the particle. The downstream line is then
swum through the dipole in a series of steps, the change in direction of the orbit
being computed from the momentum estimate and the magnetic field map at
each step. The z-slopes of the orbit in the twixt and the measured twixt line
are compared, and a correction is computed to the momentum estimate. This
procedure is iterated until the z-slopes of the swum and measured orbit agree to
within 0.1 mrad , a level of convergence which is usually reached within two to

three iterations.

The z and y intercepts and y-slope of the orbit in the twixt and the measured
twixt line are then checked for consistency. Typically these values agree to within
a few mm for the intercepts and a few mrad for the slope. If any one of these

quantities shows a sizeable discrepancy, the orbit is rejected. In such cases, either
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track can be used in another downstream-twixt line pairing provided that such

a pairing satisfies the matching criteria in the middle of the dipole.

Once an acceptable cross has been found for a twixt-downstream pair, an
estimate of the uncertainty in the momentum error is made using the errors in
the twixt and downstream line z-slopes and the error due to the multiple scat-
tering experienced by the particle as it passes through the twixt and downstream

tracking chambers.

When this procedure fails to find a twixt segment for a downstream line,
a recovery procedure is used to try to find the missing twixt segment. The
position of the downstream line in the middle of the dipole and the y-slope of
the downstream line (which is not appreciably affected by the dipole field) is
used in conjunction with two z-coordinates from the Johns Hopkins chambers
in the twixt to define crude line candidates through the twixt which can then
be corroborated in the usual way. All pairs of JHUP and JHX coordinates that
point to the z position of the downstream line in the middle of the dipole are
used to define a line candidate. For such line candidates, the tolerance on the
number of missing coordinates allowed on the candidate line is relaxed, since
the usual reason for a crossing failure is the inefficiency of the MS chambers
in the twixt. The twixt line found through this recovery is then used with the
previously uncrossed downstream line to determine the momentum of the track

in the fashion described above.

10.5.5 C5 Corroboration

The C; threshold Cerenkov counter is used to separate fast n’s and K’s which
pass through the dipole spectrometer. As described in Section 7.3, the counter
is physically divided into eight cells, so that a light-emitting particle passing
through the volume of a cell will have its light detected in at least one of eight

photomultiplier tubes.

Each downstream line found as in Section 10.5.3 is projected into the C,
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counter to define the cell which was hit directly by the particle. If the track hit
the counter near a cell boundary, the adjacent cells (if any) are identified. The
pulse heights of the éirectly hit cell{‘a,nd the adjacent cells are recorded and stored
on the DST record for later use in the DST analysis.

After all downstream tracks have been corroborated, if a cell has been directly
hit by more than one track, both tracks are flagged to so indicate, and the

information added to the DST record.

The dipole-crossing procedure described in the previous section associates a
momentum value with each downstream line which is successfully crossed. The
corresponding Cs corroboration data obtained as above then provide particle

identification capability for these tracks at the DST analysis stage.

10.6 TRACK SWIMMING AND JOINING
10.6.1 Introduction

The track finding thus far described results in four lists of track segments:
e solenoid tracks
e dipole tracks (i.e., tracks associated across the dipole)
e twixt tracks
e downstream tracks.

Track joining attempts to consolidate these lists and where possible, uses
the additional twixt and downstream information to improve the solenoid track
measurements. As a secondary function, it compiles appropriate geometrical
information for the trajectories of the tracks through the particle identification
devices TOF, QUAD and C;, in so-called “swim banks.”

The basic computational tools are:

e a geometrical model which divides the apparatus into a series of num-

bered volumes; thus each optical cell in C; has a different volume
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number and “thin” detectors (e.g., a PWC chamber) are defined as

the interface between two volumes;

e a heavily modified Runge-Kutta integration routine which observes the
apparatus model such that a call to the routine not only traces a par-
ticle through to the requested z-plane, but also returns a complete
history of the volumes traversed including position and direction at
entry to each volume, and the path length; a further function, under
external flag control, provides for the compilation of the field integrals

experienced by the particle;
¢ a seventh order polynomial fit to the magnetic field map.

The procedure falls into three major sections. Solenoid to twixt joining,
solenoid to dipole joining and refitting, and track association of particle identifi-

cation information.

10.6.2 Solenoid to Twixt Track Joining

When joining solenoid tracks to twixt lines, the only momentum information
available is associated with the solenoid tracks, which must therefore be extrapo-
lated to a comparison plane in the field-free region of the twixt. The comparison
plane is chosen to be the TOF and the first step is to prepare a list of all twixt
line impact points, slopes and error matrices at the TOF, using a straight line
exi;ra,pola,tion. Thereafter, each solenoid track is taken in turn, and provided it
has a predicted hit in full bore chamber 3.5, it is extrapolated from gap 3 to the
TOF. Extrapolation starts at gap 3 because field uniformity begins to deteriorate
before full bore chamber 3.5. The volume histories prepared by the tracking are
first used to prepare a track associated swim bank, and then to calculate an error
matrix for the solenoid track at the TOF, folding together the contributions from
both multiple scattering and solenoid measurement errors. Should the latter be
poorly understood, a typical measurement error matrix is substituted. The re-

sulting line description is combined with each twixt track in turn to calculate a
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x2, and the result is stored in a matrix which records all possible solenoid-twixt

combinations.

When the list of solenoid tracks has been exhausted, the matrix is searched
for the lowest x? combination. These tracks are listed as a join, masked out from
the search, and the search repeated until either the lowest x? remaining rises
above threshold (x? > 33 for 4 degrees of freedom), or until all the tracks of
one type (solenoid or twixt) have been eliminated. Twixt lines which form the

upstream half of a crossed dipole track are at this point deliberately excluded.

The additional errors on a particle’s trajectory due to the uncertainty in the
solenoid momentum measurement are not directly treated during extrapolation,
primarily because it is computationally expensive. This omission leads to a join
confidence level distribution which peaks toward zero where it overlaps with gen-
uine sources of mismatching such as hard scattering and particle decay. Doubtful
joins are therefore identified by re-examining the matrix using a far higher x2
threshold (x% < 100 for 4 degrees of freedom), and flagging any resulting joins as
rescues. Twixt lines which form the upstream half of a crossed dipole track are
accepted on this pass so that their information will be complete should solenoid-

dipole track joining fail.

The resulting list of joins is used to improve the event description in the

following areas:

"o the particle’s impact point in the TOF is measured far more precisely with
the twixt line than with the particle’s solenoid trajectory, as the latter has

to be swum approximately 2.5 m to reach the TOF array;

e combining the measured trajectory of the particle in the twixt region, the
direction of the particle at gap 3 and the magnetic field integrated along the
particle’s path between these two points, another estimate of the particle’s
momentum can be made; the uncertainty in this measurement tends to be
large due to the relatively small field integral experienced by the particle

and by the multiple scattering of the particle as it exits the solenoid; never-
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theless, the field integration is performed for solenoid tracks with |p| > 3
GeV/c and § > 40 mrad, the class of solenoid tracks for which the addi-

tional momentum measurement is useful.

10.6.3 Solenoid to Dipole Track Joining

The algorithm used to join solenoid to dipole tracks is very similar to the
one described in the preceding section. However, the high resolution momentum
information associated with the dipole track does require a number of detailed

changes.

The procedure starts at the downstream end, and extrapolates each dipole
track in turn from the twixt back to gap 3 again compiling swim banks and error
matrices for multiple scattering and measurement errors. In the simplest case,
the program then calculates a x? for each like-sign dipole-solenoid pair. However,

a number of special cases are also recognized:

e if the solenoid error matrix is of poor quality, a typical error matrix is

substituted in the x? calculation;

e if the charge of the solenoid track is in doubt, wrong sign combinations are

allowed to contribute (with a substituted solenoid error matrix);

-o if a dipole-solenoid join indicates a marginal association (30 < x? < 300),
and there is a mismatch between the twixt and downstream lines in the
non-bending plane, small perturbation calculations are made to the twixt
line to compensate for a possible twixt mis-measurement; if this improves
the x2, the calculation is retained and the dipole momentum is recalculated

on the basis of the modified twixt line.

The final x? matrix is iteratively searched for the highest probability com-
bination until all dipole tracks have been joined, or the probability of the best

remaining join falls below 1076,
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For successful joins, the coordinates from the original solenoid track are fed
back into the track fitting routine together with the additional momentum con-
straint imposed by the dipole. Track fitting is the final arbiter of a join, and is
very sensitive to an incorrect choice of solenoid-dipole join. This allows a fair
degree of leniency in rescue procedures and the probability cut, provided it does

not result in overworking what is a CPU-time expensive fitting routine.

Acceptable fits (c.l. > 107%) are substituted in the solenoid track list, and the
swim bank book-keeping updated so that the dipole and solenoid tracks share

the dipole swim bank.

