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ABSTRACT

Differential cross sections for the annihilation reactions
Bp - ﬁ+ﬁ- and gp ~;k+k- have been measured in the angular region
0.65 < [cos ecml < 1.0 at 14 incident antiproton momenta at inter-
vals of approximately .1 GeV/c between 0.7 and 2.4 GeV/c. 1In the
angular region .90 < lcos Gcm| < 1.00 the forward going particle
traversed a magnet and the differential cross sections for its
charge sign cbuld be measured. 1In the remaining angular region only
the folded cross sections [do/dQ (Gcm) + dg/dq (m - 9cm)]cou1d be
obtained. The data which, when binned in cos ecm bins which varied
between .02 and .05 gave differential cross sections with statistical
errors between 10 and 30%, were obtained in a counter experiment
at the Alternating Gradient Synchrotron of the Brookhaven National
Laboratory during the fall and winter of 1968.

At extreme angles the two pion annihilations show considerable
structure, whiie the two kaon annihilations fall apé;oximately
exponentially. Between 0.7 and 1.34 GeV/c the positive meson has
a larger cross section for moviﬁg in the 5 beam direction; between
1.34 and 2.40 GeV/c the situation reverseé. The data from this
experiment have been combined with the data from a previous Caltech
experiment to give complete folded angular distributions and total
annihilation cross sections at 12 momenta. The folded pion cross
sections show dramatic energy dependence changing from a single
dipped distribution at low momenta to a doubled dipped distribution

at the higher momenta. The folded two kaon cross sections also
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show considerable energy dependence but its distribution remains
predominately single dipped over the momentum range of this experi-
ment.

The folded two pion annihilation data have been fit by a
simple regonance model with two resonances. The two kaon data have

been interpreted in terms of particle exchanges.
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Chapter I

INTRODUCTION

One of the more interesting phenomena of experimental high
energy physics is the large number of short-lived particles or res-
onances currently being discovered in reactions involving strongly
interacting particles at high energy particle accelerators through-
out the world. At present no classification schemes exist for all
the experimentally established resonances although a number of
regularities in the masses and quantum numbers of many of these
resonances have been discovered by the application of unitary
symmetry to the resonance spectrum (as in the quark model of Gell-
Mann and Zweig). Furthermore, no satisfactory theory exists of
the dynamics of reactions involving strongly interacting particles
and resonances and many of the fundamental principles of strong
interaction theories have so far proved useful only in finding
relationships between reactions involving different types of particles.

Although many resonances of mass < 2.0 GeV have been discovered
and studied experimentally, previous limitations on beam energies
and fluxes have made it difficult to search:for resonances of mass
> 2.0 GeV. Recently, however, high flux antiproton beams have been
built at CERN and Brookhaven Labs and have been used as an effective
means for searching for boson resonances with masses > 2.0 GeV.

This thesis reports on the results of a counter experiment
performed at Brookhaven National Laboratory in 1968. Antiprotons

with momenta between 0.7 and 2.4 GeV/c produced in the Brookhaven



AGS annihilated protons in a liquid hydrogen target producing
“occasional two charged pi meson or two charged k meson final states.
Wire chambers were used to measure the laboratory angular distri=-
butions of the two final state mesons.
These data were used to obtain cross sections for the two anti-
proton-proton annihilation reactions
- + -
p+po T +X (1.1a)
- + -
Pp+p 3 k +k (1.1b)
in the angular region 0.65 < lcos Gcml < 1.0 at 14 momenta between

0.7 and 2.4 GeV/c. These cross sections, combined with those of

Fong et al.l)

for lcos ecml < 0.70 give complete folded2> angular
distributions for 12 momenta in this momentum range. In additiom, in
the angular region 0.90 < lcos Gcml < 1.0 the forward going particle
traversed a bending magnet and the sign of its charge could be de-
termined.

The cross section of these reactions are of interest for two
principle reasons. First, the proton-antiproton annihilation channel
with its high center of mass energy (1.88 GeV at threshold) provides
a way to search for high mass boson resonances in the vicinity of the
S, T, and U resonances reported by the CERN missing mass spectrometer
group3 . Second, previous cross section measurements of the elastic

scattering reactions

* ot

T4+ p 5T +0p (1.2a)

c: +

kK +p sk +p (1.2b)
4)

in the forward and backward directions can be compared to the

.annihilation reaction cross sections in the forward and backward



directions to test such fundamental theoretical principals of strong
interaction theories as crossing symmetry and line reversal.

Figure 1.1 gives the Feynman diagrams for reactions 1 and 2.

Groups at Brookhaven Lab (Abrams et al.s), Anderson et al.6)

7)

CERN ', and Michigan8) have reported many B = 0 structures of masses

) s

between 1990 and 2570 MeV which may be candidates for s chanmel
resonances in the annihilation reactions (l.la,b). Some of these such
as the bumps in the ﬁp total cross section reported by Abrams et al.
have widths of 140 MeV while the S, T, and U structures in the

missing mass spectrum of the reaction n-p _;pX- reported by the CERN
group have widths less than 35 MeV.

The broad structures in the §p total cross section measurements
reported by Abrams may not indicate resonances; they may also be in-
terpreted as inelastic threshold effects. For example, the structure
reported at 2190 MeV could be interpreted as an effect of the thresh-
old in A(1236) or A(1236) production and the structures reported at
2350 and 2380 MeV may both be due to N (1400) or N (1400)
productiong). On the other hand, narrow structures or enhancements
in the total cross section of a particular channel would be ex-
pected to be resonances. Differential and total cross section data
for pp —;;ﬁ and Ep _;ik over a range of total center-of-mass energy
between 1990 and 2570 MeV help to determine which of the above
structures, if any, can be interpreted as direct chamnel I = 0 or 1
meson resonances in these reactions or whether other heavy mass

meson resonances are needed to explain the data.
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Since the antinucleon-nucleon (NN) system is an I = 0 or
I = 1 system and the space symmetry of the antimeson-meson system
(MM) is (-1)J where J is the total spin, structures which could be s
channel resonances in the reaction NN _;ﬁM have i = 0 with even J or
I = 1 with odd J. The J of those structures which strongly couple to
the Ep system along with whatever new structures are found can be
studied using the combined differential cross section data of this ex-
periment and the one of Fong et al. When J can be found, the parity
and I spin quantum numbers P and I of the structures are determined
as well.

Figure (1.1b) shows how the amplitude for the backward elas-
tic scattering reaction MN — MN can be related via crossing symmetry
and the assumption of dominant u channel exchanges to the amplitude

for the annihilation reaction NN _;ﬁM. With the usual definitions

s=(py + p2)2 = (py + P4)2 (1.3a)
t=(p - p4>2 = (p, - p3)2 (1.3b)
u = (pl = p3)2 = (pz = p4)2 (1’3C)

the energy variable in the backward elastic scattering reaction s be-
comes t in the annihilation reaction while the u variable remains

the same. At energies where a single u channel or fermion Regge pole
exchange dominates the cross section, u channel amplitudes in the
backward elastic scattering reaction can be used to obtain the u
channel amplitudes in the annihilation reaction by making the re-
placement z, =" 2, where z, = cos Qu.

In the limit of infinite energy Van Hove has shown by an
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extension of the Pomeranchuk theorem that the s channel amplitude in
elastic scattering becomes equal to the u channel amplitudelo).
Assuming the annihilation cross section dB/du is dominated by the
same u channel exchanges as the backward scattering cross section
do/du, the relation between them is

. do =14, do
lim ia (t,u) = 5 lim du (s,u) (1.4)

t 5 S 5o

The factor 1/2 is the ratio of initial spin states for the meson-
nucleon system to the antiproton-proton system.

In the Regge theory of fermion trajectory exchanges, the
signature T is related to the orbital angdlar momentum 4 of the
Legendre polynomials Pﬂ(cos Gu) appearing in the amplitude befofe
analytic continuation by #* (—)z, the sign depending on the type of
trajectory exchanged. Assuming the exchange of a single Regge
trajectory, the relation between the u channel annihilation ampli-
tude Eléfh,s) and the u channel backwa;d elastic scattering ampli-
tude fléjh,s) is 11)

fléfh,s) = Tfléfh,s). (1.5)

Equation (5) can be used to relate the backward elastic cross
section to the annihilation créss section. First the differential
cross section for meson-nucleon scattering is written in terms of the

~s-channel invariant amplitudes fl(i~f§,u) and the kinematic factors

s and u. Crossing symmetry related these s channel amplitudes to the
u channel amplitudes fl(i:Jh,s). The annihilation u channel cross
sections can thgn be obtained by replacing fl(inJh,s) by fl(i'Jh,s)
and s by t. The assumption of a single trajectory exchange permits

the use of equation (5). Finally, the assumption that the invariant



2)

. ., 1
amplitudes fl(i Jh,s) are even functions of u enables the
annihilation cross section to be related to the backward elastic

scattering cross section at all energies where a single u channel

exchange dominates the amplitwdes. This relation at equal energies

(t = s) is
- 2 2
.‘.LG:.l_S_i_Q [S - M+ ][S - M- ] (1 6)
du 2 du 2 ’
s[s + 207}
: . 2 2 2
where M is the nucleon mass, p is the meson mass, and D =M - pu .

