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ABSTRACT

ﬁp backward elastic scattering has been measured for the
cos 0_ region between - 1.00 and - 0.88 and for the incident p
laboratory momentum region between 0.70 and 2.37 GeV/c. These
neasurements, done in intervals of approximately 0.1 GeV/c, have been
performed at the Alternating Gradient Synchrotron at Brookhaven
National Laboratory during the winter of 1968. The measured dif-
ferential cross sections, binned in cos Qcm intervals of 0.02, have
statistical errors of about 10%. Backward dipping exists below
0.95 GeV/c and backward peaking above 0.95 GeV/c. The 180° differen-
tial cross section extrapolated from our data shows a sharp dip
centered at 0.95 GeV/c and a broad hump centered near 1.4 GeV/c.
OQur data have beeninterpreted in terms of resonance effects and in

terms ol diffraction dominance effects.
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CHAPTER I: INTRODUCTION

In the study of high emergy interactions, the dcs (differential
cross section) at extreme angles has been very useful in revealing
thé important mechanisms responsible for the interaction. Strong
contributions from s (except s-waye), t or u channels usually lead to
dcs with characteristic peakings or dipping at extreme angles(l'l) or
with characteristic dependence on energy. 1In the case of elastic
scattering, the forward dcs is not very useful in revealing any
mechanism aside from the diffraction which dominates forward scattering.
Thus, the dcs for elastic backward scattering is crucial to the ex-
ploration of any important u channel and s channel mechanisms con-
tributing to the elastic scattering. Figure 1.1 shows the Feynman
diagrams corresponding to the s and u channel contributions to the
backward elastic scattering of (a) ﬁp; (b) n-p; and (c) K+p.

Away from the low energy region, s channel contribution to
elastic scattering is no longer dominated by s wave. Thus, the indi-
vidual partial wave amplitudes of the important terms contribute larger
values to the extreme angles(l'z). In the event that s channel is
dominated by a particular resonance near a certain energy region, the
s channel contribution to the extreme backward elastic decs is charac-
teristic. The size of the contribution peaks at the position of the
resonance while at the same time there is backward peaking at the
position of the resonance(l's). However, interference from other
contributions such as u channel effects or background may obscure

this behavior.
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Figure 1.1: Feynman diagrams for the s _and u channel contrlbutlons to
the backward elastic scattering of (a) pp, (b) w« p and (c) Kt p-

Quantum numbers of the s and u channels are given. Possible candidates
for the contributions are given in parenthesis.

0 | B
_ o GT,UD |

n
N

=
v

Q=
(2?7)

o
N
o
=y
o

(a)

s~ |
P /)/%- P l n-
2 I
= 1 B =1 l
*0
Q=0 (8 N u T | Q= 2
/ |(e'g';N-H-)
7 O
T‘(// "~ p J'[I P
s (b)
l
p | x*
|
- =1 |
u—> !
g = I Q=0
S = | B 4 -
K+|(e.g., AO, 20) -
() |
|




.
In n p backward elastic scattering in the region 1.65 - 5.3

GeV/c(l'A)

, the decs at 1800, shown in Figure 1.2, revealed many

sharp structures. For example, there are sharp bumps at 1688 and 1924
and a sharp dip at 2190, all of these can be attributed to resonance
effects in the direct s chanmel. Indeed, this set of data was useful
in indicating the properties of the resonances as well as suggesting
possible existence of a new resonance at 3245 MeV. 1In the backward
elastic differential cross section of other processes, it is possible
to see similar structures in the event of strong resomnance contribution
from the s channel.

u channel effects may also be important in the backward elastic
region. In the event that strong s channel and background contribu-
tions are absent, the u channel contribution, if it is dominated by a
éingle (or an exchange degenerate set of) Regge trajectories, produces
a backward elastic decs (do/du, in this casej which has energy and angle
dependence of SZQ(u) = & a3y where (u) is the function corresponding
to the dominant trajectory. Thus, the do/du at u = 0 would have a B
dependence where a = 2 - 20{0). At a particular s, do/du as a function

ebo:(u)

of u shows an dependence where b is 2 fn(s). These behaviors

are shown by K+p backward scattering; we have plotted the do/du near
180° of K+b scattering as a function of s in Figure 1.3a and the slope
of dg/du in Figure 1.3b(1'6). The data indicate that the dcs is
consistent with the hypothesis that it is. dominated by the AY (and/or
the Aa, in case of exchanging degeneracy) trajectories. 1In this
particular case, there are good reasons to suspect that u channel

(1-7)

effects may dominate since the s channel is an exotic chammel
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Figure 1.2: Plot of do/dy against incident 7 momentum (laboratory)
for ﬁ-p elastic scattering at 180°. The positions and properties of
the N* resonances are shown. The line drawn is a free hand curve of
the data. The error bars are statistical. From Kormanyos et al.,
Phys. Rev. 164, 1661 (1967). See this article for the source of other

data points.
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and thus its contribution to the scattering is not expected to be
dominant.
Bp backward scattering exhibits many features which do not occur

+ 4
for either n p or K p backward scattering since (1) the s channel has

B = 0 instead of B = 1, and (2) the u channel requires an exchange of
B=2and Q = 2, Many massive (with mass greater than 2 proton mass)
B = 0 non-strange mesons have been indicated by previous experiments(l'sz

In addition, there exist theories which require the existence of such
mesons(l'g). It is expected that ﬁp may couple to some or all of these
resonances in the s channel if they exist. Thus, pp backward elastic
scattering is a sensitive probe of such resonances. It is hoped that
the coupling may be strong enough so that features similar to those seen
in ﬁ_p backward scattering may also be observed in ﬁp backward scat-
tering. As far as the u channel effects are concerned, no B = 2 and
Q = 2 resonance has been observed or indicated in experimental data.
Therefore, it is likely that no distinct characteristics indicative
of u channel dominance would be observed. It is therefore likely
that the s channel effects, if any, are easier to observe. On the
other hand, if there are significant contributions from the u channel,
5p backward elastic measurements are sensitive to it.

It is thus interesting to obtain pp backward elastic scattering
data over a fairly wide range of energies as well as a wide enough
range of angles in order to extract the backward slope. We have

measured the 5p elastic scattering differential cross section with

10-20% statistical accuracy in the momentum range 0.7 to 2.37 GeV/c



incident 5 momentum (corresponding to the center-of-mass energy in
the range 1.99 to 2.56 GeV). At each momentum, we obtain 5 to 7
angular data points with cos ch between - 1.0 to about - 0.88.
Preliminary results have been published(l'lo).

This experiment, performed at the AGS partially separated beam
5 in Brookhaven National Laboratory during the fall of 1968, is a
missing mass spectrometer experiment using a 37.5 cm long liquid
hydrogen target, several counters and twelve wire spark chambers
with digitized magnetostrictive readouts. We were able to measure
the differential cross sections of Ep annihilation into two charged

(1.11)

mesons at extreme angles simultaneously using essentially

the same apparatus. Part of our apparatus was used previously for
5 : (1.12)

backward pi and K scattering on protons .

This experiment was performed by a collaboration of members from

three institutions:

California Institute of Technology

Barry €. Barish, Howard Nicholson, Jerome Pine, Alvin V.
Tollestrup and John K. Yoh (the author)

Brookhaven National Laboratory

Alan S. Carroll and Robert H. Phillips (now at SILAC).
and

University of Rochester

Claude Delorme (now at the University of Madagascar).
Fred Lobkowicz, Adrian Melissinos, and Yori Nagashima (now at

Caltech).



CHAPTER TI1I: EXPERIMENTAL APPARATUS AND METHODS

a. Introduction and Experimental Layout

We wish to measure the dcs (differential cross section)of Ep
backward elastic scattering. Therefore, we need to have a beam of
ﬁ's incident on some hydrogen and to count all the Bp backward elastic
scattering events inside a well determined angular region.