10.6.4 Association of TOF, QUAD and C; information

The swim banks prepared during track joining are skeletal in the sense that
they contain only geometrical data. Association of TOF, QUAD and ¢, infor-

mation remedies this deficiency in a two pass process.

The first pass simply loops over the swim banks, picking up ADCs and TDCs
for hit TOF paddles, buffer strobes for QUAD paddles, and ADCs and buffer
strobes for optical C; cells. Where indicated by the geometry, the search is
extended to neighboring cells or paddles. All information thus garnered is stored

into the swim banks.

The second pass examines track to track correlations, flagging any ambiguous
hits (e.g., two particles in the same TOF paddle). Once again the results are
stored in the swim banks which now contain all available information for the
passage of particles through these devices. It should be noted that the intent is
to compile as complete a summary as possible for later processing at the DST

analysis level. No attempt to perform particle identification is made here.
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10.7 VERTEX FINDING AND TOPOLOGY SELECTION

10.7.1 Overview -

The analysis program, after completing the track reconstruction, filters out
the most obvious duplicate and “junk” tracks, then proceeds to geometrically
associate the tracks into production and decay vertices. The goal is to maximise
the efficiency of finding the “correct” event topology while retaining good dis-
crimination between primary, single V° and more complex topologies. Sufficient
information is kept to allow later re-evaluation of events with minimum work.
This “vertexing” procedure is performed in a series of steps, the first step being
to identify pairs of track segments which are the result of one track decaying
in the solenoid, or wrapping-around in the cylinder package; clear “daughter”
tracks are removed from further consideration. Secondly, all tracks which are
candidates for belonging to the primary interaction vertex are identified and a
preliminary estimate of the “true” primary vertex is made. Next, lists are made
of all physically reasonable neutral and charged secondary decay vertices. Finally,
the program reconstructs the primary interaction vertex and then determines the

most reasonable associations of secondary vertices with the primary interaction.

10.7.2 The Track Filter

_ Once all solenoid tracks are available (constrained with the dipole momentum
where appropriate), they are passed through a filter which ~ 5% fail. Dipole
constrained tracks are never rejected and solenoid tracks of poisonable quality are
excluded from the first stage of the filter. Two categories of track are eliminated
immediately on the basis of coordinate sharing (for this purpose, cathode strips
are counted individually). Tracks sharing all but three coordinates with a single
track of higher quality are removed as duplicates; subsequently tracks sharing
segments with several other tracks and having few (< 7) unshared coordinates
are discarded. This procedure is iterative, rejecting a single track at a time until

the remainder have sufficient unshared coordinates. Next, tracks of poor quality
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localized to the beam region are rejected if there is substantial coordinate sharing
with non-event related beam tracks. Specifically, if pr < 10 MeV/c and more
than half the coordinates are shared with other tracks or it is a track of poor
quality which was found using a beam call and there is sharing with non-event-
related beams the track is eliminated. Finally, if the trigger electronics indicates
the presence of an early beam track in the ~ 25 ns time interval such that it will
appear in the solenoid PWCs but not in the beam chambers, then any remaining
track having § < 10 mrad and within 1.5 cm of the beam region is discarded. Any
remaining tracks lacking a twixt association are rejected if they have unphysical

pr or pr, very low confidence level, or a bad error matrix from the helix fit.

After filtering, the tracks are reordered in the output track bank so that
those to be retained appear first. The remaining tracks are not written out on

the DST’s.

10.7.3 Primary Vertex Finding

Vertex finding is carried out using a simple helix representation for all charged
tracks; neutral connectors and all tracks upstream of z = 0 are treated as straight
lines. The search procedure is iterative, using the local tangents to helices in
estimating the next step, and minimises the sum-of-squares of perpendicular
distances (Z‘dz) from the vertex to the included tracks. A simple cut-step and
parabolic search technique is used tb deal with pathological cases, in particular

that of two tracks with close to zero opening angle.

A preliminary estimate of the primary interaction position is made by taking
the weighted mean of the z coordinates corresponding to the point of closest
approach to the beam for all tracks passing within 1.5 cm of the beam in the
vicinity of the target. Tracks seeming to originate from upstream or downstream
of the target are ignored, unless it is otherwise impossible to obtain an estimate.
This estimate is used to resolve some critical ambiguities of parent-daughter

track association (see next section). After daughter tracks have been eliminated,
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the remaining tracks within 1.5 ¢cm of the beam are fitted with the beam and
the result, if at all reasonable (£d? < 1 cm?/degree of freedom), is saved as the

primary fit. The associated tracks are defined to be the primary candidate tracks

and no others are subsequently considered for the primary vertex of any topology
for the event. If the first attempt at the primary fit is unsatisfactory, it is retried
with the worst track removed. If this procedure fails the tracks involved are split
into an upstream and downstream group, the group having the larger number of
tracks being retained. This latter step is rarely necessary except for events with

a double interaction.

A special algorithm deals with beam 7 decays occurring near or upstream of
z = 0, where because of the small opening angles, only a subset of the tracks
appears to come from the target region. Also, the Xd? test is relaxed for events

involving long extrapolations upstream.

10.7.4 Identifying Kinks

The solenoid track finding algorithm finds track segments which are well
approximated by helices, with the additional restriction in the cylinder package
that each track segment turn less than 7 radians between the first and last
coordinate on the track. This criterion means that particles which decay in flight
(or scatter significantly) are typically found in two track segments, each of which
executes a slightly different helix, but which, to a good approximation, share
a <;ommon endpoint. Particles which turn substantially more than = radians
within the cylinder PWC’s are also found in a number of track segments, or
loops. In each case, it is important to identify such additional track segments as
kink daughters or subsequent cylinder loops of a single particle, since otherwise
the additional track segments tend to compound the difficulties faced in defining
the event topology. For example, the kink daughters, because of their usually
small decay angles, often end up being associated with the same vertex as the
parent; furthermore additional cylinder loops are readily interpreted as forward-

backward decays of a stopping particle.
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It is a relatively straight-forward procedure to identify pairs of tracks which
may be the result of a charged decay (a “kink”) or a multiply—ldoping cylin-
der track (a “wrap-z;,round”). Ho&rever, care must be exercised when deciding
whether one of the tracks is a genuine daughter of the other track, as an in-
correct decision will remove one of the tracks from further consideration in the

vertexing procedure.

Procedurally, a simple loop over all pairs of same-sign helices is performed.
Because of the ambiguity between forward and backward going tracks in the
cylinder package (a forward-going positively charged track describes the same
trajectory as a backward-going negatively charged track), the loop is performed
over all pairs of tracks rotating in the same direction as a function of z. Each

track pair is then subjected to the following tests:

1. The tangent to each track is determined at a common point, Z,,, defined as
the middle of the overlap of the tracks in the z-coordinate. If the tangents
agree to within a few mrad and the tracks are separated by less than a few
mm, the track is considered a genuine kink. This test identifies the very
small opening angle decays, or tracks which have suffered a large scatter

passing through one of the detectors.

2. Tests are made on the track pair to determine whether it forms a possible
cylinder wrap-around. The track azimuths are required to be approximately
equal or differ by 7 radians at Z,,, where the azimuth (¢) corresponds to
the direction of the tangent to the track in z — y projection. When the
track ¢ values are equal, the tracks must be separated in z by one 27 loop
of either track; these tracks then form a wrap-around pair with a missing
middle arc, e.g., when the pair corresponds to the first and third segment
of a low pr cylinder track. When the track ¢ values differ by 7 radians,
they are also required to meet at Z,,. This criterion selects track segments
which form adjacent arcs, since in such cases Z,, occurs between the two

track segments. If the track pair fails to meet either of these wrap-around
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criteria, the point of closest approach of the two helices is determined and
the above wrap-around tests are repeated using the tangents tb the helices
determined at this intersection point. The last step identifies genuine wrap-
arounds where at least one of the tracks has so few coordinates that its

geometry is poorly defined.

3. The distance of closest approach of the two helices is computed, and the
two tracks are considered kink candidates if their minimum separation is
less than 0.5 cm. If the track pair fails all three sets of criteria, it is rejected

as a possible kink candidate.

Having geometrically identified a pair of tracks as kink candidates, an attempt
is made to define a parent-daughter relationship between the two tracks. In the
case of a decay, the daughter track is removed from consideration in subsequent
vertex reconstruction; in the case of a wrap-around, the subsequent loops of the

wrapping track are eliminated, and only the first loop of the track is kept.