In the limit s o, this expression reduces to equation 1.4,
Annihilation data from this experiment can be compatred to
backward elastic scattering data from other experiments for
3.98 <SS < 6.39(GdUC)2and u = 0 to check whether the assumptions
which went into the derivation of equation 1.6 are valid at these
energies. Furthermore, if cross section data in the reactions
k—p > pk and ﬁp _;k+k— (reactions 4) satisfy equation 1.6, they could
be interpreted as evidence for S = + 1 baryon exchange (in this case
%44 .
the Z ) which has not previously been observed. (S = +1 baryons
do not fit the usual quark model interpretation that baryons are
made up of three quarks.)
Previously published pp — MM data is scanty primarily because
high flux 5 beams have been unavailable until recently and cross

. tot
sections are small (o-

PP -
which can occur (og;tn,lOO mb). In 1963 Lynch13) et al. found 20

ﬂﬂ«/ 200 pb) relative to other processes

events fitting Bp — nx kinematics and 11 fitting Ep _» kk kinematics
at incident antiproton momentum 1.61 GeV/c from the over 20,000

antiproton-proton interactions seen in the Berkeley bubble chamber.



In a 1968 bubble chamber exposure at Michigan, Chapman et al.lé)

measured differential and total cross sections for these annihilation
reactions between 1.6 and 2.2 GeV/c. Figure 1.2b is an energy
averaged plot of the angular distributioﬁs. The dashed curve is a
plot of the spherical harmonic |Y2|2.

these data as suggestive of a J = &4 resonance in this momentum region

The experimenters interpreted

- except for the absence of large peaks at cos ecm = *].

Total cross sections and angular distributions for the ﬁp MM
reactions have also been measured between .22 and .62 GeV/c by
Bizzarri et al%S)A plot of the total cross sections is given in
Figure 1.3.

The angular digtributions for reaction (1l.la) obtained in
this experiment are consistent with the Lynch data and Chapman data
and are also consistent with the interpretation that the principal
features of the data result from two resonances in the ﬁp system |
which decay in the two charged pion channel. The resonances which
best reproduce the data have masses of 2.12 and 2.29 GeV, widths of
320 and .159 GeV, and spin J of 3 and 5, respectively.

Good agreement has been found between reactioné (1.1b) and
(1.2b) using equation (1.6). Although the backward k+p scattering was
expected to be dominated by u-channel exchanges down to ~ 1 GeV/cl?)
the agreement for backward k-p scattering does not rule out the
possibility of a S = + 1 baryon exchange. Future experiments should

help to clarify the status of the S = + 1 baryons.
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Backward Elastic Scattering Reactions

1 3 '
N KN ' +N\ N
Ty P AN P k' Ny //P ko Ny P
\W/ \\/ ™ N
NOl
S — : A A 5
A6 5 QY
.\ \\ % \\
g//djL N n+ %/7(/ N p//7(/ ot P ﬁ\k'
N N N \
2 4
u
- @ . 2) 3) “)
’ 2 ’ 7
- /- > - - 2 - - +
Ix/;q Tt &(/ﬂ 7t I\/ k p\y"tk
*
£ —_—> Na AB Aa,y Z<++
A
3
\, \
\ . \ . \
\ = \ =
y//‘ L5 p/ A P/ % i / BN
\ ' N f \ \
& & Annihilation Reactions

Figure 1,1b Exchange diagrams for the four pairs of backward-scattering and annihilation reactions.
Reaction (1) indicates how the top two arms of the diagram are interchanged to give the s

and t channels. Some of the possible exchanged baryon trajectories are included.
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Angular distribution for the reactions Bp ~>K+H- and 5p _;k+k- as a
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CHAPTER II

EXPERIMENTAL APPARATUS

Introduction

In order to measure the differential cross sections for proton-
antiproton annihilations into two charged mesons in a counter experi-
ment it is necessary to have
a) An antiproton beam with sufficient flux to measure the small

cross sections.

b) A proton or liquid hydfogen target.

c) A fast logic or triggering circuit which discriminates against
unwanted reactions and enriches the recordeq data sample with
events of interast.

d) Apparatus which measures the numbers and trajectories of in-
coming and outgoing particles in space sufficiently accurately
so angular distributions can be determined.

ej A method for recording data for subsequent off-line analysis.

f) A system for monitoring the experimental equipment during the
actuai running of the experiment.

This experiment was performed on the short branch of the
partially separated branch of beam 5 of the AGS at the Brookhaven
National Laboratory17). The 5 fluxes of this beam per machine pulse
ranged between 500 ﬁ's at .68 GeV/c to 45000 p's at 2.37 GeV/c with
each pulse lasting the order of .5 sec at a machine repetition rate

18)

of 25 pulses/minute. Scintillation counters arrays upstream of
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the target, downstream of the target and upstream of the bending
magnet and downstream of the bending magnet were used to trigger
twelve wire spark chambers, 4 in each of the above regions, which
measured the positions of the incident and outgoing particles with
a spacial resolution of the order of 1 mm. The wire chamber pulses
were read out on magnetostrictive lines, digitized and read into a
PDP-8 computer which wrote Ehe digitized coordinate positions on
magnetic tape for subsequent analysis. Data taking was divided into
30 to 120 minute time intervals called runs. At the end of each run,
the PDP-8 printed out run summary data which was used to check
counter and wire chamber efficiency. A diagram of the experimental
apparatus is given in Figure 2.1.

This chapter and the Appendices A and B describe in detail the
beém and beam transport system, the target, the bending magnet,
the scalar counters, the trigger counters and fast logic, the wire
chambers and wire chamber readout system, the over-all interface,

and the PDP-8 computer data recording and data monitoring system.
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1. The Beam

Beam 5 of the AGS at Brookhaven National Laboratory which
is described in detail in Appendix A is composed of 7 quadrupoles,
3 dipoles, 2 electrostatic beam separators, 2 beam stops and a mass
slit. Figure 2.2 shows the arrangement and positions of these
magnets and beam separators. Beam fluxes and pion contaminations as
a function of momentum are given in Table 2.1 The typical mo-
mentum acceptance of the beam was * 3% nominal beam momentum.

In order to insure that an incident beam particle traversed the
hydrogen target, a threefold coincidence in three beam defininé

counters S SZ’ and 83 was required. These counters were arranged

1)
so that any straight line drawn through all three intersected all

of the liquid Hydrogen target. A beam particle was defined as a
farticle which satisfied this coincidence requiremént.

To eliminate unwanted % contamination in the beam and the
corresponding background reaction ﬂ-p _)pﬂ- which is kinematically
similar to the reaction Ep ~,kik; at extreme angles, a liquid radi-
ator ¢ counte%ggnd a time-of-flight system were also used to identify
incident E's. Figure 2.3 is a schematic drawing of the beam liquid
differential 6 counter. Cerenkov light from antiprotons moving
through the radiator cell was reflected to the ¢ photomultiplier
tubes by means of the movable diaphragm mirror (the dashed line)
whereas Cerenkov light from the faster moving éions came off with a

larger cone angle and was reflected to the anti é(C) photomultiplier

tubes (the dot-dashed line). Figure 2.4a is a plot of the percentage
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v

of beam particles giving a C counter signal as a function of dia-
phragm mirror position at a typical momentum. The pion contamina-
tion under the p peak is seen to be less than 5%. At 2 GeV/c, the
p efficiency was better than 90%.20)

At low incident 5 momenta (.7 to 1.0 GeV/c) limitations on the
magﬁitude of the index of refraction of available liquids and in-
creased probability for scattering reduced the efficiency of the
differential ¢ counter. However, the relatively low B of the 5
compared to that of the pion below 1.0 GeV/c (Bp ~ .7, B~ 1.0)
made it possible to use time-of-flight (TOF) to identify p's. A
set of 7 counters neér the mass slit about 41 feet upstream of the

target was used in conjunction with the S, counter to give a time-

3
of-flight measurement of the beam particle velocity. The
difference in flight time over this distance between ﬁ's and pions
at low energies was ~ 4 sec. Figure 2.4b shows the response of
this system as a function of time delay.