Many accelerators have beams of partially separated megative
charged particles with sufficient momentum range which we wish to
cover (about 1 - 2 GeV/c)(z'l). We thus need a system to identify
the p's in the beam as well as to determine the momentum, position
and direction distributions of such incoming p's. The p's are in-
cident on é liquid hydrogen target. |

To idegtify the Ep backward elastic scattering events, we have
to look at the final state particles of such reactions. The recoil
proton from a backward elastic event (we only consider the region of
cos ecm less than - 0.90 or so) carries away essentially all the
momentum of the system. The final state antiprotom is left with a
momentum of the order of 100 MeV/c or less. Such an antiproton has a
range in hydrogen of the order of 0.3-cm and thus is not able to get
out of the target. The final state antiproton will very likely be
stopped and annihilated in the target. The likely annihilatiomn of the
stopped 5 is not easily distinguishable from an annihilation of 5 in
flight. Thus, the p from a backward elastic event will not be useful

in identifying the event. All our information must come from the

recoil proton.
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We can (and will) use four criteria to determine whether a for-
ward outgoing particle is a recoil proton from a backward elastic
event ~- (a) charge, (b) momentum, (c) velocity, and (d) to-
pology. The charge and the momentum, along with the scattering angle
which we obtain from topology of the event, allow us to select only
those forward particles which satisfy backward elastic kinematics(z'z).
The velocity, in conjunction with the momentum, allow us to remove all
forward pions and kaons(2'3). The topology criterion allows us to
remove all events with scattering not inside the target and all events
with more than one large angle Scattering(z'q).

We describe briefly our apparatus and their layout in the

following paragraphs. We indicate inside parenthesis the relevant

sections of this chapter where further detailed information is given.

Beam: Beam Transport

We use the short branch of the partially separated beam 5 at
the AGS in Brookhaven National Laboratory(z's). Figure 2.1 contains
a layout drawing of the beam transport system, which contains 7

quadrupoles, 3 dipoles, 2 electrostatic beam separators, 2 beam stops

and a mass slit. A detailed description of this system is given in

Appendix A.

Beam: ﬁ Identification and Counting

We use a system of aperture scintillation counters (Sl, S

(2.6)

2
and S3), one differential Cherenkov counter and ( for low in-

cident momentum only) a scintillation counter time-of-flight system
to determine whether an incident particle is a p and also whether it

will pass through the target. These counters, most of which are shown
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in Figure 2.2 (a figure of our entire apparatus), are discussed in
detail in Section (b-i). A scaler system using the signals from
these counters allows us to determine the number of useful 5 passing

through our system.
Target

As shown in Figure 2.2, a 37.5 cm long liquid hydrogen target
is situated just dUWﬁstream of the S, counter(2’7). The target,

placed inside a vacuum box, is described in Section (b-ii).

Recoil Proton: Charge and Momentum Determination

In order to determine the charge and momentum of the forward
particles, a large dipole bending magnet with gap 48" wide by 18"
high is placed downstream of the target. To either side of the magnet
(upstream and downstream) there are sets of 4 wire spark chambers
_With digitized magnetostrictive readouts(z'S). These wsc (wire spark
chambers) record the trajectories of passing charged particles. Thué,
knowing the trajectories allows us to determine the charge and mo-
mentum of the forward particle. The details of this procedure are
described in Section (b-iii). The characteristics of the wsc are
described in Appendix B and the procedure for recording the particle
trajectories is described in Sectiomn (d).

Recoil Proton: Velocity Determination

We use both a scintillation counter time-of-flight system and a

(2.9)

threshold gas Cherenkov counter to help us determine the velocity

and hence (if we know the momentum) the type of particle going
(2.3)

forward . The time-of-flight system, described in Section (c-v),

compares the time of arrival of the signals from the counter S3 and
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from the set of counters Tl - TlO' The Cherenkov counter, discussed

in Section (c-iv), is placed downstream of all our other apparatus

and has a threshold of 1.1 GeV/c for pioms.

Recoil Pfoton: Topology of Event

In order to separate real events from background, we need to
know that only one scattering has taken place. Hence, we need another
set of four wsc upstream of the target. This allows us to determine
the incident trajectory. This is also necessary so that we can obtain
the scattering angle for the backward scattering and also obtain the
distributions of position and direction for all incident ﬁ's to be
used for the Monte Carlo of the acceptance of our apparatus.

Need for a Triggering System

The characteristics of the wsc (wire spark chambers) are that
it can only be triggered a small number of occasions every beam

(2.10) . . 4 -,
pulse . Since each beam pulse gives us of the order of 10 p's,
we must use a triggering system to decide when we should trigger our
wse. Our triggering system contains three sets of counters P, R,
and T (see Figure 2.2) and uses the 5 identification system as a
coincident requirement. Only certain combinations of P and R
counters which satisfy a loose momentum criteria will satisfy our

: g - (2.11) - o ; .

triggering requirement . Section (c-ii) describes this pro-

cedure in greater detail.

Event Recording System

Our analysis is not done on line. Thus, we must record the
information on each event. We record wsc information and some counter

information (along with the information on the velocity of the forward
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particle from the time-of-flight system and Cherenkov counter) on

magnetic tapes to be processed off line. This procedure is given

in detail in Sectiomn (d).
We conclude this chapter with a brief assessment of our experi-

mental apparatus and methods (Section (e)).

b. Beam, Target and Magnet

(b-1i) Beam andAﬁ Identification and Counting

Beam 5 at the AGS in Brookhaven National Laboratory, which is
described in Appendix A, supplies us with a collimated charged
particle beam with a certain definite momentum acceptance and pion
background. This beam is focused near the target. We must accept
and count only E's which, if not scattered, will pass through the
entire target. In addition, since the wsc (wire spark chambers) have
memory time of the order of 1000 nsec, we would like to not count and
use any p's which come within some specified period of time (500 nsec)
of a previous particle. This enables us to reduce the amount of
triggered events with spurious tracks(z'lz).

We discuss each of these problems -- aperturing, 5 determination
and spurious track reducing -- separately. All the position and
sizes of the counters used for the beam system are given in Table 2.1.
Aperturing

We feject from consideratioﬁ all particles which do not satisfy

- inci 5 = §._ %S _*
a three-fold coincidence Sl’ S2 and S3 (defined as S S 82 53).

1

These circular scintillation counters are placed so that a straight

line through all three counters automatically intersects all of the
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Table 2.1; Beam Counters, Sizes, and Positions

Beam time-of-flight counters (M1 - M7). Also called the mass slit
counters. 7 identical counters (scintillation).

size: 1-1/2" wide by 1/8" thick (height irrelevant)
pos : placed next to D3 and behind the mass slit in the beam trans-
port system (see Figure 2.1). They are in a vertical row

with no overlap.

Beam aperture counters (S1 - 83) 3 scintillation counters.

S1 52
size: 3" round by 1/4" thick 2" round by 1/4" thick
pos (z)** at z = - 75" at z = - 39"
S3
3 - 1/8" by 2-1/4";71/8" ¢t
at z = - 11-7/8"

(x,y) centered on beam line.
Beam liquid differential Cherenkov counter.

size of the radiator cell is 6" in diameter and 1/2 to 1" thick.

position of radiator is centered on beam line and at a Z of
about - 50",

Beam halo counter Au.

size: 12" by 22" (high) by 1/4" thick with a 2" round hole.

pos : the 2" round hole is centered on beam line at z = - 39-7/8".

Beam hodoscopes Hx1 to I-lx4 and Hyl to qu. 8 scintillation counters.

size: 1/2"by 2" by 1/4" thick.
pos : ‘at z = - 35-3/4". Hx and Hy are arranged in vertical and

horizontal non-overlapping rows centered on the beam line.

S. is set at 45° to the beam line so as to present a circular
aperture of 2-1/4" diameter to the beam.

z = 0 at the center of the target. =z is negative for upstream
side.
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5 3 . < L0
Largoet . (h3 is actually oval due to the fact that it is 4% w.r.t
beam line. This was necessary in order to place S3 as close to the
target as possible. Nevertheless, it presents a circular aperture
normal to the beam line.) We will now equate a beam particle with a
count in S.

E Identification

Two systems are used in identifying the ﬁ's in the beam.

25
1. Liquid Differential Cherenkov Counter( ®)

A schematic cross-sectional drawing of the liquid differential
Cherenkov counter is shown in Figure 2.3. The two lines -- the
dash line and the dot-dash line, illustrate the operation of this
counter. The movable diaphragm mirror is adjusted so that Cherenkov
radiation from a 5 would strike the G bank of photomultiplier tubes
while radiation from a pion would strike the C bank. The difference
in radiation angle is due to the fact that pions of the same momentum
are much faster than p's and thus have a larger Cherenkov angle.