Normally, the track which is most upstream (i.e. closer to the interaction
point) is the parent track. For a kink pair with a reasonably large decay angle,
the point of closest approach is also required to be close to Z,, as defined above.
This requirement has to be rather soft, since the parent and daughter tracks may
share a number of coordinates when the two track pairs have a shallow decay
angle. In addition to these purely geometrical requirements, a test on the number
of coordinates upstream of the decay vertex for the parent and daughter tracks is
made to confirm the parent-daughter relationship. Finally, the two tracks must
have comparable momenta so that they can be reasonably interpreted as a two
body decay. In cases where the opening angle is so small that the decay vertex
location is poorly-defined, the track which extends further upstream is normally
chosen, without regard to how the coordinates are distributed on each of the
tracks. In cases of kinks in the cylinders where there is some ambiguity about
the true track direction, a crude primary interaction location is defined by taking

all tracks which are consistent with coming from the beam and averaging their
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positions of closest approach to the beam. If the kink pair fails all of the above
criteria, the mformatlon about the kmk is stored away but both tracks are kept
for later use in the Vertex pattern recognition. Once all kink candidates have
been defined multiply-wrapping tracks can be “chained” together, and a parent
segment determined by comparing the first and last arcs with the crude primary
vertex location. Subsequently, a new estimate of the primary vertex is made,
excluding all of the daughter tracks identified by the above procedure. A final
check of any remaining ambiguous kink candidates is performed with the new
primary vertex information. In some instances, excluding the previously identi-
fied daughters substantially alters the estimate of the primary vertex location,
which then allows the resolution of some of the remaining ambiguities. Of course,
a large number of kink candidates remain ambiguous, and justifiably so, as they

usually result from a coincidental crossing of two independent tracks.

10.7.5 Secondary Vertices

A list of potential V° candidates is made by examining all pairs of oppositely
charged tracks (including primary vertex candidates). Candidates are accepted
if they have a vertex ©d? better than 0.8 cm? and the effective mass of the pair
lies within a loose range about the K°, A, A or is close to zero (v conversions)
when the appropriate track mass assignments are made. In addition, the vertex
must be geometrically consistent with the measured track segments and with
a primary interaction occurring in the target. The restrictions applied to -
candidates are looser because of the degraded resolution attributed to the zero
opening angle and the tendency of electrons to bremmstrahlung. A similar list
of charged V candidates is made by combining A or A candidates with charged
tracks. The effective mass is required to lie within a loose window about the
5~ or f1~ mass. In order to suppress the combinatorial background, V* vertices
within the hydrogen target are required to have a A decay length of at least 1 cm.
The “junk” (A, positive track) and (A, negative track) combinations are only for

background studies and are not made if there are accepted (A, negative track)
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or (A, positive track) combinations in an event. Similarly, because of the great
predominance of A’s in data with an incident K~ beam, A combinations with a
positive track were not made if there was an accepted combination of a A and a

negative track.

The lists of V° and V* candidates are stored in the common blocks / VEV-
ERT/ and /VMVER/.

10.7.6 Definition of Event Topology

Events are classified as one or more of eight basic topologies:
1. primary vertex only;

2, 3, 4. primary + single V0 of type K°, A, v; although topologically identical, it
is convenient to distinguish these explicitly because of the different physics
involved; A solutions are included in #3; because of their relative profusion,

A always takes precedence though there is rarely any ambiguity;
5. primary + V¥,
6. primary + two VO;
7. primary + V¥ + single V9,
8. primary + three V9.

" The main objective in attempting to assign a topology to each event is to
be efficient in defining the correct solution. However a high level of discrimina-
tion is also desirable. Since these requirements tend to be contradictory some
compromises must be made. Subset solutions are excluded (e.g., topology 1 if
the accepted topology 3 has the same primary vertex tracks), and all secondary
vertices are required to be separated from the fitted primary (an elliptical cut
of 1 cm transverse to 1.4 cm longitudinal was used). So as to be able to sim-
ply re-evaluate complex events at the DST level, the output includes three more

notional “topologies”:
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9. a list of all V° candidates;
10. a list of all V* candidates;
11. a list of all kinks.

The method of obtaining candidate topologies is simply to fit combinatorially
the required V° and V* candidates from the lists with the remaining unused
primary vertex candidates from the primary fit. In the case of multiple secondary
V’s, no track can be used twice! To be saved as a possible solution, the total £d?
per degree of freedom must satisfy a minimum standard and the secondary V'’s
all have to pass the length cut. Because the error propagation for charged tracks
differs from that for connecting tracks, the minimum standard is also different

for the primary fit, and single and multi-V topologies.

Selection of solutions to output was made in the following way. In the case of
topology 1, one or two tracks could be dropped from the primary fit if the Xd? per
degree of freedom was poor and selection was made by weighing a dropped track
against an improved Ld? per degree of freedom. One track could be dropped
from single V° topologies, the choice being made on a similar basis in each case.
Ambiguities in topology 2, 3, and 4 solutions are then resolved by applying the
following criteria in order: V° in a ‘tight’ mass window; most tracks used (but
choose one fewer if it has a substantially better £d* per degree of freedom);
better Xd? per degree of freedom. In the case of topology 3, existence of a ‘tight’
A solution removed all A candidates from consideration. Multiple solutions in
topologies 5 to 8 are then resolved using similar criteria; the number of V%’ in
‘tight’ mass windows was maximized. In these cases selection of the best solution

was made before exit from the subroutine processing the topology.
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10.8 GEOMETRICAL AND KINEMATIC FITTING

The results of the E-135 event Teconstruction program are a list of solenoid
and dipole tracks, and a set of topology hypotheses (VRHUNT topologies) which
indicate how each track may be related to the primary interaction in the target.
Although it is possible to select events corresponding to particular final states
using only this information, a further refinement may be obtained by requiring
quantitative consistehcy between the topology hypothesized and the measured
tracks. This is accomplished by means of a multi-vertex fitting program, known
as MVFIT. The coordinates on the tracks together with any dipole momentum
constraints are the data which are fit by MVFIT. All tracks are constrained to
come from common primary or decay vertices, with V° and V~ daughter tracks
being constrained so that three-momentum is conserved at their decay vertices.
In addition, MVFIT has the ability to impose energy constraints at any of the
decay vertices (i.e. V° or V™ mass constraints), and to impose four-momentum

conservation at the primary vertex with or without a missing neutral track.
The variables MVFIT uses to describe an event are:
1. Xp,Yy, Zp describing the position of the primary vertex;

2. a,f,1/pfor each charged track, any missing neutral track and the V™ parent
track; a is the polar and 8 the azimuthal angle at the parent vertex, and

1/p is the inverse of the momentum;

3. Xu,Yy,Z, for each V° decay vertex; the V° momentum is given by the
vector sum of the momenta of the secondary tracks and is constrained to
be parallel to the line joining the primary and secondary vertices with a

distance of closest approach < 0.5 mm;

4. Scasc the path length of a parent V™~ track; S¢*¢, along with the V™~ track

parameters, defines the V— decay vertex.

This choice of parametrization requires that particles from the same vertex share

a common point. Other constraints on the parameters, such as a mass constraint
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or conservation of three-momentum at a decay vertex, are enforced by introducing
into the fit the appropriate constraint equations through the method of Lagrange
Multipliers. To this end, an additional fit parameter (the Lagrange multiplier,

A) is included in the fit for each constraint equation.

A x? function is minimized subject to whatever constraints have been imposed
to determine the set of parameter values which best describe the event. The

function that is minimized is:

2
L=Y (%—”l“) +23 \F

where the z; are the measured track coordinates, the z,..4 are the predicted
coordinates for each track using the current set of fit parameters; o; is the esti-
mated uncertainty of z;, the A; are the Lagrange multipliers, and the F; are the

constraint equations.

When the parent mass is imposed, the energy conservation constraint at a
secondary vertex is required to be satisfied at a level of 0.0001 GeV. Momentum
and energy balance constraints at the production vertex must be satisfied such
that the sum over the number of constraint equations of the magnitude of the

corresponding net four-momentum component is less than 0.020 GeV/c.

_ The function £ is minimized using a modified form of the Newton-Raphson
algorithm. £ is a function of the track and vertex parameters and the Lagrange
multipliers so the problem is identical to finding the minimum of £ in the n-
dimensional space formed by the free parameters subject to the constraint equa-
tions F;. The function £ is expanded to second order about the point specified by
the current value of the free parameters. Inverting this expansion to determine
the parameter values at which the gradient of £ vanishes gives a new point in
the n-dimensional space. £ is expanded about this new point and the procedure
is repeated. Each successive iteration of the parameters gives a new point in

the parameter-space, and in practice these successive points converge to where
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L takes on its minimum value subject to the constraints F;. The fit is said to
have converged when the predicted change in |£| is small, typically less than 0.1,
and the constraint e;luations F; are satisfied at the levels indicated previously.

Typically, the fit converges within three to four iterations.