At low momenta the time-of-flight system was used in anti-

3 . 3 -4 .
coincidence with the C counter set to accept pions. At momenta
above 1 GeV/c when the time-of flight difference between ﬁ's and
v -

pions is less than 4 nsec, the C counter was set to accept p's
and to reject pions and was used above. A beam 5 was thus defined
at low momenta as a beam particle in coincidence with the TOF

- v
system set to accept p's and in anticoincidence with the C counter

set to accept pions and at momenta greater tham 1.0 GeV/c as a beam
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particle in coincidence with the ¢ counter set to accept ﬁ's
and to reject pions. The over-all pion contamination in number
of beam p's was reduced in this way to less than 1% at all
momenta (Figure 2.5).

Spurious sparking in the wire spark chambers upstream of
the liquid hydrogen target was undesirable because the wire
spark chamber efficiency for trackfinding was considerably
lower when there were spurious sparks in the chambers and more
than two particle tracks in the upstream chambers 1-4 increased
the complexity of event recognition in the event reconstruction
procedure. In order to reduce the number of sparks and tracks
not associated with events of interest in these chambers, a
special beam gating system was used.

On the average, a wire spark chamber triggered at t = .3
psec (the real event satisfying all the trigger criteria actually
occurring in the apparatus at t = 0) will break down at all
points where the particles have passed through it as long before
as t = = .7 psec. Therefore, a .5 to .7 psec dead time circuit
which typically reduced the amount of usable beam by 10-309 was
used to reduce the number of triggered events with spurious tracks.

This pile-up system worked as follows: whenever a particle

passed through beam counter 82 or beam halo counter Au it generated
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a pulse rendering the threefold beam counter coincidence circuit
dead for .5 to .7 usec. This pulse came too late to prevent an
event satisfying all the trigger logic criteria from triggering the
wire chambers; however, it guaranteed that no beam particle not
producing a trigger had passed through the apparatus between

t == (.5 to .7) pusec and t = 0. Hence, only those beam particles
and scatterings occuring between t =,0 and t = .3 psec, the approxi-
mate delay time in the fast logic to produce a wire spark chamber
trigger, could give spurious tracks in the chamber.

Since some extra beam tracks in the wire chambers upstream of
the target were unavoidable, two arrays of 4 2" x 1/2" x 1/4"
scintillation counters called beam hodoscopes arranged in hori-
zontal and vertical rows and located just downstream of beam defining
counters 82 (Figure 2.1) were used to remove beam track ambiguities
in the analysis of upstream wire chamber data. Coincidences be-
tween event trigger pulses and beam hodoscope pulses delayed .3 usec
were recorded on magnetic tape as counter bits. Extra tracks in
the upstream wire spark chambers having slopes less than 50 mrad
which did not extrapolate back to a beam hodoscope satisfying the
time coincident requirement could be removed frpm further con-
sideration.

After the wire chambers were triggered, a gate pulse from an
interface acting as a buffer between event recognition and data
recording system prevented another trigger during a 20 msec in-
terval to allow the wire chambers to recover. No B beam particles

incident on the apparatus during this time were included in the
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5 flux used in the cross section calculation. Two 100 megacycle
scalars were used simultaneously to count this gated 5 beam
particle flux. Other scalars used to monitor the beam counted
particles at a 30° AGS beam monitor, beam particles without the
pile-up gate, gated and ungatéd beam particles, ungated 5 beam
particles, and beam halo particles.

Since too many beam particles incident on the apparatus would
have saturated the electronics and increased the number of extra
tracks in the wire spark chambers, the sum of the number of particles
passing through the beam halo counter Au and the beam defining
counter 82 was kept below 200 K per pulse. Consistent results be-
tweén runs at these beam rates and lower rates indicated that 200 K
was an acceptable upper limit.

In order to determine the momentum of the incident beam
particle to better than 3% of the average beam momentum, an array of
7 scintillation counters called the mass slit counters were placed
in the beam just upstream of the bending magnet D3 (Figure 2.2).
Using the fact that beam particles 6f different momentum must have
different horizontal positions in space at the vertical focus point
(mass slit) the momentum distribution of particles traversing a
given counter were experimentally determined and a typical result:
is shown in Figure 2.6.

The distributions of the horizontal and vertical position and
slopes of beam particles at three representative momenta are given

in Figure 2.7. Sizes and positions of beam counters are given in

Table 2.2,
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Table 2.1

Beam fluxes and rates for each momentum. The actual momentum is the momentum of the beam partlcle in-
cident on the target. A typical AGS pulse corresponded to about 1.5 x 1012 circulating p's in the

primary beam.

- %
Trigger Rates/1000 p's

Momen t um Total 5 o i Positive Particle Forward Negative Particle Forward
Nominal Actual flux Particles p Bilé Trigeer Trigger
(GeV/c) (GeV/c) in millions per typical pulse Regular Wide Angle  Regular Wide Angle
.680 .700 12.6 8K .S5K 15.0 .20 1.10 45 1.10
.770 .810 5.6 20K .9k 21.0 .20 1.05
.890 .870 44,0 13K 1.0k 12.0 .29 .43 .29 45 e
.970 .990 101.7 46K 3.5k 12.0 .20 .95 .35 .95
1.096 1,120 77.8 26K 4.0K 5.5 .17 37 ¢35 5D
1.340 1.340 113.4 24K 8.0K 1.9 .19 .27 .29 .29
1.450 1.450 92.5 24K 8.5k 1.8 .20 .80 .70 .80
1.585 1.590 130.0 30K 11.0Kk 1.8 .20 .36 .40 .37
1.700  1.710 98.7 35K 13.0Kk 1.8 .20 « 15 .60 <15
1.815 1.815 234.8 55K 22.0K 1.5 .20 .70 1.00 .60
2.000 2.000 116.0 55K 22.0k 1.5 .20 .65 1.50 .70
2.125 2.160 187.3 55K 28.0Kk 1.0 .13 .27 .57 45
2.250 2.260 40.1 37K 8.1K 3.6 .20 .70
2.365 2.400 123.7 75K 45.0K .6 .27 .31 .82 “32

* Fluctuations in trigger rates for both triggers are due to beam steering and beam focusing fluctu-
ations. In addition the number of trigger scintillation counters in the wide angle trigger was
increased durlng the running of the experiment.
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Figure 2.3: Schematic drawing of the beam liquid differential
éerenkov counter. The C's are the coincidence signal and the C's

are the veto signal. All scales are approximate.
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Table 2.2

Sizes and Positions of Beam Counters

Counters

Mass slit

My - My

(7 counters)
Beam defining

51

Sy

Kk
fq
Beam Halo

A
u

Beam hodoscope

Horizontal array

(8 counters)

Radiator cell

Dimensions

Kk
1-1/2" wide
1/8" thick

3" diameter

1/4" thick

2" diameter

1/4" thick

3-1/8" x 2-1/4"

1/8" thick

22" high (2" diameter

12" wide hole in center)
1/4" thick

ALERY, 1/2n

1/4" thick

v
Differential Cerenkov Counter

6" diameter
1/2" - 1" thick

Beam Position

Just upstream of
mass slit z~ - 14'

z = - 75"

z = - 39"

z = - 11-7/8"
z = - 39-7/8"
z = = 35=-3/4"
z ~ = 50"

* 2z = 0 at center of target and increases in beam direction.

*% Counters higher than mass slit aperture.

o . 5
*dek S3 was set 45 to beam line to present a circular aperture of

2-1/4" diameter to the beam.
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2. The Target

In order to increase the probability of a beam particle-proton

interaction, the liquid H, target should be made as long as possible.

2
The largest target which could be made compatible with the already
existing experiment equipment was 14-5/8" (37.2 cm) long and 3"
(7.6 cm) in diameter and was housed in a vacuum box 15-3/4" wide
set 45° to the beam line. The liquid hydrogen was contained in a
single jacket of 14 mil mylar surrounded by 40 layers of .3 mil
aluminized mylar acting as superinsulation and was maintained at
atmospheric pressure near the boiling point at a density of .0708

3
gm/cm”. Such a target resulted in the interaction of ~ 10% of the

incident beam antiprotons.
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3. The Bending Magnet

When the two reaction particles in a two particle initial state,
two particle final state interaction form appreciable angles with
the incident particle beam direction ( ~ 15° for backward particle

~ 5% for forward particle); knowledge of the beam particle momentum
and the laboratory angles of the reaction products is sufficient to
accurately determine the masses of the reaction products and

- + ¥ - + F

PP —» 7T T events can be separated from pp — k k events. However,
when the two reaction particles are produced in the nearly forward
and nearly backward directions, the momentum of one of the reaction
.particles, in this case the forward going particle, must be measured
to accurately determine the masses of the reaction products.

In order to momentum analyze charged forward going particles it
is necessary to have a bending magnet with an accurately known mag-
netic field. The magnet used in this experiment (Da) was a heavily
magnetically shielded 48 D48 dipole magnet with an 18" vertical aperture.