Figure 2.4a contains a plot of the proportion of coincidences
from the Cherenkov counter for each S as a function of diaphragm
mirvor posiltion setting at a typical momentum. AL the setting to-
wards the left, the pion radiation strikes C's; at the right, the
counter is sensitive only to 5. The ﬁ peak is at least a factor of
20 higher than the dip between the ﬁ peak and the pion peak giving
evidence that much less than 5% contamination of pions underneath
the 5 peak is expected. Checks show that typical pion contamination
is in the 0.5% level. Efficiency for p's is better than 909 near

2.0 GeV/c.
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Figure 2.3: Schematic drawing of the beam liquid differential

Cherenkov counter. The C's are the coincidence signal and the C's

are the veto signal. All scales are approximate.
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The liquid differential Cherenkov counter is adequate in
identifying E'S and rejecting pions above 1.0 GeV/c. However, below
1.0 GeV/c, the efficiency in counting ﬁ's deteriorates. Thus, we use
the Cherenkov counter to count (and reject) pions along with using a
time-of-flight system described below.

2. Beam Time-of-Flight System
(

A set of 7 counters 2'13)(ca11ed the mass slit counters since
they are placed next to the mass slit in the beam transport system
-see Figure 2.1) about 14' upstream of the target is used in con-
junction with the 83 counter ta give us a time-of-flight measurement
of the velocity of the beam particles. Below 1.0 GeV/c, the 5 has a

B of about 0.7 while the pion has a B of about 1.0. Thus, the
difference in time-of-flight is about 4 msec. Figure 2.4b shows the
response as a function of time delay. The solid and dotted lines are
the response for the time-of-flight system alone while the dashed

line is the combined response of the time-of—flight with the Cherenkov
counter set to reject pions. Again, we see that the pion background
underneath the p peak is reduced to the 19 level. Notice that we

clip the S

3 signal with a 1 nsec cable to give us a broader peak.

Reduction of Spurious Tracks in the wsc

We use a pile-up system to reduce spurious tracks in those
events which we record. The beam halo counter Au (see Figure 2.2)
is situated next to S2 and the two counters count all the particles in
the beam. When either of these counters register a count, a pile-up
gate is triggered which prevents any following particles to be

counted within 500 nsec. This gate, which typically reduces the
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amount of usable beam by 10-20%, cannot however, entirely cure the
multiple track problem since the trigger system takes about 300 nsec
to fire the wsc. Any particle which arrives between the backward
elastic event and the firing of the chamber will be recorded along
with the backward elastic event.

To help us decide which track belongs with the backward elastic
event, two arrays of 4 2" by 2" wide and 1/4" thick scintillation
counters called the beam hodoscopes are arranged in horizontal and
vertical rows. The signals from these counters are used in the
analysis. Any track which extrapolates into a counter which did not
fire is removed in case of multiple tracks. This procedure is
necessary only for a small percentage (of order of 1%) of all events.

Scaler Counting System

Our wsc impose a dead time of 20 msec each time they are

2.y -
triggered( 14). All p's satisfying our aperture and pile-up criteria

which arrive during the time in which we are sensitive to backward

elastic events must be counted. We use a series of logic modules

(2.15)

(Chronetics 100 series =-- 100 megacyclés ) and scalers to count

p's. In addition, several other beam quantities such as S (the beam’

particles, not necessarily p's, satisfying aperture and pile-up
criteria) are also counted in order to monitor beam quality.

Table 2,2 lists the momenta where data were taken, the total 5
flux at each momentum, typical S and p per pulse, pi/p ratio and
trigger rate. Figure 2.5 shows the distribution of momentum,
positions and directions of the incident 5'8 at three typical mo-

(2.16)

mentum . Note that the spread in the distribution is due to the
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Table 2.2: Beam fluxes and rates for each momentum. The '"Real' mo-
mentum is the actual average momentum at the center of the target. The
rates per typical pulse corresponds to about 1.5 x 1012 circulating p's
in the AGS. Runs labeled L are spgcial runs'with low bending magnet
setting. Trigger rates are usually higher for these runs. 1In our
final results, the data at 1.585 and 2.125 which has been marked with

an * were combined to form the 1.59 and 2.155 data.

Momen tum Total p flux S P Eiii Trigger rate
Nominal Real (empty) full per typical per 1000 p's
(Gev/c) (GeV/c) in millions pulse
0.68 0.703 7.0 8K 0.5k 15.0 1.10
0.77 0.812 9.1 20K 0.9k 21.0 1.05
0.89 0.873 ( 3.0) 20.0 13K 1.0 12.0 1.00
0.92 0.935 9.5 33K 2,5k 12.0 1.05
0.97 0.987 ( 6.2) 54.2 46K 3.5k 12.0 1.00
1.09 1.115 ( 4.2) 29.8 26K 4.0K 545 1.00
1.34 1.338 (11.0) 38.8 24K 8§.0K 1.9 1.05
1.45 1.447 43.0 24k 8.5K 1.8 1.15
1.585AH% 1.580 (7.5 24.5 32K 11.0K 1.8 1.10
1.585AL* 1.580 ( 3.0) 15.8 32K 11.0K 1.8 1.30
1.585BH* 1.589 10.8 40K 16.0K Y5 1.05
1.585BL*% 1.589 4.4 40K 16.0K 1.5 1.30
1.585C% 1.596 7.9 26K 12.0K Lail 1.15
1.585D 1.610 63.3 30K 11.0K 1.8 1.15
1.70 1.716 78.2 35K 13.0K . 1.8 1.10
1.815 1.797 ( 7.0) 60.3 55K 22.0K 1.5 1.05
1.8 1.844 73.7 40K 15.0K 1.6 1.10
2.0 2.032 73:5 55K 22.0K I 1.10
2,1258* 2.155 (10.0) 59.8 55K 2B.0K 1.0 1.10
2.125.%  2.155 21.7 55K 28.0K 1.0 1.40

2.365 2.370 (10.5) 48.4 75K  45.0K 0.6 1.05
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wsc resolution and multiple scattering in addition to the intrinsic

properties of the beam(2'17).

Typically, we accept a momentum bite of * 3% and keep the mass
slit spacing narrow (about 1/8"). The total number of beam particles
as measured by Au and S2 per pulse is about 150 K. Since the beam
pulse period is about 400 msec, this cérresponds to a 0.3 megacycle
rate. We have checked that this rate is tolerable since several data
runs at a lower rate give answers which agree with the answer at
the typical rate.

(b-ii) Target?*1®)

We use a cylindrical liquid hydrogen target 14-5/8" (37.2 cm)
long and 3" (7.6 cm) in diameter. The target envelope is a single
jacket of 14 mil mylar surrounded by 40 layers of 0.3 mil aluminized
mylar acting as superinsulation. The target, shown in Figure 2.2,
is housed in a vacuum box 15~3/4" wide set at 45° to the beam line.
The liquid hydrogen in the target is maintained at atmospheric

pressure near the boiling point and has a density of 0.0708 gm/cm3(2'19).

(b-iii) Magnet and Momentum Measurement

The magnet D4 we use for momentum analysis is a 48D48 dipole

magnet with an aperture 18" high by 48" wide. The useful aperture,
however, is restricted by the hole in the magnet shielding which is
14" x 28" upstream and 16-1/4" x 46-1/4" downstream of the magnet.
The size of these apertures is chosen such that any particle from
the target which will go through all the wire spark.chambers will

not strike the shielding wall.
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w2
The shielding, an iron-wood sanc]wrich(2 0)

which contains iron
layers of thickness 3/4", 1", and 6" is attached to either side of
the magnet by long bolts and brackets. Its purpose is to minimize
the stray field outside the gap of the magnet.

High stray fields would incapacitate both the magnetostrictive
readouts of the wire spark chambers and the photomultiplier tube
(even with shielding around it). Studies have shown that the magneto-
strictive wire will not function with high transverse fields (of the
order of 50 gauss) although longitudinal fields of up to several
hundred gauss can be tolerated. Since the field inside the gap goes
as high as 15 Kgauss, stray fields of 19 of the central field cannot
be tolerated. 1In addition, the photomultiplier tubes, even with
shielding, cannot withstand hundreds of gauss. Without any magnet
shielding, the field at the beam line 50" from the side of the magnet
is still about 1% of the field at the center of the magnet (i.e.,
about 100 gauss); the shielding reduces the field so that ét the beam
line 25" from the side of the magnet (just outside the shielding),
the field is reduced to about 0.1% of the field at the center of
magnet gap. Even then, the wire chamber readout wires of chambers
9-12 (downstream of the maénet) must undergo special treatment when-
ever we switch the polarity of the magnet (the wire must be re-
magnetized and the pick-up amplifier must have its polarity switched
also).