To properly model the particle trajectories in the fit, the effects of energy loss
and multiple scattering must be taken into account. A particle originating in the
target experiences most of its energy loss inside the target itself. The effect on
the particle is to decrease its momentum as it passes through the target, and to
deform its path into a non-helical trajectory inside the target. These two effects
are incorporated into the fit in an iterative way by defining the trajectory inside
the target using a Runge-Kutta stepping procedure. This procedure yields a
correction that is applied to the track’s fitted momentum and trajectory when
extrapolating the particle from its fitted vertex to the region just outside of the
target. The particle is then extrapolated as a helix to each of its measured
coordinates. If the particle’s track parameters change significantly while the
fit is iterating, the particle trajectory through the target is recomputed using
the current vertex and track parameters and a new correction to the trajectory

obtained.

The effect of multiple scattering is difficult to incorporate properly into the fit
because it introduces correlations between the predicted coordinates for a track.
However, MVFIT incorporates the effect of multiple scattering on each track in
the following approximate way. As the particle passes from one measurement
device to the next, the angle uncertainty due to the multiple scattering experi-
enced by the particle as it passes through the previous measurement device is
extrapolated to the current device and is convoluted with the setting error of the
measured coordinate. This convoluted error is then used in the fit to compute

the x? contribution of the measured coordinate.

An additional multiple scattering effect is important, namely the angle un-

certainty of the particle’s trajectory due to the continuous multiple scattering

213



the particle experiences as it passes through the target (assumingAthe particle
originates in the target). To include this effect, for each track originating in the
target two additionai parameters, 1;" and B*' which describe the track polar an-
gle and azimuthal direction at the point the track exits the target, are included
in the fit. An additional multiple-scattering term is also added to L to correlate

the two new angles:

ai_ail 2 ﬁi_ﬁil 2
(oety 2
o B
where 0, and og are the uncertainty of the track angles due to the multiple

scattering of the particle through the target.

There are five distinct sets of constraints used in MVFIT; the geometry con-
straints, which ensure that a V° decay points back correctly; the V° mass con-
straints; the geometry constraints which ensure that a V~ decay vertex points
back correctly to the primary vertex; a V™ mass constraint; and, finally, mo-
mentum and energy constraints imposed at the primary vertex. The geometry
constraints on the V° and V™~ vertices are always imposed in the fit; the other

constraints are optional.

The V° pointing constraints are implemented by introducing three constraint
equations with their corresponding Lagrange multipliers, and one additional free

parameter t,. The three constraint equations are:

F =P, — (X, - X,)
G=t2P,— (Y, — Yp)
H =P, — (Zy — Zp).

where P;, Py, P, is the three-momentum of the V°; ¢, is introduced as a free
parameter in the fit but is actually equal to \/c_l/_PV—o upon convergence (for good
fits), where d is the decay length of the V°. Physically, the constraints are satisfied
when the vertex separation vector is parallel to the momentum vector of the V°.

This requirement places only two constraints on the parameters describing the V°
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decay. In MVFIT these constraints are implemented by means of three constraint
equations with one additional free parameter because this formulation forces the
correct topological o}dering of the {barent and decay vertices. These constraints
are applied to each V° in the fit. The V° arising from a V— decay is fit by using
as the parent vertex the position of the V™~ decay as given by the four parameters

describing the V~ track.

The V° mass constraint is imposed as an energy constraint at the V° decay

vertex. It has the form:

I=E\+ E;— Eq;

where E;, E; and E;; are the energy of the two daughter tracks and the V°
respectively, and when satisfied implies that the pair mass equals the assigned
parent mass. The application of the mass constraint at a V° decay vertex is

optional for each fit and for each V° in the fit.

The problem of applying four-momentum conservation at a V~ decay vertex
is analogous to the problem of imposing the same constraints at a primary vertex,
and in fact MVFIT treats these two cases in the same manner. In practice, the
topologies for these two cases differ in the identification of the track coming
into the vertex; for a V~ decay this track is described by the fitted V™~ track
parameters and the V~ decay length, whereas for a kinematic fit at the primary

vertex this track is identified as the incoming beam track.

In the fit the constraint equations are defined by the four-momentum imbal-
ance between the initial and final state particles. As an option for the V™~ and
kinematic fits, the fit can ignore the energy balance at the vertex. For a V™~ fit,
this is equivalent to removing any constraint on the mass of the decaying parti-
cle, whereas, for a kinematic fit at the primary vertex, this results in a fit which
balances three-momentum at the vertex but does not constrain the energies of

the initial and final states.

The results of each fit can be summarized as the fitted location of each vertex,
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the fitted track parameters at the parent vertex, the number of degrees of freedom
and the confidence level for the fit as determined by the x? at the last iteration.
These quantities are »rpacked in a b;,nk appended to the event record after each
fit. In practice, an event can be fit to many different hypotheses, and so several

fits may be added to the event record before the record is stored away.

The speed of this fitting program depends on the complexity of the event in
question and on the number of constraints imposed in the fit. For a typical V° +
two-prong event, the fit requires approximately 100 ms of CPU time on an IBM
3081K.
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11. The 168/E System
11.1 INTRODUCTION

In Experiment E-135 using the LASS spectrometer over 140 million triggers
have been recorded on tape, with over 80% being reconstructible interactions or
beam decays. An average of 0.6 seconds of IBM 3081/K CPU time is required
per trigger to read the raw data, do the basic event reconstruction and output
the results. A total of approximately 2.5 dual CPU years would be necessary for

this analysis.

The goal of the 168/ E project has been to add to the computer center inexpen-
sive hardware that can execute the identical program and get the same results as
the mainframe. This has led to the development of the 168/E microprocessor.[42]
It emulates those IBM 370 instructions that are generated by IBM’s FORTRAN
compiler and its speed is one-third to one-half that of an IBM 370/168. Nine of

these microprocessors have been attached to the IBM 3081/K computer.

The importance of the emulation feature of the 168/E system can not be
over-emphasized. The LASS production code contains over 30,000 lines of FOR-
TRAN. It would have been extremely time consuming to have rewritten this code
in assembly language, no less micro-code for running on a conventional dedicated
microprocessor. Before such a project could have been finished, the FORTRAN
source would undoubtedly have been altered. Using emulation it is not necessary
to write new micro-code. When the production program is modified, it is rela-
tively easy to produce the new micro-program for the processor. New memory
maps for the overlays are simply generated and the IBM load modules retrans-

lated.
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11.2 168/E HARDWARE

The 168/ E consists of an integer CPU, a floating point processor, memory,
and an interface. A block diagram of the 168/E is shown in Fig. 90 and an

exploded block diagram of the integer CPU shown in Fig. 91.

The integér CPU circuit is based on an Advanced Micro Devices 2901. This
device is a bipolar LSI microprocessor 4-bit slice. The integer processing unit
resides on one circuit board containing primarily the microprocessor slice array
with its associated control logic, the branch control logic and the data memory
control logic. Thus, this board handles IBM S/370 instructions of the following
type: 16 bit integer, 32 bit integer, 32 bit logical, all conditional branching and

all memory addressing.

The floating point processor consists of two circuit boards. It is entirely MSI
logic but uses the MSI circuits which have been developed to support the LSI
components. This unit comprises a two port register file, an ALU, a control
unit and a hardware shifting network. The processor handles all IBM S/370
single precision floating point instructions and yields the same results bit for bit.
For double precision, this unit a.ddsronly 16 bits to the original 24 bit mantissa
yielding only 40 bit precision rather than 56. This compromise provides adequate
precision to do the physics of LASS at a considerable savings in cost and circuit
complexity over full double precision. The cycle time of the processor is either
150 or 200 ns depending on the instruction. It operates with internal ROM to
control the steps in a floating point operation. When a floating point instruction
is encountered by the 168/E, the clock to the integer processor is stopped and

the floating point processor is allowed to execute the instruction.
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FIG. 90. A block diagram of the 168/E processor.
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FIG. 91. A block diagram of the 168/E integer CPU.
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The memory for the 168 /E is in two parts, one for the program and one for
the data. Both are based on the INMOS IMS1400 P-55 memory chip. This circuit
contains 16k words by 1 bit and has a 55 ns access time. It has a unique feature in
that when the memory is not being addressed, it powers down to % of its normal
operating current. The memory board itself is a four layer PC board with one
half containihg 32 mem6ry circuits for data, and the other half containing 24
memory circuits for program. Thus each memory board can contain 64k bytes of
data and 16k micro instructions. This is equivalent to 32k bytes of IBM object
code or about 2000 lines of FORTRAN. Some boards were simply upgraded to use
64 k chips, thus quadrupling the capacity of each board. The hardware was also
upgraded to allow 16 (rather than eight) memory boards to be addressed. The
168/ E is not capable of executing any input or output instructions. It can only
address its memory. The interface allows a real computer to load the memories
with program and raw data, and to read the results of processing. The interface
is very simple. Either the processor or the interface controls the memory, but
never both simultaneously. The interface control logic can shut off the processor
so that it releases the memory buses. Then the interface can take the buses, read

or write to the memory and start the processor.