The two iron-wood sandwich shieldings bolted to the magnet
sides and consisting of iron layers 3/4'", 1" and 6" thick reduced
the upstream and downstream apertures to 14" x 28" and 16-1/4" x
46-1/4", respectively, but were sufficiently large so that any
particle traversing all the wire spark chambers would not strike
the shielding wall. Such extensive shielding was necessary to
reduce the high fields inside the magnet (5-15 kgauss) to the

levels just outside the magnet which were required for the satis-
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factory performance of shielded photomultiplier tubes on scintil-
lation counters and magnetostrictive readout wires on wire spark
chambers close to the magnet (< 100 gauss). Even with the shielding
the vertical magnetostrictive wires on wire spark chambers down-
stream of the magnet had to be remagnetized in the direction of the
magnetic field of D4 every time its polarity was changed to prevent
loss of magnetization from stray longitudinal fields.

The field (B) at the center of the magnet was measured by
means of a nuclear magnetic resonance probe. The equation for the
effective length (L) over wﬁich a constant magnetic field of this

magnitude acts for the magnet used in this experiment is

0.99991

L = 155.60 cm/(1 + (B/255.51 kg) ) (1)

and the momentum (p) of a particle traversing the magnet is given

by
2

, 2

. g 2y1/2

2.9978 B(kgauss) L(cm)(l + x' (2)
y172

100(sin @ + sin B) (1 + x

p(GeV/c) =

where x' and y' are the incident horizontal and vertical slope
and @ and B are the horizontal incident and outgoing angle,
respectively (Figure 2.8). The momentum calculated from Eq. (2)

2
was shown by studies to be accurate to within 0.3%. L
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4. Trigger Logic

To reduce the number of recorded background events to be analyzed,
the wire spark chambers were only triggered for annihilation events
satisfying either of two trigger conditions. One partial set of
acceptable trigger conditions occurred when a backward going particle
was detected by an array of scintillation counters upstream of the
target (B counters) in time coincidence with a forward going particle
detected by an array of scintillation counters downstream of the

target and upstream of the magnet D, (P counters), and an array of

4
scintillation counters downstream of the magnet (R counters). The
second partial set of acceptable trigger conditions occurred when a
backward going particle traversing a wide angle B counter (B3 - B6)
was in time coincidence with a forward going particle traversing a
wide angle P counter (P6 - Plo) with no requirement on the R
counters. The sign of the change of a forward going particle could
be determined by the direction of bend in its trajectory as it
traversed the D4 magnet; this information was mnot available on most
of the wide angle triggers since they did not require that the
forward particle traverse the magnet.

In addition to the requirements on the B, P, and R counter
arrays, two other conditions had to be met to produce a trigger.
To reduce recorded background from multiparticle final state
annihilations, scintillation counters (ALi counters, i = L, R, B, A)
located in regions of space where neither particle of a two |

particle annihilation reaction satisfying the B, P, and R trigger

conditions could be found were set in anticoincidence with the B,
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P, and R counter trigger conditions. In addition the beam particle
was required to wvanish.

When the trigger was set for positively charged forward going
particles, the negatively charged beam passed through the Q counters
and high numbered R counters (R4 = R6). A time coincidence between
these counters was set in time anticoincidence with an otherwise
acceptéble trigger to prevent events without disappearing beam
particles from being recorded.

When the trigger was set for megatively charged forward going

particles, the beam passed through the counters AD and AD which
M L

were also set in time coincidence with each other and in anti-
coincidence with the trigger. The fact that the forward going meson
~in the annihilations ﬁp — WX or ﬁp — kk has a momentum greater than
the incident antiproton prevented the particles produced in the
annihilation events of interest from bending as much as the beam
particles and activating those veto counters.
A flow chart of the trigger logic is given in Figure 2.9.22)
Trigger counter dimensions and positions are given in Table 2.3 and
are shown schematically and approximately to scale in Figure 2.1.
Scalars continuously monitored the number of 5 beam particles

passing through A_ or AD', the number of annihilation triggers re-

D
quiring a particle to traverse the magnet, a number of wide angle
annihilation triggers and the total number of particles traversing

all the B counters, all the P~counters, all the R counters, and all

the AT counters. Consistent readings of these quantities for a
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series of data runs insured proper operation of the individual com-
ponents of the over-all trigger logic circuit and the time con-
sistency of the beam characteristics.

The complete annihilation trigger is given below

Positive particle forward

B

B EMEE 3
+ ;:Bl)‘(i:i: P, )} {g(R +Q.) + iR ”

(g B B B B
+ éBi)' ; P ) . (A}§+AII‘)')J .




B A R I M L
B B
ad Bi] (P2 3 1 2| %3 Al 12l el 122 |%0] (%D
1 ¥ _r L}fJ Y Y tjrf LHJ
r——_\l/-u[ 1 f
or 9 and or or or or
gte ” < A Y
up- Y fan
L__. [__m or out
g e and j -
~
Y Y
fan
out —‘%A]S
y A
2 leads
3 ,
and
. \B
G- TOF ’
> ¥s¢
2 leads
\.SC*TOF

Figure 2.9: Flow diagram of trigger logic
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Table 2.3

Sizes and Position of Trigger Counters

Size Position

Counter X Tz X ;4 z

B 3" AN VZ: A to - 1" - 3-1/2" to 3-1/2" 38-1/4"
2 ko 7" 1/8" - 1-1/2" to  1-1/2" - 3-1/2" to 3-1/2" 38-1/4"
P, 3" 71/ 1" to 4" - 3-1/2" to 3-1/2" 38-1/4"
7, c 7" 1/8" 3-1/2" to  6-1/2" - 3-1/2" to 3-1/2" 38-1/4"
Fy g 7" 1/8" 6" to 9" - 3-1/2 to 3-1/2" 38-1/4"
E, g ™ 1fse 8-1/2" to 11-1/2" - 3-1/2" to 3-1/2" 38-1/4"
P, ™ BELI VI 10-3/8" to 17-3/8" - 5-3/4" to 5-1/4" 34-3/4"
By b 12" 1/4" 16-3/4" to 19-3/4" - 5-3/4" to 6-1/4" 35-1/4"
By o 1" /4" 19-1/4" to 24" - 5-1/4" to 5-3/4"  36-1/4" to 38"
P 7-1/2" 13", 1/4" 118 to 18-1/2" - 6-1/2" to 6-1/2" 21-1/2"
Ay 12 24 1/4m 37" to -24-1/2" -12-1/4" to 11-3/4" 175-3/8"
R, 14" 264" 1/2"  -30" to -16" -12-1/4" to 11-3/4" 175-3/8"
R, 14" 26" 1/2"  -24-1/2" to -10-1/2" -12-1/4" to 11-3/4" 175-3/8"
R, 14" 24" 1/2"  -14" to 0 -12-1/4" to 11-3/4" 175-3/8"
R, 14" 24" 1/2" - 4" to. 10" -=12-1/4" to 11-3/4" 175-3/8"
R, 14" 26" 1/2" 7" to 21" -12-1/4" to 11-3/4" 175-3/8"
Rg 14" o4 1f2M 16-1/2" to 30-1/2" -12-1/4" to 11-3/4" 175-3/8"
R 14" 4™ ] fem 26-1/2" to 40-1/4" -12-1/4" to 11-3/4" 175-3/8"

(o)}

6¢



2 counters total width 12"

Size

Z
1/4"
1/4"
1/4"
1/2"
1/2"
1/2"
1/E"
Lfam
1/4"
1pa

1/4"

1/4"

Counter X Y
Q4 12" 22"
-Q5 12" 221
A 4" 3”

I "
Bl 9 25
Bz 9" 25"
B3 9" 25"
Bl‘. 9" 25"
B5 9" 25"
B6 7-1/2" 13-1/2"
A 9" 9"
e
AT 24" i1
A‘i‘{ 25” 12”
A?’A 3 irregular shaped
counters
bel max. width 14"
te owt max. length 26"
ar8et thickness 1/4"
BhovE length 26"
target
thickness 1/4"

%*

x,y, and z positions of the B counters are with respect to a coordinate system

Table 2.3 (continued)

gn
19-1/2"
-28"
11"
3
- 5-1/4"
-13"
-12"
-26"
12" .