The momentum of the particle which goes through the magnet is
obtained from the amount of bending obtained while traversing the

magnet. The field at the interior of the magnet gap has been
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(2.21)

obtained through the use of a nuclear magnetic resonance probe
We then use the rectangle field approximation to calculate the mo-
mentum.

For a particular field B at the center of the magnet, we
approximate the field by a vertical field B over a length T, the
(2.22)

cttfective lenpgth which has been empirically determined to be

L = 155.60 em/(L + (B/255.51 kg)® ?7%%h),

The momentum of the particle traversing the magnet is then

2.9978 B L(1 + x'> + y'2) /2

100(sin ¢ + sin B)(1 + x'2)1/2

where x' and y' are the incident horizontal and vertical slope, @

is the incident horizontal angle and 8 is the outgoing horizontal

angle (see Figure 2.6a). Studies have shown that this formula is

accurate to within 0.3%(2'22). Figure 2.6 shows some of the geom-
atry ol the rectangle lield approximation.

We can thus obtain the momentum of a particle at the magnet.
To obtain the momentum at the interaction vertex, we simply correct
for ionization losses.

In order to select backward elastic events using kinematics,
we must have a good idea of the momentum of the incident E. We
calibrate the incident momentum by triggering on every 5 and changing
the polarity of the magnet to bend negative instead of positive
particles into the wsc downstream of the magnet. We do this mo-
mentum calibration Tor each of our momenta. The resultant distri-

bution in momentum is typically that of Figure 2.7b.
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It is possible to obtain a better estimate of the incident
momentum by using the property of the beam transport system.
Appendix A, which handles the beam transport system, indicates that
at the mass slit, the horizontal (x)>position of the beam is strongly
correlated with the momentum -- particles with momentum higher than
mean momentum tend to have positive x at the mass slit (see Figure
A.1 of the Appendix A).

A set of 7-1/2" wide scintillation counters is placed wvertically
next to the mass slit(2'13). The momentum distribution of 5's
hitting each mass slit counter is shown in Figure 2.7a. By com-
bining the 7 distributions correcting for the shift in central mo-
mentum, we obtain a total distribution of Figure 2.7c¢ instead of 2.7b
for the same E‘s. Since the momentum spread in the distribution is
also due to multiple scattering and the wire spark chamber reso-
lution(2'23), the improvement in momentum determination is actually
better than indicated. 1In any case, the FWHM is reduced from about

1.7% to about 1.0%.

c¢. Fast Counters and Logic

(c-i) Introduction

During each beam pulse, thousands of ﬁ's are incident on the
’ . (2.24)
target. We can record a maximum of 15 triggered events . Also
each time we trigger, the wsc (wire spark chambers) require 'a 20 msec
dead time to allow us to record the event and to allow the wsc to
recover. Thus, without losing any acceptable backward elastic events,

we would like to trigger on as few events as possible. We use a

trigger system of fast scintillation counters and fast logic
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§ 25
modules(2 )

to test for the trigger condition. We are able to
reduce the triggering to about 1 per 1000 incident B's. No back-
ward elastic events are lost except for dead time. We will discuss
the trigger coﬁdition, logic and rates in Section (c-ii).

Counter information is useful for analysis. For example, Lhe
knowledgpe of which counter registers a count for a particular event
may be helpful in removing a spurious track. We record 48 binary
bits for each triggered event. 35 of these bits which contain the
counter and various coincidence information are discussed in
Section (c-iii).

The other 13 bits contain information on the velocity of the
forward particle essential to remove pion background undermeath our
recoil protons. This includes the information from the gas thresh-
old Cherenkov counter (Section c-iv)) and a forward outgoing

particle time-of-flight system (Section (c-v)).

(¢c~ii) Trigger Counters, Logic and Rates

Logic

We test for the trigger condition using a system of scintilla-
tion counters (listed under ''mon-beam counters" in Table 2.3 with
their sizes and positions) and logic modules(2'25).

To satisfy our trigger condition, we require a coincidence of:

1. An incident p. This is determined by the 5 identification system

described in Section (b-i).

2. A forward outgoing positive particle with momentum close to that

of the incident 5 and whose trajectory passes through the wsc (wire

spark chambers). This condition is tested by the combination of three




Table 2.3: Non-Beam Scintillation Counter Sizes and Positions

B Size Position
Name X Y z X X z
(thickness) :
Pl 3" 7!! 1/8" e 4!! to - 1|| = 3_1/2n to 3_1/219 38"1/4"
P2 same - 1-1/2" to 1-1/2" same same
P3 same I to 4" same same
P4 same 3-1/2" to . 6-1/2" Same same
P5 same 6" to gn l Same same
P6 same 8-1/2" to 11=-1/2" same same
R, 14" 24 1/ - 30" to ~16" - 12-1/4" to 11-3/4"  175-3/8"
R1 same - 24-1/2" to -10-1/2" same same
R2 same - 14" to 0" same same
R3 same -~ 4" to 10" same same
' Ql same ™ to 21% same same
Q2 same 16-1/2" to 30-1/2" same same
Qy same 26-1/2" to 40-1/4" same same
Q4 124 220 1/4" " to 21" - 11" to 11" 139-1/4"
Q5 same 19-1/2" to 31-1/2" same same

Ti(i =1,3,5,7,9; non-overlapping)
5(7-3/8") 13-1/2" 1/4" - 28-1/4" to  8-3/8" - 10" to 3-1/2" 182-5/8"
Tj(j = 2,4,6,8,10; non-overlapping)

same same - 3=1/2" to 10" same

-'[E'__
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counter hodoscopes P, R and T (see Figure 2.2, page 12). The P R
combination is used to restrict the momentum acceptance of the
forward particle. Figure 2.8 gives a plot of the horizontal position
at the P counter plane (xP) vs. the horizontal position at the R
counter plane (xR) for all particle trajectories. The area inside the
solid line satisfies the triggering criterion in P and R. Dashed
lines drawn in Figure 2.8 show the locus of points with the same
momentum p coming from the center of the target.

T counters are required for triggering. This is used to
reduce the aperture for triggering as well as to provide an addi-
tional coincidence requirement to reduce accidentals. Note that the
T counters are also used for forward outgoing particle time-of-

flight system.

3. An absence of a negative charged forward particle with essen-

tially the incident beam momentum and slope. This is tested by a

combination of P Q counters. This beam veto reduces the trigger
rate by a substantial amount. Many mechanisms can be responsible for
the large amount of incident E which satisfy condition 2 and yet
have a forward negative charged particle with fairly high momentum.
Two such mechanisms are a) Bp annihilation into multi-pions in which
one (or more) positive and one negative pion goes forward, and b) ﬁp
into 6nn+ in which the momentum transfer to the B is small.

We have studied the possibility that a real backward elastic
event is vetoed by this condition. Since the final state p will
probably annihilate in the target, a forward pi minus giving a beam

veto is possible. The conclusion is that there is a negligible loss
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Figure 2.8: Triggering "area'" in P-R space. Xp is the horizontal po-

sition of the trajectory in the plane of the P counters. XR is the

Values of x
R inside this "area" implies that the event satisfies the P-R
counter criterion for triggering.

corresponding position in the plane of the R counters.

and x

Lines show the loci of events from
the center of the target with specified momentum.
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(see Section (d) in Chapter III).

Electronics
The trigger electronic logic system consists of a number of

(2.25)

fast (100 megacycles) logic modules used to identify, with a
resolving time of about 10 nsec, the trigger condition. It also sends
the trigger signal to the wsc pulsing system, the computer interface,
and the master gate to generate a dead time during which the 5
counting system and trigger logic modules are inactivated. See
section (d-iv) for further details on the operation of our recording
system after the arrival of a trigger logic signal.