The decision to run the entire LASS production code on the 168/E system
and the realization that the LASS code is substantially larger than the 168/E
program memory necessitated overlaying the production code into the processor
memory. The Bermuda Triangle system[43] shown in Fig. 92 is the hardware im-
plementation of this overlaying procedure. The Bermuda Triangle is a three way
interface with I/O ports to a large buffer memory, a bus to the 168 / E processors

and a PDP-11 UNIBUS. Data may be transferred bidirectionally between any
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two ports. Two Bermuda Triangles are used, one for the program memory, and

one for the data memory.

The program buffer memory with 256k words by 24 bits, is large enough to
hold a single copy of the entire program to be executed. The data buffer memory,
with 128k words by 32 bits is large enough to hold all the local memory and copies
of the constant COMMON blocks. The cycle time of the memory is 500 ns and

the access time is 375 ns.

The bus to the processors is a 50 line flat cable with TTL Tristate drivers
and receivers. The transfer protocol is essentially FASTBUS. The transfer rate
of the bus is one word per 700 ns (.e., 6M byte per second of data or 3M byte

per second of IBM object code.)

A PDP-11/04 with 40 k bytes of memory is used as the control computer for
the system. It needs, in addition to the 168/E system and the Bermuda Triangle,
a source of raw data, and a sink for the results. An interface (called a control
unit) between the UNIBUS and an I/O channel of the IBM 3081/K computer has
been designed!4!] which looks like a tape drive, or a disk to the IBM computer.
Data can be transferred at 0.7M byte/sec and program access to the channel is

via a simple subroutine which may be called in FORTRAN.

Thus, the IBM 3081 /K reads the raw data from tape, sends it to the PDP-11
to be processed by the 168/E — Bermuda Triangle system, receives the results

and writes the output tape.
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11.3 THE 168/E SOFTWARE

The 168/E microprocessor does not execute IBM 360/370 instructions di-
rectly. Instead, a program called the “translator” converts IBM instructions into
168/ E micro-instructions. The input to the translator is either object code from
the IBM FORTRAN compiler or a link-edited load module. The outputs are
a relocatable micro—ihstruction object code and a data set for the 168/E data
memory. This program is called a translator because it does not make any fun-
damental changes in the original code, e.g., if a certain register is used in the

IBM instruction, then the same register is used in the micro-instruction, etc.

Another program called the “linker” performs two jobs. First it does the job
of the IBM Linkage-Editor by reading the relocatable micro-instruction object
modules and linking them togéther. Second, it forms an absolute memory image
which can be loaded into the 168/E memories. The program gives an absolute
address to all COMMON blocks and local memory spaces. Unlike its IBM cousin,
however, the linker has an optional input with which the user can assign the
address of the COMMON blocks, a feature essential to the design of memory

overlays.

To completely analyze an event on the 168/ E processor, an overlay structure

for the code had to be designed.!*5]The goals of the design were:
1. Each overlay should be called only once per event.

2. The size of the overlay is determined by the largest piece of code which
satisfies the above restriction after the code has been fragmented into its
smallest pieces. In LASSCODE, the solenoid planar and cylinder track

finding overlays are the largest.
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3. The number of overlays is determined by merging the rest of the code into

pieces whose size is consistent with the above criteria.

This procedure was relatively simple to implement for the LASS production
code, since the code proceeds from unpacking to result formatting serially, in
several logically separate parts. Within each overlay, the executable code is
translated and saved as é, 168/ E program overlay. Unlike overlays on most real
computers, subroutines such as SIN, COS, etc., must be duplicated for each
overlay, since, when an overlay is executed on the 168/E, all of the processor’s

program memory will be over-written.

Use of the overlay concept for both the data memory, wherein common blocks
are overlayed, and the program memory, resulted in a saving of a factor of about
three in the data memory size and a factor of six in program memory size. The
time spent in overlaying is less than 10% of the average event execution time and

represents a good compromise between cost and speed of execution.

The use of multiple processors, allows a simple host program to make efficient
use of all the processors while requiring only a single set of input and output
devices working on a single data stream. Letting each processor completely
handle an event on its own, from inpﬁ.t to output, avoids the difficulty of breaking
up the program into stages with each stage being run on a different processor.
It also allows multiple slave processors with a simple interface to be attached
and a single bus for transferring data. Additionally, the initialization step can
remain entirely within the host computer, and does not need any modification.
The output event data received from the processors can be written on to tape
directly without translation of any kind and lastly, job summary data can be

received from the processor by direct copying, and thus, the print summary
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routines need no modification and can be called directly.

All of the above has been accomplished for the 168/ E system for LASS. Once
done, it has presented little problem, even when, at a later date major changes
were made to the code as the production version evolved. The final production
code runs in 11 memory boards and has nine event overlays, one initialization

overlay and two termination overlays for transfer of monitor data.

11.4 COMPARISON OF 168/E TO 3081

Initial verification of each processor is accomplished by comparing its results
on a standard set of events with the results from the same events run on the
3081/K mainframe. This task is complicated by the inherent differences in the
double precision floating point. A comparison program was written which was
context dependent—error thresholds could be set independently on each word in
each output bank. Single bit errors were “serious” in outputs produced by integer
or single precision code whereas rounding errors in the digitized results of double
precision fits were tolerated. Most sensitive were the confidence levels of the
double precision helix track fits where as few as 8 bits of precision was normal for
some types of unstable track. Even with this level of sophistication a few percent
of events had differences classified as “serious”. Detailed examination proved
that these were understandable and not physically significant; the distribution
of “differences”, classified as “minor”, “major” and “serious”, and the banks
in which they occurred were clearly related to the stability of numerical and
pattern-recognition algorithms in confused events. During these initial steps it
was possible to verify the numerical stability of the event reconstruction and

ensure correct implementation of the program on the 168/E.
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When several 168/E’s are commissioned it is possible to do a stricter ver-
ification by demanding exact comparison of their outputs. This provided final
verification of the processors, since many minor problems occurred in the float-
ing point hardware which were not otherwise detectable because of the precision
differences. At this stage, several minor program bugs associated with unde-
fined variables were found and eliminated. The requirement of identical answers
in a single and asynchronous multi-processor environment proved in some ways

stricter than execution on a mainframe with different core initialisations!

During the production process, the comparison program was found invaluable
in checking 168/ E stability. It was also very useful in verifying the correctness of

minor program changes which occurred from time to time.

11.5 PRODUCTION PROCESSING

On the SLAC VM system, batch processing is accomplished by a special
job class (C) running on a single batch worker (BATCHSYE) which has the
privileges to attach the channel to the PDP-11 controller. For convenience in
debugging, a higher priority class (D) is also defined, and the SYE machine is
also able to attach the channel interéctively, provided BATCHSYE is not active.
During normal processing, BATCHSYE was idle most of the time and CPU
charges were typically one minute per real-time hour. As a consequence of such
low utilization the normal function of the batch monitor (BMON) to kill idle
machines had to be suppressed. Since the PDP-11 could lose communication
with the 3081/K from time to time, an automatic system was developed which
checked the progress of production jobs. As each scaler record was processed

(every 256 events) a file 168EJOB CURRENT was updated with the job’s current
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status including scaler accumulation and events processed on each processor. A
disconnected virtual machine monitored this status and killed jobs where progress
had stopped. Most occurrences of processor failure could also be recognized and
production interrupted by submission of a class D job to HOLD the channel to
the PDP-11.

The prodﬁction job étream was driven by a list of run numbers to be pro-
cessed, and all other information was obtained from simple CATALOG files.
Interrupted runs were restarted at the point saved in 168EJOB CURRENT and
job monitor information remaining in the processor memories was usually sal-
vaged. Most of the automatic job setup code was in the form of CMS commands
written in REXX. Because tape drives were a limited resource and BATCHSYE
generally ran 24 hours per day, a 312M byte Maxi-disk was used for spooling
the input raw-data tape and two of the output data files. Only the output Data
Summary Tape (“DST”) which was approximately half the size of the raw input

data, was written directly to tape.