9-3/4"
-29-1/2"

x of

X
to
to
to
to
to
to
to
to
to
to

to

to

. 21"
31-1/2"

=24
10-1/2"

12"
3-3/4"

- 4”

_21"
BT 21

_21”

27-1/4"

- 5-1/4"

Pos

ition
Y

-11"
-11"
- 1-1/2"
-10-1/2"
-10"
- 9-3/4"
- 9-3/4"
- 9-3/4"
- 7-1/2"
- 41

.= 5=1/2"

- 5-3/4"

to 11"
to 11"
to 1-1/2"
to 1l4-1/2"
to 15"
to 15-1/4"
to 15-1/4"
to 15-1/4"
to 6"
to 5"

to 5-1/2"

to 6-1/4"

both counters through target center

y lower - 5-1/4"

y upper

4-3/4"

- 9-1/4"

to 10-1/2""

z of both counters along beam line

_10"

counterclockwise about the negative .y axis (see Figure 2.1).

to 9-1/2"

Z
139-1/4"
139-1/4"
186-5/8"
-21" to -23"
BN
-22m
=it
-22

-17-3/4" to -22-3/4"
126"

~
o

-10" to 6"

16-1/4" to-23-1/4"

rotated 450
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5. The Wire Spark Chambers

In order to accurately record the trajectories in space of the
particles in the triggered events, three sets of four wire spark
chambers were used, one upstream of the target (chambers 1-4), one

downstream of the target and upstream of the D, magnet (chambers

4
5-8), and one downstream of the magnet (chambers 9-12). Chamber
numbers increased sequentially with increasing z position along the
beam line. Chambers 1l-4 were arranged so that a line drawn normal to
the plane of their sensitive areas formed a 45° angle with the beam
center line (Figure 2.1).

When the backward scattered meson in the reaction §p-* ﬂin; or
the reaction ﬁp _;kik; forms a laboratory angle with respect to the
antiproton beam line of ~15° the calculated laboratory angle of the
forward pion in a two pion annihilation differs from the calculated
laboratory angle of the forward kaon in a two kaon annihilation by
~.7° for incident antiproton momenta between .7 and 2.4 GeV/c. Con-

sequently, in order to separate the reactions ﬁp _>ﬂiﬁ+ and

ﬁp _,kik; when the momentum of the forward going particle was not
measured by using the measured laboratory angle of the forward going
particle for a given beam momentum, it was necessary to measure the
angles of the forward and backward going mesons to the order of

5 mrad. Since the minimum distance between the liquid hydrogen
target and wire spark chambers 1 and 8 were ~ 260 mm and ~ 620 mm,
respectively, the resolution of the wire spark chambers was required

to be ~1 mm to achieve the desired separation.

Figure 2.10 shows the distribution of sparks in chambers 1
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through 8 for straight beam tracks for an incident antiproton mo-
mentum of .99 GeV/c. It can be seen from the widths of the peaks in
the figure that the experimental resolution of the wire spark cham-
bers is ~ 1 mm.

Each wire spark chamber consisted of two planes of parallel co-
planar wires 20/inch and 25 mils wide etched onto fiberglass epoxy
sheets 3=-4 mils thick, spaced 1/4" apart and oriented so that the

23)

wires in each plane were at right angles to each other.”” The wires on
each wire plane were connected together electrically by means of a bus
bar laid across the wire ends. A 90-10% neon helium gas mixture just
above atmospheric pressure with ~ 1% mixture of isopropanol alcohol
acting as spark quenching agent flowed slowly between an inlet and
exit hole in the chamber frame through the 1/4" gap between the wire
planes and was retained in the chamber by two mylar windows glued to
the fiberglass chamber frame.

To pulse the chambers a trigger pulse from the fast logic acti-
vated a pulse driven cricuit which produced a .8 kv, 80 nsec pulse
which in turn activated 12 thyratron-discharge storage-capacitor
circuits, one for each chamber. These applied é 2.9 - 3.3, 20 nsec
pulse across the wire planes of a chamber by suddenly (~ 60 nsec)
connecting a capacitor charged to 4.8 - 5.6 kv to one wire plane
while the other wire plane was connected to ground. Tonization at
points where charged particles had traversed the chamber gap up to
1 psec before pulsing created low resistance current paths in the

chamber and avalanche breakdown sparking occurred at those points

~ 30 nsec after pulsing. If no sparking occurred in the chamber,
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the voltage was bled off through a resistor with a time constant
~ 200 nsec.

When sparking occurred, the magnetic field from the large
currents in the wires carrying charges to and from regions of break-
down sparking created electro-mechanical pulses in iron-cobalt
magnetostrictive readout wires, one on each wire plane, which were
laid across the wires near and parallel to the bus bars at the
edges of the wire planes. These pulses, which re-oriented the mag-
netic domains in the magnetized wire, propagated along the magneto-
strictive wire at 5.2 mm/usec and were electrically detected and
amplified at the end of the wire (Figure 2.11).

Each time the chambers were pulsed large currents were made to
flow in two edge wires on each wire plane called‘start and stop
fiducials. These fiducials were measured in space to great accuracy
and used as position references in the analysis.

The horizontal coordinate wire plane of chamber 1 was read out
as follows (Figure 2.12). The amplified magnetostrictive pulse
generated by the fiducial wire nearest the readout receiver-
amplifier (the start fiducial) was used to start 4 scalars counting
at 10 megacycles/sec. The pulses generated by the wires that had
supplied the current to sparks in the chamber then sequentially
- turned off the scalars one at a time after being detected and ampli-
field at the receiver. No more than 4 sparks per plane could be
time digitized this way; any spark produced magnetostrictive pulse

and the stop fiducial pulse arriving at the receiver after the
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fourth detected pulse were lost. Assuming the pulse propagation
rate along the wire was linear and knowing the time delay and the
distance between start and stop fiducial pulses, the spark positions
along this coordinate direction were determined to an accuracy of
.52 mm per scalar digit.

The vertical coordinate of chamber 1 and the horizontal and
Vvertical coordinates of chambers 2 to 12 were then read in by
means of the serial readout system. Each magnetostrictive wire
except the vertical coordinate wire of chamber 12 ¥which had only a
receiver-amplifier was equipped with a magnetostrictive pulse
transmitter at one end and a pulse receiver-amplifier at the other.
Spark and fiducial pulses of a given coordinate of a given
chamber, after having been received and amplified initially by that
chamber coordinate's receiver-amplifier, were retransmitted and
rereceived along the entire chain of magnetostrictive readout wires
until reaching the readout receiver of the horizontal coordinate of
chamber 1. Digitizing then occurred in a manner identical to the
digitizing procedure described above.
| Electromagnetic disturbances generated at the instant of wire
spark chamber sparking produced noise signals in the transmitters
and receiving amplifiers. To prevent‘these signals from being
treated as fiducial or spark generated pulses by the scalar digi-
tizing system, masking pulses of adjustable length were produced by
the interface.

The initial mask pulse was issued by the interface prior to
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pulsing the chambers and was terminated about 3 psec prior to the
arrival of the first start fiducial pulse at the readout receiver.

A short scalar reset pulse was also issued by the interface at the
termination of the initial mask pulse. About 5 usec after the pulse
from the first stop fiducial reached the readout receiver (whether
it was digitized or not) the interface issued a pulse stopping all
scalars and a second mask pulse. This was terminated about 3 usec
prior to the arrival of the start fiducial pulse of the first trans-
mitted set of pulses when another reset scalar pulse was issued.
This sequence was continuea until both coordinate direction of all
12 wire chambers had been read in. Since the scalars were gated off
for the duration of the mask pulse, noise due to chamber sparking
was not digitized and recorded as data.

The. principal advantage of this type of serial readout system
over a parallel readout system is that it requires only one digitizing
set of scalars and a relatively small amount of electronics. Since
a'20 msec dead-time was imposed on all trigger electronics after
each triggered event to allow the wire chambers to recover, the
over-all serial readout time of 3 msec did not produce any extra
loss of available beam. However, difficulties with the trans-
mitter or receiver-amplifier by any one chamber coordinate affected
the data readout from all higher numbered chamber coordinates as
well. Difficulties with the mask generator or with transmitters or
receivers on low numbered chambers rendered data from the entire

system unreliable. The operation of the chamber electronics was
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therefore carefully monitored during the running of the experiment.
The sizes and positions of the sensitive areas of the twelve
wire spark chambers used in this experiment are given in Table 2.4;
Characteristics of wire spark chambers such as memory and recovery
time and need for clearing fields, spark formation and track reso-

lution and multiple track resolution are discussed in detail in

Appendix B.



Table 2.4; Sizes and Positions of the Sensitive Areas
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of the Wire

Spark Chambers

Wire Chamber
(sensitive area)

z position

X position

Hde
Chambers upstream of target (1-4)

1 36" (x) by 18" (y)
2 36" (x) by 18" (y)
3 36" (x) by 18" (y)

4 36" (x) by 18" (y)

- 18-3/4"%

- 15-3/49"

- 12"*

- 9-1/4m"

-14=-1/2"
-17-1/2"
-21-1/2"

=24-1/2"

Chambers downstream of target, upstream of

5 18" (x) by 9" (y)
6 18" (x) by 9" (y)
7 18" (x) by 9" (¥)

8 18" (x) by 9" (y)

12-3/4"
19-1/4"
25-1/2"

31-3/4"

Chambers downstream of D4 magnet

9 36" (x) by 18" (y)
10 36" (x) by 18" (y)
11 36" (x) by 18" (y)

12 36" (x) by 18" (y)

144-1/2"
153-1/2"
162-1/2"

171-1/4"

-on
—on
-on

-on

(9-12)
-19-1/4"
-21-3/4"
-23-3/4"

-26-1/4"

to

to

to

to

to

to

to

to

to

to

to

to

y position

21-1/2"" 9" to
18-1/2" -9 to 9"
14-1/2" -9" to 9"
11-1/2" -9" to 9"
magnet (5-8)
16" =4-1/2" to 4-1/2"
16" =4=1/2" to 4-1/2"
16"  =4-1/2" to 4-1/2"
16" ~4-1/2" to 4-1/2"
16-3/4" -9" to 9"
14-1/4" -9" to 9"
12-1/4" -9" to 9"
9-3/4" -9" to 9"

* x,y, and z positions of the chambers upstream of the target are
with respect to a coordinate system rotated 459 counterclockwise

about the negative y axis (see Figure 2.1).