The logic of the trigger system is shown in Figure 2.9.
Counter signals from the photomultipliers are shaped into standard

pulses by discriminators (Chronetics 194 b%43)

). These pulses are
correlated to see if the trigger condition is satisfied. The modules
with an x in the upper right-hand corner are those modules which are
gated off by the master gate during the dead time. It is easy to see
that without these particular modules, no 5 can be counted and thus
no further trigger can be accepted.
Rates

The rates for triggering at each momentum is shown in Table 2.2.
It is about one trigger per thousand incident E.

Even though the trigger rate is only about 0.1%, the number of
events which satisfy the trigger condition is still rather large since
the average flux of 5 per pulse is as high as 45K. At incident mo-

mentum of 1.5 GeV/c or higher, this rate is intolerable. Il we

accept an average of 14 trigger per pulse, we have 280 msec of dead
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Figure 2.9: The trigger logic flow chart (modules which are gated off
by the master gate are shpwn with an x in the upper right-hand corner;
veto enters through the sjde).
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time. Since each beam pulse lasts only about 400 msec, we are only
able to use 1/3 of the beam! It would be useful to reduce the trigger
rate further since the actual number of backward elastic events is
only about 1% of all the triggered events.

Several possibilities can be considered:
1. The (PR) triggering area (see Figure 2.8) can be reduced. We can
use fewer combinations of P and R counters in our trigger. This
would narrow our momentum acceptance. Due to the finite size of the
target and counters, the maximum reduction possible without losing
any backward elastic events is less than 1/3.
2. We could use the gas Cherenkov counter (see Section (c-iv)) to
veto all events which give a pulse since recoil protons are below
threshold for this counter. However, the reduction is only 154%.
Most of the triggers are apparently due to low momentum protons or
pions below the threshold for the Cherenkov counter.

Thus, it is possible to reduce the trigger rate by about 40%.
We did not do it since the gain is mnot too significant(2'26) and also
since we are interested in measuring Bp going into pi + missing mass,
K + missing mass or p + missing mass(2'27).

Another possible way to reduce trigger rate is to use the time-
of-flight system. However, at high momentum, our system is mnot good

enough to separate forward pions from forward protoms.

(c~iii) '"Counter Bits”(z'zs)—- Scintillation Counter Information for

Analysis

Digital counter information for each event is useful both in
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analysis and in the efficiency calculation of the counters. We cover
these uses in the appropriate section in the analysis chapter.

35 of the 48 available bits record the information of whether
one or a combination of counters fired. The remaining 13 bits record
the information from the gas Cherenkov counter and the forward out-
going particle time-of-flight system (see the next two sections).

Briefly, the counter bits work as follows. Counter signals are
delayed and timed to arrive at the counter bit modules just after
they receive the interface signal after each trigger (see d-iv).

The counter bit modules remain receptive for a duration of 50 nsec.
The arrival of a counter signal during this period will flip the
module. The modules are then read by the interface and the informa-
tion is written onto magnetic tape. The modules are then reset to

await the arrival of the next triggered event.

(c-iv) The Gas Threshold Cherenkov Counter

One of the two systems we used to measure the velocity of the
forward particle is the Gas Threshold Cherenkov counter(z'g). This
counter is a large 4' diameter aluminum cylinder 8' wide (see Figure
2.2 for the position of this counter) containing Freon-12 gas under
about 8 atmospheres (about 120 psi) pressure as a Cherenkov radiator.
The refractive index of this gas under this pressure is about 1.009.
Pions with momentum above 1.1 GeV/c will Cherenkov radiate in this
medium. The corresponding threshold for K's and p's are 3.5 and
6.5 GeV/c, respectively. Since such high momentum particles are

kinematically impossible to produce for our incident momentum, we
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assume that any time we receive a coincidence from this counter, a pion
has passed. Although a high energy proton or kaon could in principle
produce a pion with sufficient momentum to trigger this counter, this
is expected to be rare(z'zg).

Figure 2.10 shows a cross-sectional view of this counter and
also demonstrates how this counter works. Note that the photomulti-
plier tubes sit at the top of the counter and thus they are not in
the particle's path. Hence, we do not need to worry about Cherenkov
radiation in the quartz window of the counter or the glass windows
of the photomultipliers. Not shown in the figure are the heating
coils necessary to keep the whole counter above 40°c. This is
necessary in order to prevent the Freon-12 from condensing(z'BO).

Although the counter is a cylinder 4' in diameter, the useful
radiation distance, due to the placement of mirrors, is typically
about 25". A total of about 50 photons are produced. (The
Cherenkov radiation is focused by the curve-mirror and flat-mirror
system into an area covered by light pipes.) Our phototubes(2'31)
have about 10% quantum efficiency. Thus, an average of 5 photo-
electroﬁs are produced. The resultant signal from the photomulti-
pliers are mixed and fed into a 64-channel pulse height analyzer.

The output is recorded in 6 binary bits of the counter bits.

Figure 2.1la shows a typical pulse height distribution for forward
particles near the incident momentum. Figure 2.11b shows the portion
of the events in 2.1la which are tagged as pi's by the time-of-flight

system discussed in the next section. The cut we usually use is

shown as an arrow. All events above this arrow are usually discarded.
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Figure 2.10: Schematic drawing of the gas threshold Cherenkov counter.

The dashed lines are rays of Cherenkov radiation from a particle with

velocity above threshold (about 1.1 GeV/c for pioms).
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Figure 2.11:
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Cherenkov pulse height channel distributions for:

(a) Particles with momentum about 1.61 GeV/c

(b) Particles in distribution (a) which are tagged as pions by the

time-of-flight system.

(c) Particles with momentum about 0.92 GeV/c (below threshold for

Cherenkov radiation even for pioms).
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From 2.11b we see that we usually remove 75-854, of all the pi's by
throwing away all events with Cherenkov pulse height channel above
the arrow. Figure 2.11lc shows a distribution of particles with mo-
mentum below threshold. We see that less than 24, of such particles
have a Cherenkov pulse height above the arrow. Thus, we expect to
lose less than 2¢, of protons by making this cut.

As mentioned above, the counter cannot separate about 209
of the pions from the protons. This is not due to the design of the
counter. Although the counter was not built expressly for the
experiment(z'g) and the geometry is not ideal, the mirrors are adjus-
table and we can still focus the light without significant loss in
our geometry. We could have better performance by using photo-
multiplier tubes with higher quantum efficiency(2'32). This was re-
jected due to cost. We used some available photomultiplier tubes
which gave adequate performance(2'31).

Actually, the major source of inefficiency for pion counting
comes from the possible scattering of pion with the front wall of the
counter. Any scattering with large transverse momentum transfer
would result in final state particles with bad geometry. Even if the
particles Cherenkov radiate, the light may not be focused onto the
photomultipliers. We found this by looking at the pulse height of
those pions which pass through the counter unscattered (we put a
scintillation counter behind the counter in coincidence while using
a collimated beam of pions). The efficiency for those particles is

better than 95%. The thick walls of the counter cannot be reduced

since we require 120 psi inside the counter.
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For low momenta, we could have used a liquid Cherenkov

counter(2'33)

which could count pions down to 0.3 GeV/c or 0.4 GeV/c
and still have proton threshold above 1.0 GeV/c. However, for these

particles, the time-of-flight system discussed in the next sectiom

does a good enough job.

{(c-v) The Forward Outgoing Particle Time-of-Flight System (TOF)

We shall abbreviate the system by TOF in the following sectiom.
The time delay between the arrival of the signal from the T counters
and the signal from S3 counter (for the relative positions, see
Figure 2.2, page‘lz) provides us with a way to measure the velocity
of the forward outgoing particle. For particles of the same mo-
mentum, the pions will have a shorter delay time than protons.

The TOF system works as follows. The signal from S shaped

3)
by a discriminator, arrives at the pulse height analyzer and starts a

2.5 gigacycle clock scaler. The signal from the T counters stops the
scaler and the elapsed time for the clock scaler is read and recorded
using 6 binary bits. There are 64 channels and each successive channel
is separated by about 0.4 nsec. The FWHM of the system is about

2 nsec.

We show in Figure 2.12a a typical TOF channel distribution

for particles close to a particular momentum. We see clearly
resolved ﬁion and proton peaks. Thus, the TOF systeﬁ can be used to
remove the pion background at low maméntum where the gas Cherenkov

counter cannot count pions.