The record (7744 bytes) returned from the processors contained the DST,
compressed format DST (“SSDST”) and calibration data for the cylinder dE/dx
identification, These blocks of data were checked by the 3081/K and written
to the appropriate output units. The SSDST and dE/dx calibration files were
spooled separately to tape and erased from the Maxi-disk as space was needed
(about twice per week). Under typical running conditions seven or eight 168/ E’s
operated on-line and about two full runs per day were processed with ~ 90%

system utilization.
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12. Spectrometer Resolution
12.1 MOMENTUM RESOLUTION AS A FUNCTION OF pp AND pj,

The advent of precision tracking devices has produced several designs for
“electronic bubble chambers” with all that that implies for acceptance and mo-
mentum resolution. Many of these devices (e.g. the Omega magnet and the MPS)
reveal their ancestry by virtue of orienting their magnetic fields perpendicular to
the beam direction. LASS departs from this philosophy by orienting the mag-
netic field of its primary momentum analyzer (the solenoid magnet) parallel to
the incoming beam. Within the solenoid, charged particles describe helices which

can be parameterized as follows (cf. Section 10.4 and Ref. [52])

T =T+ rcos[drer + b(2 — 2p¢5)]

Y = Ye + rsin[dyes + b(z — 2yef)]
The relationship between geometry and momentum is given by:

pr = aBr
pr = aB/b
r : radius of helix (cm)
b:d¢p/dz of helix (rad/cm)
B : magnetic field(~ 22.4 kG)

a = 0.29979 kG 'em™! MeV/c

The result is an azimuthally symmetric measurement of momentum which should
be contrasted with the difficulties the previously mentioned dipole spectrometers

have, particularly with slow, high pr tracks following field lines. The trade-off
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in LASS comes in the very forward direction where the particles are in general

faster, and experience very little bending. To improve the resolution in this

region, LASS employs a conventional large aperture dipole magnet downstream

of the solenoid.

The momentum resolution for the full LASS configuration is summarized

in Fig. 93, within the kinematically allowed region for Kp interactions at 11

GeV/c. The figure was generated by running a Monte-Carlo with the following

characteristics:

each event consisted of only one track;
equal numbers of 7t and 7~ tracks were thrown;

particles originated at a random 2-position within the hydrogen target; z-

and y-positions were determined by the experimental beam profile;

particle momentum was thrown flat between —1.2 < pr, < 11.6 GeV/c
and 0.0 < pr < 1.6 GeV/c with the additional condition that |p| >

0.1 GeV/c;
azimuthal angle was thrown flat;
particles were multiply scattered;

generated chamber coordinates were smeared using their observed resolu-

tion.

Approximately ninety thousand Monte-Carlo events were thrown and the

resolution was studied in 400 MeV /c bins of py, and 100 MeV /¢ bins of pr. The

figure can be divided into four regions. Defining 8 = arctan (pr/pr) then these

regions exhibit the following behavior:
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FIG. 93. The momentum resolution for the full LASS spectrometer within the
kinematically allowed region for Kp interactions at 11 GeV/c.
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(a) 3.14 > 6 > 2.50 radians

Resolution in this region is difficult to interpret as it depends very
heavily on the exact geometrical configuration of the track. In extreme
cases (e.g. a backward track from the upstream end of the target), the
track can not be found as it will not intersect enough cylinder chambers
before falling outside the cylinder acceptance. A track with a similar
momentum vector originating from the downstream end of the target,

however, may be easily found and well measured.

2.50 > 0 > 0.10 radians

For § ~ m/2 the resolution improves as pr increases from zero
to ~ 200 MeV/c and then steadily declines as pr increases further.
These tracks are essentially measured by the cylindrical chambers, and
the improvement reflects the additional measurements available as pr
increases. Once pr is sufficient for the track to reach all cylinders
however, increasing pr no longer adds extra measurements and the
same coordinate assembly has to measure a steadily decreasing sagitta,

leading to the fall in resolution.

Similar arguments apply as § decreases and the planar chambers
become the principal source of measurements. The planar chambers
can capture measurements out to a greater distance off axis (typically
~ 75 cm as opposed to the outermost cylinder which has a radius ~
50 cm) which tends to increase the visible chord of a track, but as 8
becomes even smaller, the visible chord is limited by the fact that the

particle exits the solenoid before turning through an appreciable angle,
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(4)

12.2

resulting in the deteriorating resolution shown in the figure.

0.10 > 0 > 0.05 radians

Provided a particle has |p| > 1.6 GeV /¢, the dipole acceptance
begins to turn on at § ~ 100 mrad and increases as § decreases. The
partial acceptance is due to the rectangular aperture of the magnet.
The dashed lines in this region give the resolution for a pure solenoid
measurement, whereas a particle traversing the dipole will have the

resolution indicated by extending the solid horizontal lines of Region

(d) into Region (c).

0.05 > 0 > 0.00 radians

Once 0 decreases below ~ 50 mrad (and provided the track has
sufficient momentum), the particle always crosses the dipole magnet

with the consequent improvement in resolution indicated by the figure.

VERTEX RESOLUTION

. The precision with which the location of a primary or secondary vertex can

be determined is defined by the precision of the measurements of the relevant

tracks and their relative opening angles.

For primary vertices, which by definition must lie within the target, the

transverse position is well-defined by the measurement of the beam track in

the beam chamber package. Typically this yields a precision which varies from

~ 0.05 cm at the upstream end of the target to ~ 0.07 cm at the downstream

end; since the beam direction is localized within a few milliradians of the z-axis,
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the transverse resolution is not seriously affected by z position uncertainties even

as large as 5 - 10 cm.

Primary vertex charged tracks which are found in the solenoid planar cham-
bers extrapolate back to the vertex with a transverse position uncertainty which
can vary from ~ 0.03 - 0.2 cm depending upon the momentum, mass value and
coordinate cdnﬁguratioﬂ associated with the track. The corresponding z uncer-
tainty is given to a good approximation by the transverse uncertainty scaled by
the cotangent of the production angle () with respect to the incident beam. It
follows that the resulting z uncertainty can vary from a few millimeters to a few

centimeters depending on the characteristics of the track in question.

On the other hand, charged tracks from the primary vertex which are found
in the cylindrical chambers typically have several z coordinate measurements on
their trajectories which have uncertainties of a few millimeters. In addition, they
are produced at large angle so that they tend to define the z location of the

production vertex within a few millimeters or better.

It follows from this that the precision to which the primary vertex z position
can be defined is a strong function of the event topology. A two-prong event
corresponding to ¢ production and decay to K* K~ can result in a z uncertainty
of several centimeters. In contrast a six-prong event with several tracks produced

at large angles may yield a vertex z uncertainty of only a few millimeters.

Secondary vertices of interest correspond for the most part to the decays
K? — w1~ and A — pr; in the latter instance, a further level of complexity is
introduced if the A results from the decay of a E~ or 1~. Considerations similar
to those discussed for primary vertices apply, although the absence of the strong

constraint provided by the beam track measurement means that at the VRHUNT
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vertex finding stage the resolution tends to be worse in general. However, when
the secondary vertex is incorporated in a simultaneous fit to the entire event
topology using MVFIT, the constraint that the neutral connector point back to
the production point generates a compensating effect, and the final secondary

vertex resolution proves comparable to that obtained for the primary vertex.

In the remainder of this section the preceding points are illustrated by making
use of E-135 data and corresponding Monte Carlo (MC) generated events on the

reaction
K p— Kontnn

|-—> atn~

The MC data yield the z- and z-residual distributions shown in Fig. 94(a)
and (b); the residual is defined as the difference between the VRHUNT fit coordi-
nate value and that of the vertex position at which the MC event was generated.
Both distributions correspond to a superposition of as many gaussian distribu-
tions as there are events in the plot; however, they can be well represented by
the superposition of a narrow and a broad gaussian only. For example the folded
distribution of Fig. 94(a) is shown in Fig. 94(c) together with a curve corre-
sponding to one gaussian with an r.m.s. deviation (¢) of 0.037 cm and a second,
normalized to half as many events, with a ¢ value of 0.070 cm. It follows that

the average o for this sample is ~ 0.05 cm for the z coordinate.

The distribution of Fig. 94(b) is almost identical to that of Fig 94(a), except
that the horizontal scale is increased by a factor of ten; this is because the average
value of cotan 8 is ~ 10 for the MC event sample. The average value of the z-

resolution is then ~ 0.5 cm for these events.

For real data, the true primary vertex location is not known, and so resolution
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FIG. 94. The residual distributions for the VRHUNT fit primary vertex coordi-
nates with respect to those of the generated vertex for a Monte Carlo generated
sample of events on K~p — K°n*tr~n at 11 GeV/c: a) the z residual, b) the z
residual and, c) the folded distribution of a) together with a curve corresponding
to the superposition of gaussians with o values of 0.037 cm and 0.070 cm.
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studies are based on the distance of closest approach (d) of each outgoing track
with respect to the beam track at the VRHUNT vertex z position. At the true
vertex position, the distribution in this quantity is obtained by the convolution
of the gaussians describing the beam and outgoing track uncertainties at this
position. The resulting distribution in d? is exponential. This is illustrated
in Fig. 95 using the 7~ tracks from the MC sample on the reaction K™ p —
K°wntr—n. The sign of d is such that energy loss results in a bias toward positive
d; this yields the asymmetry of Fig. 95(a) and the broader d? distribution for
positive d? in Fig. 95(b) (d? is given the sign of d). As for Fig. 94(c), the
distribution of Fig. 95(b) corresponds to the superposition of many exponentials
of different slope, but is reasonably well-described by the superposition of just

two exponential functions.