%% Chamber numbers sequentially increase with increasing z position.
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Figure 2.10: Horizontal and vertical distribution of sparks in wire
spark chambers 1-8 for straight tracks. The bin size is .5 mm.
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Figure 2.11

Schematic of the operation and components of the wire spark chambers.
A spark formed along the path of the ionizing particle. Current
flowed through the wires (denoted by arrows) coupled by the spark.

Marker pulses were placed on the magnetostrictive lines by the

fiducial wires.
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6. Over-all Timing, the Interface, and the PDP-8 Computer

In order to coordinate the information from the trigger logic
and the wire chambers, a master gate controlling the fast logicgagn
interface, and a PDP-8 computer were used. The over-all timing
diagram for the data recording process is given in Figure 2.13.

The beam spill lasted roughly 400 msec of each 2.4 sec between
machine pulses. During the approximately 2 seconds of beam-off
time, the fast logic electronics were gated off by the master
gate. At the beginning of the beam spill, a beam start pulse was
sent from an AGS beam monitor system which closed the master gate
and activated the electronics. Approximately 180 nsec after a
trigger producing event occurred, the master gate received an event
signal from the fast logic electronics system and gated it off.
This fast event signal lasted only 30 psec but was supplemented by
a busy signal sent from the interface which arrived at the master
gate ~ 2 psec after the event had occurred and kept the fast logic
gated off for a total of 20 msec. After this time, the master gate
activated the fast logic electronics and the system was ready to
detect another event. At the end of the beam spill, a beam stop
pulse sent to the master gate from the beam monitor system gated
the fast logic electronics off.

The purpose of the interface was to control the wire spark
chamber digitizing system and to read the digitized spark positions
along with additional counter bit information into the PDP-8

computer. In addition, at the beginning and end of each run, the
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interface read run labelling and run symmetry information from digit
switches and scalars into the computer.

Approximately 180 nsec after the trigger producing event
occurred, the interface received a start pulse. For the next 50
nsec, delayed signals from selected counters, which fired when the
events occurred, set bits in the interface which were then clamped
béfore sparking occurred in the wire spark chambers (about 300 nsec
after the event). After the wire spark chambers had sparked, the
counter bits were read into the computer and reset, and a busy
signal was sent to the master gate. The mask and the scalar reset
and stop pulses were then sent to the digitizer in the order
described in Section 5.

During a 20 psec duration of the mask pulses, data from the
4 scalars used in the digitizing system were read into the computer.
These 4 data breaks took a total time of about 8 psec to complete.

About 3 msec after the event occurred, all the counter bits
and digitized wire spark chamber information had been read into the
computer. However, the interface remained on and the trigger logic
electronics off for a total time of about 20 msec to allow the wire
SPark chambers to completely recover (Appendix B).

The principal purpose of the PDP-8 computer used in this
experiment was to write the data received from the interface on
magnetic storage tape. In addition, at the end of each run, it
calculated and printed out on a teletype the wire spark chamber

efficiencies and individual counter bit totals for all events
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' 25
recorded during the run. )

The data were recorded on magnetic tape in the following format:
a) 24 60-bit words each containing 4 12-bit numbers corresponding
to the 4 digitizer scalar readings and a 12-bit blank. The 24
words corresponded to the 24 coordinates on the 12 wire
chambers.
b) 1 60-bit word containing 48 bits of counter informationm.
¢) 5 blank bit words.
At the beginning and end of each run, 30 60-bit words numbering and
describing each run and containing scalar readings of 5 fluxes
and the number of triggered events were also written on the tape.
A maximum number of 15 events/beam pulse could be accepted,
the limitation being due to the size of the buffer between the
'PDP-8 computer and the magnetic tape drive. However, since a
btrigger rate of 15 events/beam pulse was achieved only at 2.4 GeV/c
and a maxiﬁum of 20 events each with a dead time of 20 msec could
be recorded in a 400_msec beam pulse, this limitation was not

severe.
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7. Monitoring the Experiment

In any complicated particle accelerator experiment it is
imperative to carefully monitor the beam, the experimental equip-
ment, and the data being recorded as close to the time of actual data
taking as possible to insure the proper operation of all parts of
the experiment. This section describes the methods used to monitor
the experimental equibment and the data in this experiment (the
beam and the operation of trigger scintillation counters were moni-
tored by the scalars described in Sections 1 and 4).

Periodic measurement ( ~ 2 hrs) of the resistance of two
300 1/4 watt carbon resistors (whose resistance is temperature
dependent) located at the top and bottom of the hydrogen target
insured that the target was kept filled with liquid hydrogen. A
scalar which continuously displayed the nuclear magnetic resonance
frequency of a deuterium oxide probe (high momenta) and a water
probe (low momenta) monitored the magnetic field of the bending
magnet D4.

Signals from the receiver amplifiers of each of the 24 wire
spark chamber coordinates could be separately viewed on the screen
of an oscilloscope. Another oscilloscope was used to display the
mask signal produced by the interface.

During a run the data taking could be interrupted and the last

event read into the computer printed out by the teletype. This
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print-out provided a spot check that all the wire spark chambers, the
digitizing system and the interface were working properly.

At the end of each run, the computer printed out crude wire
spark chamber efficiencies (Appendix C) and individual counter bit
totals for the run. Also, at the end of the run, all the scalar
readings for the quantities scaled during the run were typed out.
Beam scalar ratios and trigger rates. were then plotted for each run
to check for instabilities in the beam and the experimental
apparatus.

Within two hours after the completion of data recording on a
given magnetic tape (2 - 8 rums), accurate wire spark chamber effi-
ciencies and crude numbers of annihilation events per run were
available from a printout of the first stage analysis program run
on Brookhaven's CDC-6600 computer%G)Consistently high values for the
over-all event detection efficiency (> 90%) insured reliable wire
spark chamber data.

The operation of the high voltage and magnet current supplies
and the efficiencies of the scintillation counters were expected to
remain approximately constant in time. However, counter voltages,
beam magnet currents, and wire spark chamber high voltages, and
gas flows were checked and recorded every eight hours. B and R
scintillation counter efficiencies were measured using B and R
efficiency counters several times during the running of the experi-
ment aﬁd were typically >99%. The relative gfficiencies of P

counters P1 = P6 were determined from particles traversing two
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counters in the 1/2" region of overlap and were typically > 994.
Wide angle counters such as B6 and P7 = PlO’ whose efficiency could
not be easily determined from efficiency counters because of low
event rates, were initially plateaued with a source and the output
pulse height from the phototube of each of these counters was
frequently checked using the source throughout the experiment. It
is assumed that their efficiencies were > 98%.

Table 2.5 gives wire chamber event efficiencies at each
momentum run in this experiment for both the regular and wise angle
triggers. The columns titled magnet tfack events are for those
events in the regular trigger whose forward particles produced a
track in the wire spark chambers downstream of the D4 magnet. The

estimated efficiencies of the B, P, and R counter arrays for the

three types of events listed above are given in Table 2.6.