Above 1.2 GeV/c, the pion and proton peaks are not well
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Figure 2.12: Time-of-flight channel
distribution for low (0.99 GeV/c) and
high (1.61 GeV/c) momentum particles.
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separated. Figure 2.12b shows a typical higher momentum TOF distri-
bution. We also show in different shadings the event distribution
for those events with gas Cherenkov pulse height above 24 (almost
definitely pions) and below 24 (contains both pions and protons).

We can reject all events with TOF channels less than 27 without losing

many protons.

d. Recording and Monitoring of Data

(d-i) 1Introduction

The analysis of our data is done off-line(z'Ba). For each

event satisfying our triggering criteria, the various information
about the event is recorded on magnetic tape by a system consisting
of a PDP-8 computer with tape drive and interfacing(z'as).

The information from the wire spark chambers (described in
detail in Appendix B) specifying the spark positions are digitized by
a system of clock scalers. This procedure is discussed in Section
(d-ii). 1In Section (d-iii) we describe the PDP-8 and the interface
system of recording the data. Section (d-iv) contains a summary of
the data recording procedure including triggering, wire spark
chamber pulsing and counter bits. Section (d-v) contains a list of
the information recorded for each event. We describe in Section

(d-vi) the procedures we used to monitor the data taking.

(d-ii) Wire Spark Chambers and the Recording of Digitized Spark

Positions

To record the positions of the particle trajectories for each
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triggered event, we use 12 wsc (wire spark chambers). These wsc are
divided into three sets of four wsc and measure the incident 5, the
recoil proton, and the momentum analyzed recoil proton trajectories.
The positions and sensitive area sizes of the 12 wsc are given in

Table 2.4. We describe the construction, operation and characteristics
of the wsc in Appendix B. We shall briefly describe the operation

in the following paragraph.

A trigger logic signal (specifying that the trigger condition
has been met) is sent to the wsc pulsing system. The pulsing system
then applies the charge from a storage capacitor across the wire
chamber planes through a thyratron circuit. Spark avalanches occur
at the points where ionization from passing charged particles exists.
Fiducial lines which are placed at both sides of the sensitive area
are simultaneously pulsed. The magnetostrictive readout wire then
transmits the magnetostrictive wave pulses into readout amplifiers.
The resultant signal is transmitted into a digitizer.

The signal from the readout system of the wsc is a string of
pulses specifying the spark positions for each coordinate in series.
The pulse signal from each coordinate in a wsc is transmitted back
into magnetostrictive pulses of successive coordinate so that the
final signal of the 24 coordinates of the 12 wsc are in series.
Part of a typical signal train containing two coordinates is shown as
"input" in Figure 2.13. ‘We digitize the signal in order to store
the information in magnetic data tapes.

The fiducial line at the edge of the sensitive area is pulsed

at the same time as the sparking of the wsc. The position of the
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Table 2.4: 8Sizes and Positions of the Sensitive Areas of the wsc

wsc Sensitive area z position X position y position

(regions 1 and 2)

1 36" (x) by 18" (y) - 18-3/4" -33" to 3V -9" to o"

2 same - 15-3/4“* same same

3 same - 12“* same same
4 same - 9-1/4"* same same
(regions 3 and 4)

5 18" (x) -by 9" (¥) 12-3/4" - 2" to 16" ~4-1/2"to 4-1/2"

6 same 19-1/4" same same

7 same 25-1/2" same same

8 same 31-3/4" same same
{regions 5 and 6)

9 36" (x) by 18" (y)  144-1/2" -19-1/4" to 16-3/4" -9" to 9"
10 same 153-1/2" -21-3/4" to 14-1/4" same
11 same 162-1/2" -23-3/4" to 12-1/4" same
12 same 171-1/4"  -26-1/4" to 9-3/4" same

* For the first four wsc, the z distance is the distance normal to
the chamber from the center of the target. Since the wsc is set at

o
457 to the beam line, the distance from the target center to the beam-

. . 112
line intersect of each wsc is thus a factor of (2) larger. The

5 i : i : o

X position is measured with respect to a coordinate system set at 45

to the beam lihe. X = 0 is the beam line.
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Figure 2.13: The wire spark chamber signals and the digitizer

operation.
TRANSMITTER T
A
RECEIVER R
T R

SERIAL CONNECTION OF MAGNETOSTRICTIVE PICKUP LINES

SPARK | POSITION
SPARK 2 POSITION
SPARK | POSITION
SPARK 2 POSITION

INPUT

== MASTER START

T === START FiD. |
—
—
=2 SPARK NOISE
==m= START FID. 2

—
—
—ﬁ STOP FID. 2

—— STOP FID. |

SPARKING INTERVAL —-| |-—— SPARKING INTERVAL -————-I
MASK ' PULSE | I
RESET LOGIC RESET STOP ALL RESET STOP ALL
STOP SCALERS SCALERS SCALERS SCALERS SCALERS
DISCRIMINATOR START ALL START ALL
1 SCALERS SCALERS
DISCRIMINATOR STOP STOP
2 SCALER | SCALER |
DISCRIMINATOR . STOP ‘ STOP
3 SCALER 2 SCALER 2
DISCRIMINATOR STOP sToP ’
4 SCALER 3 [ {SCALER 3

DISCRIMINATOR STOP STOP
5 SCALER 4 SCALER 4

SCALER SWITCHING LOGIC




- 48 -

fiducial was surveyed and measured to a great accuracy(2'36). Thus,
we can use the fiducial pulse as a reference. The time delay between
the spark pulse and the fiducial pulse thus represents the distance
between the position of the fiducial line and the spark positionm.
Figure 2.13 shows a schematic drawing of the operation of the
digitizer(2'37). The fiducial mear the receiver gives a pulse which
arrives first -- called the first fiducial or starting fiducial.

This signal starts four 10 megacycles clock scalers. Each subsequent
pulse received then stops one successive scaler. At the end of each
coordinate segment, all scalers still running are stopped by the inter-
face. The scaler readings are then transferred into the buffer and
eventually written onto magnetic data tapes (see d-iv).

The interface issues a mask pulse prior to each coordinate
designed to screen out the noise due to chamber sparking. This mask
pulse, adjustable in timing, is issued about 5 microseconds after
‘the second or stopping fiducial of the previous coordinate and is
terminated about 3 microseconds prior to the first fiducial. Note
that the noise pulses are the transmitted pulses which were picked
up by the amplifiers of each coordinate and thus arrive before the
first fiducial of each coordinate.

The leading edge of the mask pulse stops all the scalers.

The four scalersvare read and reset during the existence of the mask
pulse. The first pulse after the mask pulse is terminated is assumed
by the interface to be the first fiducial of the next coordinate and

any subsequent pulses are assumed to be spark pulses or the second

fiducial. 1If any noise pulses arrive before the first fiducial and
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after the mask pulse is terminated, difficulties occur. Such occur-
rences were kept at a tolerable level (less than 1/24) by continu-
ously monitoring the output of the digitizer and the timing of the mask
pulse.

For each coordinate, since only four scalers are used, a
maximum of 4 spark positions can be recorded. Any spark position
beyond the fourth one is lost. Since the scalers are 10 megacycle
scalers, the time delay between the first fiducial and the spark
signal is digitized in 100 nsec steps. Since the velocity of the
magnetostrictive wave is 5.2 x 105 cm/sec, this corresponds to
steps of 0.52 mm.

We will make a few comments on the serial readout system.
Compared with the parallel readout system where each coordinate has its
own digitizing system, the serial readout system requires fewer
scalers and electronics. It is also simpler to operate and monitor.
Since our dead time of 20 msec is imposed by the recovery time of the
wsc, the additional time required to serially digitize the 24 co-
ordinates ( about 3 msec) does not make us lose any beam. There are
two disadvantages in the serial readout system. Since all 24 co-
ordinates are interconnectéd, trouble shooting is more difficult.

In many instances, the trouble spot cannot be localized immediatel&.
In addition, any reduction in resolution due to the readout system,
such as one particular pick-up coil being too wide, could cause

similar resolution loss in all subsequent coordinates whose signals,

because of the serial readout configuration, have to pass through

the amplifier of this coordinate.
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(d-iii) PDP-8 Computer and Interface System of Recording the Data

The interface system allows the PDP-8 to communicate with the
various electronié systems such as the digitizer, counter bits,
scalers, trigger electronics, etc. It coordinates the reception of
the data.