The distributions in d at the VRHUNT vertex position are shown in Fig. 96
for real and MC data. The turnover of Fig. 95(a) at small d is absent in both
distributions; this is because the vertex-finding procedure defines the 2-location
of the vertex by minimizing the inter-track separations, thereby increasing the
population of the small d region with respect to that of Fig. 95. The distributions
of Fig. 96 at negative d have an average 0 ~ 0.1 cm; the good agreement in
shape between the real and MC distributions indicates that the average vertex
resolution resulting from the VRHUNT fits to the real data is well-represented
by the MC distributions of Fig. 94.

As discussed above, the VRHUNT secondary vertex resolution is somewhat
worse than that obtained for the primary vertex. This is illustrated in Figs. 97(a)
and 97(b) using K — 77~ decays from the MC sample for K~p — K°ntn " n,

However, when multi-vertex fits are carried out using the program MVFIT, the
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effect of the additional pointing constraints is to bring about a significant im-
provement in resolution. The resulting z- and z-residual distributions are shown
in Fig. 97(c) and (d), and clearly agree very well with those of Fig. 94 for the

primary vertex.

12.3 MASS RESOLUTION

The selection of clean data samples corresponding to particular interaction
channels requires the good momentum and vertex resolution spectrometer char-
acteristics described in the previous two sections. Any secondary vertices must
be clearly resolved, and certain effective mass and missing mass criteria met,
before a given event can be considered to belong to a particular final state. This
is again illustrated using data and MC events on the reaction K~ p — K°nt 7 n,
with K3 — nt7—.

The vertex resolution described in the previous section, implies that a cut on
the length of the K° track at 2 cm corresponds at minimum to an approximately
three standard deviation vertex separation, and so should yield a rather clean
K° signal. This is shown in Figure 98(a), where events ambiguous with A — p7~
have also been removed. The curve corresponds to the MC-generated line shape,
and clearly describes the data very well. The distribution again corresponds to

a superposition of gaussians, the average o being approximately 6 MeV/cZ.

After removing primary vertex charged tracks for which any available dE/dz,
TOF or Cerenkov information would not permit the pion mass assignment, the
missing mass spectrum must be used to select neutron candidate events. The
missing mass squared distribution varies to some extent with K°z+7~ mass, but

the distribution of Fig. 98(b), which corresponds to the mass interval 1.38 - 1.58
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FIG. 98. a) The n*nr~ effective mass distribution at the K° decay vertex for
a sample of events on K~p — K°rtr~n from E-135; the curve corresponds
to the Monte Carlo-generated line shape; b) the distribution of missing mass

squared recoiling against (K°x*n~) for events which are candidates for K~p —
Kertm~n in E-135 and which have 1.38 < M (K°rt7~) < 1.58 GeV/c?; the

~ upper curve corresponds to a fit to n and A° production smeared by the Monte

Carlo resolution function; the lower curve corresponds to the A° contribution,
and the vertical lines indicate the interval used to define the neutron sample.
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GeV/c?, is quite typical. A neutron peak is clearly seen, while the shoulder on the
high mass side is due primarily to A° production. The fitted curve corresponds to
neutron and A° production smeared by the MC-generated resolution function,
and provides a good description of the data. The lower curve indicates the
contribution from the A°, and the vertical lines denote the interval used to define
the neutron sample. Within this interval, contamination due to A° production

is estimated as ~ 8%.

It follows that the resolution characteristics of the LASS spectrometer permit
the selection of a rather pure sample of events corresponding to the reaction
K—p — K°n*tn~n. The objective in obtaining such a sample is the partial
wave analysis (PWA) of the K°rt7r~ system. For this to be meaningful, the
K°ntm~ mass should be measured with good resolution. The difference between
the fitted and generated effective mass is shown in Fig. 99 for a MC sample which
has been subjected to the same selection criteria as the data. The line shape is
well-described by a superposition of two gaussians of o values 9 and 17 MeV/c?,
yielding on average resolution of ~ 14 MeV/c2. Since the PWA is carried out in

40 MeV/c? mass intervals, this resolution value is more than adequate.

. As afinal example illustrating the mass and topological resolution capabilities
of LASS, the distribution of An~ effective mass in the vicinity of the E™ is
presented in Fig. 100. A E~ track length of at least 2 cm has been required, and
the signal is observed with an average o ~ 4 MeV/c? over an approximately flat
background, as illustrated by the dashed line. The complete E-135 A7~ spectrum

[

will contain a signal of ~ 70,000 E~ events, and should yield interesting new

results on E* and 1* spectroscopy.
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13. LASS Configuration for E-132
13.1 INTRODUCTION

The LASS configuration described above is an extensive upgrade of ear-
lier versions of the spectrometer which were used to perform several different
experiments.[46] A brief description of the spectrometer as used by experiment E-
132[%6%] just before the upgrade will be given in this section. Its general operating
characteristics and performance were similar in many ways to the upgraded spec-
trometer described above, and it demonstrated the feasibility of the large scale
study of Kp interactions which was made in E-135. However, during the up-
grade, substantial changes were made to enhance performance in many different
areas. Most importantly, the E-132 spectrometer contained a substantial number
of conventional spark chambers in the solenoid detector which were upgraded to
cathode readout PWC’s; this resulted in improved coordinate efficiency and reso-
lution in space and time, and also provided much more accurate and cleaner space
points for the track finding. The combination of these features allowed substan-
tial gains to be realized in the tracking and vertexing efficiencies and resolutions.
Improvements were also made to the C; counter and the TOF electronics, and
th;a beam counter system and electronics were improved to enable the experiment
to run with higher beam fluxes. The trigger acceptance and cleanliness were also
greatly enhanced. Finally, the number of 168/ E’s was increased from two to nine

to allow the analysis of larger data samples.
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13.2 E-132 HARDWARE CONFIGURATION

The hardware cc;nﬁguration of the E-132 experiment is shown schematically
in Figs. 101 and 102, Fig. 101 being a plan view of the LASS spectrometer
and Fig. 102 showing the solenoid configuration in greater detail. The single
most important change in upgrading from E-132 to E-135 was the removal of the
conventional (C-D) épark chambers from the system, and their replacement with
proportional chambers. The improvements obtained by this upgrade are alluded
to above. However, as the use of C-D chambers to read coordinate information in
high magnetic fields was, at the time, a cost effective alternative to proportional

chambers, a few words of description will be presented here.

13.2.1 The Capacitive Diode Chambers

Conventional spark chambers, using a capacitive diode readout scheme were
employed in the LASS Spectrometer as part of the vertex detector and as planar
chambers to measure coordinates on the tracks created by the forward going

particles.

- The vertex detector consisted of one proportional wire chamber and five C-D
readout spark chambers in coaxial cylindrical layers surrounding the hydrogen

target. Figure 103 depicts the main features of the system.

The innermost layer consisted of the cylindrical PWC (not shown in Fig. 103)
containing 160 wires oriented parallel to the beam axis. This provided azimuthal
coordinates for outgoing tracks with the good time resolution associated with
PWC’. This chamber was read out using the anode PWC electronics system

described earlier.
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Each of the five CD cylindrical chamberslt”] consisted of three sets of wires
strung on cylindrical molds. One set of wires was strung parallel to the z axis and
provided azimuthal (¢) coordinates. The other two sets of wires were strung at
angles of +5.7° and -5.7° to the z axis resulting in a helical wire orientation. The
complete cylindrical package supplied 11 ¢ and 5 2z coordinate measurements.
The radii of the cylinde;'s (measured to the center of each spark chamber gap)
are shown in Table X. All cylinders are 91.3 cm in length.

Table X
Cylinder Radii

Coordinate
Cylinder Plane Radius (cm)
PWC ¢ 5.2
1 A 10.7
B 12.7
2 C 15.7
D 17.8
3 E 20.8
F 22.9
4 G 31.0
- H 32.0
5 I 56.4
J 57.4

Five planar CD spark chambers of identical construction were used in the
spectrometer; three were located in the 6” slots between the solenoid coil as-
semblies, and two were located in the twixt region. Each of the planar CD
spark chambers consists of two gaps, an zy gap and an ep gap, and the basic

construction technique used is essentially the same as that used for the magne-
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tostrictive chambers described earlier. The gaps are constructed of the standard
wire mesh, the zy gap having the aluminum wires vertical and horizontal, the
ep gap having the wire planes rotated at + 30° to the vertical. Each chamber
has an active area 160 cmXx 160 cm with a 10.8 cm radius styrofoam plug at the
center. The plug serves to completely deaden the central region of the detector
where high mﬁltiplicity would create severe combinatorial problems for the track
finding algorithms. Plug proportional chambers were installed adjacent to the

CD chambers to detect particles in this central region.