Table 2.5

Wire Spark Chamber Event Efficiencies

Positive Particle Forward Negative Particle Forward
Incident 5 Magnet Track Regular Wide Angle Magnet Track  Regular Wide Angle
momentum Events Events Events Events Events Events
.700 .99 .987 .938% 1.000 .989 942%
.810 <993 .993 .950% - - -
.870 ‘ .981 .988 .988 .988 .992 .993
-+990 .984 .986 .951%* .984 .976 .954
1.120 .984 .984 .985 .960 .973 .973
1.340 .953 .919 .921x% .940 .904 .915%
1.450 .975 .963 .916% .969 .972 .934
1.590A .825 .815 .786 .872 .846 .851
1.590B .985 .981 <985 .967 .958 «955
1.590C <945 <944 .920% - - -
1.710 2942 .937 .915% .961 .955 .918*
1.815 .981 .981 .983 .987 .982 «979
2.000 .957 .952 .917% .945 <942 .906%*
2.160 .947 .966 .960 .988 .977 .976
2.260 - - = .924 <927 .883*
2.400 974 .955 .956 .970 .968 .972

* Beam track probability times multiplied efficiencies of chambers 2-7.
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Table 2.6

Scintillation Counter Efficiencies

Counter Array Efficiency (%) Over-all
Event Type B P R+ Q Counter Efficiency (%)
VEgnet 98 + 1.0 99 * 0.5 99 + 0.5 9 + 1.2
track
Regular 98 £ 1.0 99 + 0.5 99 + 0.5 96 + 1.2
Wide 98 + 1.0 98 + 1.0 9% + 1.4

angle

09
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CHAPTER III
ANALYSIS OF THE DATA

Introduction

In order to convert the spark coordinate and counter bit
information written on magnetic tape for each event into proton-
antiproton annihilation cross sections, each event was reconstructed
by means of a reconstruction computer program which was run on the
Brookhaven CDC-6600 computer. Coplanarity, copunctuality, target
vertex, kinematics and, where applicable, momentum cuts were applied
to the data to yield the numbers of two charged pion and kaon final

.02. These were

state annihilation events in bins of A cos Gcm
combined with differential solid angle acceptances calculated by
the Monte Carlo method to yield differential cross sections at each
momentum.
This chapter describes this analysis procedure in detail.

The reconstruction proceduré is described in Section 1. The cuts
and.background subtractions applied to the reconstructed data are
described in Section 2. Section 3 describes the Monte Carlo
calculation. Over-all normalization and angular corrections applied
to the final data are described in Section 4. Finally, the cross

section calculation is described in Section 5.
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1. The Reconstruction Procedure

The first stage of the off-line data analysis consisted of
reconstructing particle tracks from the wire spark coordinate data.
Those events which had roughly the correct topology and whose track
angles satisfied the kinematics constraints on two final state meson
annihilations were written on magnetic tape for subsequent analysis.

In order to describe the track finding procedure it is con-
venient to divide the coordinates of the wire spark chambers into
six regions. Regions 1, 3, and 5 were defined as the horizontal
view and regions 2, 4, and 6 the vertical view of each set of 4 wire
spark chambers (1-4), (5-8), and (9-12), respectively. Trackfinding
was done separately in each region.

Consider a particular region and a particular event. For
trackfinding purposes the lowest numbered chamber of a set was de-
fined as chamber 1 (chamber furthest upstream) and the highest
numbered chamber as chamber 4. Let the minimum number of measured
- sparks for that event in chambers 3-4 be M. Then all possible two
spark tracks formed using spark coordinates from chambers 1 and M
and chambers 2 and M were found and extrapolated to the other chambers
in the region. When sparks could be found in these chambers within
a region of ~ 7.5 mm from the extrapolation, a line was fit to the &
sparks using a least squares procedure. If X? > 6.6 for this fit
or if any spark used in the fit had been used to form another 4 spark
track with a lower X? the track was rejected; otherwise it was con-
sidered a good 4 spark track. After all 4 spark tracks had been ob-

tained in the region, the spark coordinates used to form them were
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removed from consideration and a search was made for all three spark
tracks in that region.

Once all the tracks had been found in each of the six regions
they were identified iﬁ the following manner. In region 1 (the
horizontal view of the upstream chambers (1-4) the track with a slope
of less than 50 mrad was classified as a beam track. In region 2,
if there was more than one track, the track with the correct hodo-
scope bit or the one satisfying coplanarity requirements was chosen
as the beam track. Other tracks in regions 1 and 2 were classified
as backward scattered tracks. The requirement that a track be present
in the small beam region eliminated the need for rotating the wire
chambers to remove two track ambiguities in regions 1 and 2. Any
tracks found in regions 3 and 4 were classified as forward tracks
and any tracks in regions 5 and 6 were classified as magnet tracks.

Frequently (~20% of the time) extra tracks (more than 1
in regions 3-6 and more than 2 in regions 1-2) were found in the
various regions for a particular event. These were removed using
the procedure described below which was terminated when no extra
tracks remained in any region.

The horizontal views were considered first. Extra beam
tracks which did not pass through the correct element of the beam
hodoscope (Chapter II, Section 1) were removed. Then tracks in
regions 1 and 3 having differences in slope of less than 10 mrad and
differences in x vertex at z = 0 of less than 3 mm were removed unless

in so doing less than 2 tracks remained in region 1 or mno tracks
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remained in region 3. In these cases only the track in the multiple
track region was removed.

All track vertices were required to be within the target
volume. Tracks which formed vertices with other tracks outside
this volume were removed. The vertices of pairs of tracks in region
1 which were more than 8 mm from tracks in region 3 were also removed.

If there were still extra tracks in region 1 or region 3 or
both, then the pair of tracks in regien 1 and the track in region 3
forming the best vertex was chosen as the correct set of event tracks.
Although the beam track could be lost in events in which more than one

~backward scattering track emanated from the same vertex, these events
involved at least three final state particles and were not events
of interest in this experiment.

This procedure was then repeated in the vertical view.

Since the beam and backward scattered tracks could often be colinear
in the vertical view, only one track was required in region 2 and
was considered the vertical projection of the best pair of tracks in
region 1.

Following the tracksorting procedure described above, a
candidate for a two meson final state proton-antiproton annihilation
event was required to have a beam track, a backward scattered track
and a forward scattered track. In addition, the following requirements
had to be satisfied by these tracks:

a) The three tracks were required to intersect at a vertex with a
copunctuality limit of 1 cm.27)

b) The track vertex had to be formed in the target volume.
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c) The three tracks were required to be coplanar with * 50 mrad28>
and

d) The angles the forward and backward scattered tracks formed with
the beam track were required to satisfy two meson final state

: : i 29)

kinematical constraints.

Events with the correct number of tracks and whose tracks satisfied

requirements a-d were considered acceptable events for further study

and written on magnetic tape for subsequent analysis.



66

2. Event Determination

Events having approximately the correct topology and kine-
matics after reconstruction were then studied further by imposing
tighter kinematical and topological cuts and calculating the final
state particle masses assuming equal mass two particle final states.
Those events with squares of final state particle masses between
-.14 and .16 GeV2 were classified as two pion annihilations, those
with squares of final state particle masses between .16 and .35
GeV2 were classified as two kaon annihilations. In reactions in
which the reaction products travelled in directions nearly colinear
with the beam line, the forward going particle traversed the bending
magnet D4 and the wire spark chambers 9-12 downstream of the magnet
and its momentum could be determined. For these reactions the
squared mass of the final state particles was obtained from know=-
ledge of the beam particle momentum, the anglé the backward particle
formed with respect to the incident beam particle line, and the
momentum of the forward particle.

In reactions in which the forward going particle formed a
larger laboratory angle (~ 70) with respect to the incident anti-
proton beam line, the forward particle could still traverse the
bending magnet but did not traverse the wire spark chambers 9-12.
For these reactions the sign of the forward particle's charge could
be determined from scintillation counter information downstream of
the ﬁagnet (the R counters) and the squared mass of the final state

particles could be calculated from knowledge of the beam particle
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momentum and the laboratory angles formed by the final state reaction
particle tracks with respect to the beam line.

Forward going particles in those reactions in which the
laboratory angle between the incident antiproton beam line and the
forward going particle was greater than ~ 20° were not able to
traverse the D4 bending magnet and hence the sign of their charge
could not be determined. However, the final state particles in
these reactions triggered the wide angle‘P and B counters (Section
II1-4) and the Squared'mass of the final state particles could be
determined as above from knowledge of the beam momentum and the
laboratory angles of the reaction products with respect to the beam
line.

The coplanarity distribution and the distribution of vertices
along the beam line are shown for the trigger set for a negative
forward going particle at .99 GeV/c in Figures 3.1 and 3.2,
respectively. Rgactions whose final state particles were coplanar
with the beam line to within # 15 mrad were considered event candi-
dates, reactions whose final stafe particlestweré coplanar with the
beam line to between -30 and -15 mrad and 15 and 30 mrad were con-
sidered background events for multiparticle final state reactioms
(> 2 reactions particles) and used in the background subtraction
described below. Z vertex cuts were made at * 18.73 cm. The peak in
the number of events at ~-30.0 cm in Figure 3.2 are reactions
occurring in the third beam defining counter S3. The accurate
vertex definition g .5 cm eliminated the need for empty target sub-

tractions.,
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Figures 3.3 and 3.4 show numbers of final state particle
masses squared in mass squared bins of .01 GeV2 for all reactions
whose final state particles were coplanar with the beam line to
within * 15 mrad, and between =30 and =-15 mrad or 15 and 30 mrad,
respectively. Those events giving calculated final state pérticle
squared masses in the pion or kaon event regions but whose calculated
coplanarities were between -30 and -15 mrad or 15 and 30 mrad were
subtracted bin by bin in cos Qcm from events with squared masses in
the pion or kaon event regions with calculated coplanarities between
+ 15 mrad. The net number of events after this subtraction in
cos acm bins of .02 was wused in the calculations of two pion and
two kaon annihilation cross sections. Figure 3.5 shows the summed
data with the background subtracted out. |

By changing the coplanarity limits for background events from
15 < |coplanarity| < 30 to 15 < |coplanarity| < 45 the effect of the
slope in the coplanarity background was studied and was shown to
have negligible effect in the Background subtraction used in the
cross section calculation. Plots of the distribution of coplanarity
for calculated final state particle masses outside the acceptable
limits for two pion or two kaon annihilation reactions show slight
peaking for near zero coplanarity indicating the presence of < 19
% contamination in the beam. This contamination is treated as an
over-all normalization uncertainty and included in the error due to

uncertainties in the analysis discussed in Section III-5.