The procedure which the interface system is involved in is as
follows (we will summarize all the data taking procedure in the next
section).

1. The interface receives the trigger logic signal specifying that
the trigger condition has been satisfied. It is understood that
another signal has been sent to pulse the wsc.

2. The interface than sends a signal (called the '"BUSY'") to the
master gate for a duration of 20 msec. During this period, the
trigger logic modules are gated off (see Figure 2.9).

3. The interface handles the counter bit information as described in
Section (c~iii). The information is stored in the buffer and even-
tually written onto magnetic tape.

4. The interface activates the digitizer system to handle the
arriving spark signals. For each coordinate, a mask pulse is issued
at the appropriate time and the scalers are read. The four scaler
readings are combined into one 60-bit word (12 bits are sufficient
for each number since the scaler count mnever exceeds 1900. The
remaining 12 bits.are blank.) All the spark information, which is
stored in the buffer, takes 24 words for each event.

During each beam pulse, the interface can put a maximum of 15

(2.38)

event records containing 30 60-bit words each (24 spark infor-
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mation words, counter bit information word and 5 blank words) in
the buffer. The size of the buffer imposes this limit. If 15 events
were accepted, any additional events (and p) for that beam pulse are
rejected. At the end of each beam pulse, the information in the
buffer is transferred into the magnetic data tapes. 1In addition,
the PDP-8 also make special calculations on items which we wish to
monitor (see Section d-vi).

The user is allowed to interrupt data taking to print out the
information stored in the buffer. This allows us to check the format

and contents of the event records and aids us in trouble-shooting and

monitoring.

(d-iv) Data Recording - Summary of Data Taking Procedure

We are now prepared to describe the over-all data taking
procedure.

Data are separated into data files called "runs" which usually
last 1-2 hours. These runs are separately identified. Thus, runs
with significant inefficiencies can be discarded without affecting
the rest of the data. For each run, the PDP-8 writes run records
(whose contents is described in the next section) before and after
all the event records.

During a data run and before the beam pulse arrives, the entire
data system is dormant -- the trigger logic is gated off. The gate is
removed upon the reception of a signal from the AGS signifying the
beginning of the beam of ﬁ's. The trigger logic then tests each
incoming 5 to see if the frigger condition is satisfied (see c-ii).

We will now describe what occurs when an event satisfying the trigger
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condition is detected (Figure 2.14 is a timing diagram of what occurs
-- all timings are approximate).
1. At T =0 to 20 nsec, the event occurred. It takes 20 nsec to go
through the apparatus. The scintillation material in the counters
receives light.
2. It takes of the order of 50 nsec to get through the photomultiplier
and an additional 20 nsec cable delay before the trigger logiec
receives the various counter signals.
3. The trigger logic, after about 50 nsec electronics delay,
decides that the event satisfies the trigger condition. It sends four
signals:
A) One to pulse the wsc; B) to the interface; C) to the
delay module which eventually turns off the interface again after
20 msec, and D) to the prompt event gate to turn the master gate on
before the interface sends the BUSY signal. Note that the trigger lo-
gic is now incapacitated by the master gate. We shall now follow
each of the signals.
Al) The pulse driver (Appendix B) receives the trigger logic signal
after about 10 nsec cable delay. T is now about 170 nsec.
A2) After a delay of 20 nsec, the pulse driver sends an 800 volts,
80 nsec-wide pulsing signal to all the 12 pulsers.
A3) After a delay of approximately 20 nsec (for tramsit time in the
cables), the pulsers receive the pulse driver signal.
A4) The pulser fires the thyratron about 60 nsec after it receives
the pulse driver signal.

A5) The thyratron is turned off by the inductive kickback produced
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by the Lrailing cdpe ol the pulse driver signal, which ariives
about 20 nsec after the thyratron is fired.

AbG)  The spark discharge takes about 30 nsec to form; thus, it occurs
about 30 nsec aflter the thyratron is fired; T is now about
300 nsec.

A7) After a delay of about 8 nsec due to transit delay in the
magnetostrictive readout wire and in the readout amplifiers, the
signal train of the spark information begins to arrive at the
digitizcer, which has becen anticipating the signal (see B-5 below);
Lhe sipnals keep arriving and is processed for a duration of
about 3 msec. All the spark information has been sent and the
readout system is ready for the next event (note, the readout
amplifier system is not turned off). However, as mentioned in

(d-vii), the wsc requires recovery time of the order of 20 msec.

B) The interface system;

Bl) The interface receives the trigger logic signal after a cable
delay of about 20 nsec.

B2) Coincidence gate for‘the counter bits ( for a duration of 50
nsce) is sent; the appropriate counter signals, delayed for an
appropriate time (typically 100 nsec), arrive during the period
of the gate and thus are allowed to set the bits.

B3) Alter the previous step, at T approximately 250 nsec, the
counter bits modules as well as other sensitive modules are
c¢lamped to prevent the wsc sparking noise from creating distur-

bances. The clamping lasts until after the wsc spark discharges
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B5)

BO)

B7)

38)

c)

Cc1)

C2)

(at T approximately 300 nsec).

Afterwards, the counter bits are read into the memory buffer and
reset.

At T about 2 psec, the BUSY is issued (this signal lasts for a
duration of 20 msec) to the master gate. TFor the duration of
this signal, the master gate pates the trigger logic off (see

D2 below).

In the meantime, the interface prepared the digitizer to receive
the wse spark signals. These signals, in the form of a train of
pulses, arrive for a duration of 3 msec starting at T about 8 usec.
The interfdce transfers the scaler readings of each coordinate
to the buffer after the digitizer treated that coordinate

(see d-ii).

The interface received the delayed signal C (see C2) which turns
the interface off except for the BUSY; the interface now awaits
the next trigger logic signal.

At t = 20 msec, the BUSY is stopped. The master gate is now off

"and the trigger logic is reactivated. New events can now be

accepted and we go back to step 1.

Delay module

At T about 180 nsec, the delay module receives the trigger logic
signal.

After a delay of 15 msec, it sends a signal to the interface to .
turn the interface off except for the '"BUSY" signal, which

remains on for an additional 5 msec.
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D) Master gate (when this gate is on, the trigger logic is turmed off;
(see Figure 2.9).

D1) The master gate receives the fourth signal from the trigger
logic -- the "prompt event gate'; this turns the master gate on
for 30 psec; however, prior to the end of this period of time,
the master gate receives

D2) The "BUSY" signal from the interface; the BUSY is continuously
sent for 20 msec during which the master gate is kept on and
the trigger logic kept off.

Thus, at the end of 20 msec, we are ready to start again at
step 1.

This process continues until either 15 events are accepted or
the signal from the AGS specifying the end of the beam pulse is
received. The data taking system except for the PDP-8 is now dormant.
During the 2 seconds between each successive beam pulse, the PDP-8
writes the event record information onto magnetic tapes and does
calculations for monitoring the data taking. The monitoring of data
taking is described in Section (d-vi). The data taking system now
awaits the next signal from the AGS indicating the next beam pulse.

Our buffer is only large enough for 15 event records. It is
possible to increase the buffer size so that more event records can be
accepted per pulse. However, since the beam duration per pulse is -
only 400 msec while the dead time per event is 20 msec, accepting 15
events per pulsé already implies that we are only using 1/4 of the
beam. Thus, accepting more events per beam pulse would only be im-

portant if our trigger rate or beam intensity is high. This is true
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only for the highest momenta. Thus, any gain we make would not

be significant over-all.

(d-v) The Contents of the Data Recorded

Data recorded on the magnetic tapes

For each triggered event, we record on data tapes:

1) 24 60-bit words(z'ss)

(each word stored as 10 6-bit characters on
tape) each consisting of 5 12-bit numbers. The first four are the
scaler readings of the digitizer for the signals from a coordinate
representing spark positions. The last number is blank to provide a
check on the format of the record. If the last number is not blank,
then we know something is wrong.

2) A 60-bit word containing 48 bits of counter information (see chiii).
3) 5 blank 60-bit words. This also allows us to check the format of
the record.