The planar CD readout system was similar to (but not exactly the same as)
that of the cylindrical CD chambers. This system is based on a system developed
by Pizerl*®land Numamaker[*®l and is shown schematically in Fig. 104. Each wire
has an individual circuit consisting of C;, Dy, D2 and Rp. The spark current
through Rp develops a positive voltage which is stored on C; through the D;-C;
peak detector. If the voltage is greater than + 12 V, rapid discharge through D5,
R3 and D3 lowers it to + 12 V. Subsequently, the charge is essentially stored on

Ci, with only a very slow discharge through D; and Rj.

Readout is accomplished by clocking a single bit (READ) along a shift register
chain. Each shift register element Switches a transistor into saturation which
grounds the word bus, connecting 32 adjacent wire circuits. This grounds all
32 wires through Dy and causes a negative pulse to appear on each of the data
bus lines connected to a charged C;. This circuit differs from that of Pizer in
the addition of Rp to protect D; from over voltage and over current and to
help suppress ringing. Also, a transistor is used as a readout driver instead of a
transformer. The Rp bus is biased to —10V just before readout to prevent D;

from clamping the data bus. All of these electronic elements are placed on PC
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cards attached directly to the chamber readout planes.

The data bus and shift register chains are connected to a spark chamber
control box which collects and formats the data before transmitting it to the
PDP-11. The control box has its own clock and operates independently of the
PDP-11 for most of the chamber readout.[® After the spark chamber is pulsed,
the logic in thé control b;)x is held on “CLEAR?” for 200 us while spark transients
decay, then the READ signal is clocked along the shift register chains, progressing
down the side of the chamber at about 0.5” /us. All the ground side wire planes
are read out by one control box, while an identical system reads out all the high
voltage sides of the gaps. The polarities shown for the spark detector circuit
are for the ground plane readout. An almost identical circuit was used on the
HV plane, where the spark current was negative. Its diode clamping voltages
and transistor polarities were opposite to those of the ground plane circuit. The
READ time is 1.2 ms to scan the solenoid planes plus 25 us per spark or ~ 4.2

ms for an event having 120 sparks.

13.2.2 Electronics Changes

. Changes were implemented in going from E-132 to E-135 which were moti-
vated by a desire to increase the ability of the spectrometer to accept data reliably
at higher beam fluxes, and to improve trigger acceptance. These changes were

mostly electronic and will be described briefly here.

The original SE counter of E-132 was replaced by one of the same size but
which was significantly thicker (3/8”); also the 56 AVP photomultiplier tube was
replaced with the Amperex XP2020, a 12 stage tube of approximately the same

gain, but having a rise time of about 1.5 ns compared with 2.1 ns for the 56 AVP.
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Thus the accuracy of the “start” signal for the TOF system was improved.

The TOF electronics was itself altered for E-135. The entire conventional dis-
criminator system was replaced with LeCroy Research 825 risetime compensated
discriminators. These instruments use a dual threshold timing method whereby
a low level timing threshold is set per channel, and an upper level amplitude
threshold is sef common(to all five channels in a module. Thus, slewing effects
are minimized in direct proportion to the ratio of the two thresholds, and an

overall system improvement is realized.

E-132 made use of a scintillation counter called the X — Y counter to serve
a number of purposes. This counter was 1/8” thick, 1 %” in diameter and was
segmented into four equal pie-shaped slices. Each segment was instrumented
with its own photomultiplier tube. This X — Y counter then served: a) as the
beam size defining counter; b) as the instrument used to reject multiple beam
particles, and c¢) as the primary beam steering device i.e., the beam was steered
so as to equalize the rates in each of these four counters. As the demands of each
of the above functions became more severe, this counter was replaced by three
devices discussed previously; SY was installed as the beam defining counter, the
6 — ¢ hodoscope took over the chore of multiple beam particle rejection and, a

new proportional chamber, the X — Y beam steering monitor, was developed.

The trigger for E-132 required two or more hits in the full bore chamber 1.5,
one or more hits in the TOF hodoscope and no hit in the beam veto counter LP3
located behind the dipole. This trigger led to a triggering cross section for an

incident K~ beam of 20.5 mbarn with a 4.7 mbarn empty target cross section.

The basic changes to this trigger to improve its performance in rejecting

bogus events required the tightening of the timing of the TOF electronics to
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reduce the random trigger rate, and the use of additional proportional chambers
in the multiplicity definition to reduce the target empty rate and to increase the

coverage in solid angle.

The effects of this improved trigger were most evident for the two prong
event sample. Since the E-132 trigger required the TOF counter, many events
having an apprroxima.tely( symmetric track configuration were lost because neither
particle reached this hodoscope. Also, at high mass (Mg, > 1.6 GeV/c?), highly
asymmetric configurations were not accepted because the slow particle did not
reach full bore chamber 1.5. With the inclusion of the new (E-135) cylindrical
vertex detectors, the part of the trigger logic involving full bore chamber 1.5
multiplicity was replaced by a multiplicity box surrounding the target made up
of cylinders and plug PWC’s (described previously) thereby eliminating these

sources of loss.

13.2.3 The Cerenkov counter (C1) Modifications

Three modifications were made to the Cerenkov counter C;: a) additional
magnetic shielding of all phototubes was designed and installed; b) all the EMI9813
photomultiplier tubes were replaced with RCA 8850 Quantacon type tubes and

c) conical light-catching specular horns were added in front of each phototube.

Measurements made using LED’s as to the effectiveness of the magnetic
shielding in E-132 disclosed that as many as 20% of the photoelectrons were
lost with the solenoid field on even when bucking coils were used. Thus, the
magnetic shielding improvement proceeded with first priority. To properly shield
a phototube required that the shield extend forward of the photocathode by

at least one tube diameter. The recessed photocathode, however, was then in
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an optically inconvenient location and this demanded the inclusion of the light

collecting conical horn previously described.

Less obvious was the effect of the previous phototubes on the photoelectron
collection efficiency. Measurements of the single photoelectron spectrum for the
EMI tubes demonstrate an exponential distribution. The gain of each dynode is
~ 3 while thé gain of tfle first dynode is approximately nine. The probability
of a photoelectron incident on the first dynode producing no electron can then
be calculated to be 17%. This loss combines with the magnetic shielding loss
above to yield an average detection efficiency of about 95% for the E132 counter.
However, the Quanticon photomultiplier tube, possessing as it does a Gallium
Phosphide first dynode, when tested showed a single photoelectron spectrum
consistent with Poisson statistics. (See the comparison in Fig. 55.) From this
clean peak it can be concluded that the average dynode gain is about 3.3 while
that of the first dynode is about 42. (This is consistent with manufacturer’s
specifications.) The probability of no electrons leaving the first dynode after

being struck by a photoelectron is then seen to be zero.[5!]

14. Conclusions and Summary

As discussed above, the properties of the LASS spectrometer are particularly
well suited to the performance of large statistics experiments which require very
good acceptance. During the last few years, it has been used to perform a
very large scale programmatic study of K~p and K*p interactions at 11 GeV/c,
experiment E-135. During data taking for this experiment approximately 140
million good events were written to tape with a relative K~ to K+ sensitivity

of 4 : 1. This corresponds to a total sensitivity of 5.6 ev/nb. These data have
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been processed onto DST’s using the 168/E processor farm and the computers
at Nagoya University; DST production began in May, 1984, and was completed
in October, 1985.

The goal of this experiment is to provide an in-depth study of states con-
taining the strange quark. It is motivated partly by the desire to understand the
ordinary q@ and qqq statés, and partly from the renewed interest in exotic objects
such as glueballs and multi-quark states. The experimental program confronts
many different topics, each of which requires a large increase over earlier exper-
iments in data quantity and quality. For example, the experiment brings the
data on both the inelastic and the elastic strange meson (K*) channels up to the
standards that were used in formation experiments to understand the N* and A
spectroscopy in the 1970’s. It makes an order of magnitude increase in data from
production experiments on strangeness -2 and -3 hyperons, and provides similar
improvements for the strangeonium (s5 mesons) states. The existence of this
data base, coupled with the sophisticated phenomenological analysis programs
developed during the last decade, provides a unique opportunity to understand
the spectroscopy of the meson and baryon states containing the strange quark,
and to use this understanding to provide insight into the nature of the inter-quark

forces.
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