For each run we record at the beginning and at the end a record
of 30 60-bit words containing the information of the condition under
which the data is taken, some identification numbers and the scaler
readings specifying fluxes and number of triggered events. The run
condition information which we record includes nominal momentum, NMR
frequency of the bending magnet, beam charge and type, and magnet
polarity. Each run is identified by an individual run number. The
scalers which we read include those which scale p flux, number of
triggers and number of beam pulses.

Data recorded manually

Important normalization numbers such as p flux are also re-

corded manually to double check. 1In addition, the condition of the
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apparatus such as the counter voltages, spark chamber conditions, etc.,
are also recorded in case of any question on the data.

(d-vi) Monitoring of the Data Taking

During the data taking, we must make sure that the apparatus
is functioning properly and that the various important ratios such as
trigger per E are constant. We use the PDP-8 as well as several manual
monitoring procedures to do this.

PDP-8 monitoring of data taking

The PDP-8 prints out at the end of each data run several items
which it calculates or increments based on the events recorded.

Among the items which it calculates is a number reflecting the wsc
efficiency for each coordinate. This number is calculated by com-
paring the number of sparks in each coordinate with the number of
sparks of the other coordinates in the same set of 4 wsc. Any ab-
normal drop in any of the 24 efficiency numbers indicates immediately
that the wsc system is not functioning properly.

The total number of events with each binary bit is also printed
out. Thus, any fluctuation in the percentage of aﬁy of the numbers
also indicates a possible inefficiency.

The PDP-8 also keeps track of the format of the event records;
the number of events with format errors is printed out for each run.

Manual monitoring of the data taking

We calculate the beam and trigger ratios for each run and make
sure they do not fluctuate wildly. Condition of the apparatus, such
as the voltages, are recorded continuously and checked. Efficiency

checks are also performed on the R counters using sandwich counters
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for coincidence. Any data runs which contain data taken while the

apparatus was not functioning properly are discarded.

e. Evaluation of the Apparatus and Data Taking System

We will evaluate our experimental system through three criteria:

A) Rate of backward elastic events.

B) Appropriateness and efficiency of our equipment, and finally

C) Data systems.

A) Rate of Backward Elastic Events

We will first discuss the beam. The beam is described in
Appendix A and in Section (b-i). The beam rates are summarized in
Table 2,2. The number of E'S is sufficient (for our experimental
system) at high incident momentum. At the lower momenta, the number
becomes much smaller. At high momenta, the pi/§ rétio is quite
acceptable (about 1) but deteriorates at lower momenta. Since the
beam was designed to be used above 1.0 GeV/c, the fact that we have
appreciable numbers of 5 below 1.0 GeV/c is already quite satisfying.

Our geometry has a laboratory acceptance of about 22 msr. Tﬁe
smallest aperture is the sensitive area of the 12th wsc, which is 3'
by 1-1/2' and is about 14' from the target. Since we require a mo-
mentum spectrometer and therefore a magnet, it is difficult to shorten
the distance to the target. In our case, the magnet and its shielding
takes up 8'. Therefore, unless we are willing and can afford to useA
larger track recording devices, the geometry cannot be improved.

Another major factor is the dead time. Typically, we lost about

50% of the beam due to dead time. One way to reduce the loss is to
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tighten the trigger. We have discussed this in the section on
triggering (c-ii) and concluded that only slight improvement can be
made. Dead time can be shortened. For example, if we use proportional

(2.39)

wire chambers , most of the dead time can be eliminated. How-

ever, there are problems such as cost. Also the development of these

chambers has only occurred since we took our data.

B) Appropriateness and Efficiency of our Equipment

As we have mentioned before, we need to identify the incident D,
identify the forward outgoing recoil proton by its velocity and to
recognize the backward elastic event by its kinematics and topology.i
We must also have a trigger system to selectively trigger our wsc.

Bl) Incident 5 identification. Our 5 identification system is very

efficient in rejecting pions and counting ﬁ‘s (see b-i). Typical
contamination of pions is about 0.5% and ﬁ counting efficiency is

about 90% at high momenta. Thus, improvements are not necessary.

B2) Recoil proton identification by velocity. This identification is

not absolutely necessary. We can do a background subtraction if
there are large numbers of pions in the signal since no process will
give an enhancement of pions with momentum close to the incident mo- - -
(2.40) . ;

mentum . However, we need to remove the pions if we were to get
a good idea of the angular dependence of the dcs (differential cross
section). Background subtraction for each angular bin would give
reduced accuracy.

We use two methods to obtain the velocity of any forward outgoing

particle -- Cherenkov radiation and time-of-flight. The gas Cherenkov



= 62 =

counter has a threshold of 1.1 GéV/c for pions. This is constrained
by the fact.that the index of refraction of the radiator is only 1.009,
we can get more Cherenkov radiation and lower pion threshold if the
index of refraction is higher. However, this is difficult to obtain,
since under atmospheric pressures, no gas has refractive index above
1.002 while no liquid or solid has refractive index below 1.20. We
have decided not to use higher pressures since doubling the pressure
only lowers the threshéld by 30%.

The time-of-flight system we used has a resolution of 2 nsec
FWHM. It is difficult to obtain better resclution since the counters
themselves are 1' long. Although we have used the position of the
particle trajectory as it passes through the counter to correct for
this, the improvement in resolution is not significant.

Other methods for determining the velocity of a particle in-.
cludes measuring the energy of the particle(z'hl). However, this

cannot be easily done to an accuracy useful for us.

B3) Kinematics -- momentum spectrometer. To determine the kinematics

of the event, we use a momentum spectrometer consisting of a bending
magnet with two sets of wsc to measure the deflected and undeflected
trajectories. We need a good momentum measurement to discriminate
against the inelastic background. Using a magnet system rather than
other systems (such as range counters to measure energy) is a

, . (2.41)
reasonable choice due to the superior resolution . We have
chosen wire spark chambers (wsc) to measure the position of trajec-

tories because of the large area possible, low cost, high rates,

simplicity in operation and the ability to obtain digitized results.
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The major disadvantage is the inability of placing the whe inslde the
magnet. This results in a great reduction ol solid angles since the
farthest wsc must be placed about 14' away. However, if we wish to
use track recording devices which can be placed inside the magnet, we
will probably run into the problem of added cost and complications in
logistics (the space inside the magnet would be cramped and trouble-
shooting would be difficult).

B4) Trigger system. The trigger requirements are dealt with ade-

quately by the 5 counting system and the various trigger counters. We
have discussed (in ¢-ii) ways to tighten the trigger and concluded
that the system we used is quite adequate.

B5) Equipment operation. The various counters and wsc we used are

quite efficient. Typical scintillation counter efficiency is about
99.5¢%. Typical wsc efficiency is about 99¢%.
Equipment breakdown occurs occasionally and the amount of beam

time lost due to this factor is about 10%.

¢)  Data SysLem

Our data arve not analyzed on-line. The on-lince computer system
only records Lhe data and monitors the data taking. The capabilities
of our on-line system is limited by the memory size (4K 12-bit
locations) and the fact that we may have up to 15 events per 2.4
seconds. The computer is only free during the beam off time (about
1.8 sec.). Even if memory is no problem, the PDP-8 will only be fast
enough to énalyze on the order of 5 events per pulse.

Thus, if we wish to have an on-line analysis system , we need a

much larger computer (memory size at least 20K). At BNL, it is
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possible to tie our experiment on-line with the PDPf6 coﬁputer which
éxists at the AGS. Since we would not be the only user, problems due
to multiple usage may occur. The physical location of the PDP-6,
which is not wvery close to our equipment, could also cause some
problems.

Actually, the preliminary analysis for our experiment is done
within a very short time from the data taking time (usually 5 to 10
hours) by using the CDC-6600 computer next to the AGS. Therefore,
we do have almost instant feedback, wﬁich is the major ad&antage of

the on-line analysis system.
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CHAPTER III: ANALYSIS OF THE DATA

a. Introduction

The magnetic data tapes contain records of the spark positioms
and counter bit information for each triggered event. We must use this
information to determine how many backward elastic events are among
them. The analysis of the magnetic data tape information is dome off-
line at the Brookhaven CDC-6600 computer center in two stages(3'1).

In the first stage, as described in Section (b), we reconstruct the
event trajectories from the digitized spark position informationm.
Given the event trajectories, we can calculéte various quantities such
as momentum of the recoil pr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>