Events giving final state particle masses at the extremes of
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the acceptable two pion and two kaon limits have been studied and
found to be events whose final state particles formed small angles
with respect to the beam line. Small measurement errors in such
events cause large errors in the final state particle masses ob-
tained from a calculation using the beam momentum and laboratory
angles to determine these masses. These events, however, had a
high probability to have their final state forward going particle
traverse the wire spark chambers downstream of the magnet and the
final state particle masses could then be accurately calculated
from the measured momentum of the forward going particle. Changing
the pion and kaon annihilation mass squared limits by * .02 GeV2
produced negligible changes in the values of the cross sections.
The tight kinematical and topological cuts are listed below:

a) Event copunctuality was required to be less than .5 cm.

b) Events vertices were required to lie within a 4 cm diameter from

the beam line through the target center, and

¢) Event tracks were required to lie within wire chamber fiducial

volumes in wire spark chambers 1, 8, and 12 slightly smaller than

the sensitive areas of the chambers.
The wire chamber fiducial cuts were made to insure that a backward
going final state particle resulting from an annihilation in the

target traversed a trigger counter and that a forward going final

state particle resulting from an annihilation in the target had negli-

gible probability of hitting a magnet pole face. The wire chamber

fiducial cuts made to the data for the various triggers and the
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target radius cuts were consistent with those used in the Monte
Carlo calculation of the experimental detection efficiency of the
apparatus discussed in Section III-3. Event losses due to the cut on-

copunctuality have been studied and found to be negligible (g 1% ).
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3. The Detection Efficiency of the Apparatus

In order to determine annihilation cross sections, it is neces-
sary‘to know the experimental event detection efficiency as a function
of the center-of-mass angle between the incident antiproton and
proton and the outgoing two mesons. This was calculated using the
Monte Carlo method by gemerating two-body final states at random in cos
ecm bins and ¢ angular regions in which there was a non-vanishing
experimental particle detection efficiency in the laboratory, and
using two pion or two kaon annihilation kinematics to find corres-

30)

ponding laboratory angles. ’ Those pion or kaon events which satis-
fied trigger conditions and which could be reconstructed into
acceptable pion or kaon amnihilation events using the same recon-
struction process which was used for the data divided by the number
of trials in each cos ecm bin produced the efficiency of the experi-
mental apparatus for that bin. Final state pion or kaon decay and
multiple scatterings were included in the simulated events. Ten
thousand trials for each trigger at each momentum gave statistical
uncertainties in the efficiency of ~ 10% for each bin.

The detection efficiency of the apparatus was separately cal-
culated for those reactions in which the forward going particle
was required to traverse the magnet and the wire spark chambers down-
stream of the magnet (9-12), those reactions in which the forward
going particle was required to traverse the magnet but not the wire
spark chambers downstream of the magnet, and those reactions in
which the forward going particle was only required to traverse

chambers 5 and 6 and the backward particle was only required to
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traverse chambers 2, 3, and 4 (the wide angle events). Except for
the wide angle events, backward going particles were always required
to traverse the four upstream wire spark chambers 1-4 and the forward
going particles were required to traverse either all downstream
wire chambers 5-12 or chambers 5-8 if momentum information from
the D4 bending magnet was not required. |

Figure 3.6 gives the two pion and two kaon experimental and
solid angle acceptances at .99 GeV/c incident 5 momentum as a
function of cos Gcm for events whose forward particles were required
to traverse wire spark chambers 9-12 (3.5c), events whose forward
particles were required to traverse the magnet (3.5b) and wide angle
events (3.5a). Final state particle decay is primarily responsible

for the lower experimental efficiency for two kaon annihilations.
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4, Systematic Corrections

In order to correct for experimental and event reconstruction
inefficiencies, studies were made to determine the magnitudes of the
systematic errors associated with this experiment. Corrections to
the normalization were made to account for scintillation counter
inefficiencies (4 * 1.2¢%, Table 2.6) wire chamber inefficiencies
(Table 2.5), event reconstruction inefficiencies (7.0 * 1.19),

“events lost to accidentals in the trigger veto counters (1.3 % .3¢)
a flux correction for the absorption of beam in the hydrogen target
(~ 10 £ 1.5%, Table 3.1), and event losses due to final state
particle nuclear interactions in the experimental apparatus
(~ & %= 29, Table 3.2). Angular corrections other tham those in-
cluded in the beam absorption and nuclear interaction of final state
particles include angular inefficiencies in the reconstruction pro-
cedure for events whose forward final state particle traversed the
magnet (3.5 £ 3.5%) and for wide angle events (1 * 19 for .7 < lcos
6. | < .8 and 2.5 & 2.5¢ for .6 < [cos 6__| < .7)'.

The wire chamber efficiency calculation was made from missing
spark pattern information recorded with each event during the re~-
construction procedure described in Section III-1. This cal-

31

culation is described in detail in Appendix D. “The resulting event
efficiencies tabulated in Table 2.5 were used to correct the data for
wire spark chamber inefficiencies.

Event reconstruction inefficiencies were determined from

scanning computer drawn pictures of each event and searching for
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lost events. Roughly 2000 pictures of annihilation and 7p scattering
triggers were scanned. One of the major sources of inefficiency
occurred in the reconstruction in wire spark chambers 1-4 due to
spurious tracks found from spurious sparks in these chambefs which
removed one or more sparks from the correct beam track and prevented
it from being found. In the beam region spurious sparks were
-sufficiently close to real beam track sparks so this could happen
~ 39 of the time.

Another major source of difficulty occurred when more than
two tracks were present in the upstream chambers 1-4 or more than
éne track was present in chambers 5-8. (The number of times extra
tracks were present in chamber 9-12 was negligible.) An extra track
in the beam region resulting from a beam particle which did not
interact in the target and gave a track in chambers 5-8 could
often fool the tracksorting procedure into throwing away the forward
scattered particle track from an event with the correct topology
and consequéntly losing the event. This was particularly true for‘the
. forward particles from wide angle event triggers which had additioﬁal
non-interacting beam tracks present and resulted in the angular
corrections applied to those events. The over-all inefficiency of
the extra track removal procedure was estimated at ~ 15% and since
it was used on 15-20% of all the data, the resulting over-all
correction is estimated to be 2;3%.

Other sources of inefficiencies included a small under-

estimation of wire spark chamber inefficiency ~ 1% and miscellaneous



81

reconstruction mistakes estimated at ~ 14.

In order to estimate the reconstruction inefficiency for small
angle final state particle events, ~ 7500 triggers at .99 GeV/c were
analyzed by calculating the mass of the backward scattered particles
irom knowledge of the momemtum of the incident beam particle and the
‘momentum and scattering angle of the forward scattered particle.
The extra events found this way which could not be accounted for by
inefficiencies in chamber 1-4 when a backward scattered track was
required were used to estimate the reconstruction inefficiency when
a backward track was required (normal analysis procedure) and resulted
in a calculated inefficiency of ~ 3.5%.

Target veto counters which surrounded the liquid hydrogen
target and were used to veto ﬁp annihilations into more than three
particle final state events gave spurious noises pulses which
rendered the trigger circuit dead for ~ 1.3% of the time data were
being taken. The percentage of events lost are estimated to be
equal to the percentage of trigger logic dead time.

Losses due to nuclear interaction of final state particles
given in Table 3.2 are primarily due to interactions in the hydrogen
target after annihilation and interactions in the P scintillation
counters upstream of the magnet for events whose forward going
particles traversed the magnet. Total cross sections for ﬁip with
incident pion momenta between 1.4 and 3.0 GeV/c average to about
32 mb for ﬂ+f and 34 mb for w p with the average kaon total cross

2)

3
sections n'2/30ﬂp. At these momenta 3/4 of the total cross section
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is due to inelastic scattering. Making the assumption that any event
having a final state particle involved in an inelastic nuclear inter-
action was lost and any event having a final state particle involved
in an elastic nuclear interaction was lost except for small angle
events whose forward going particle scattered elastically in the
hydrogen target, the corrections given in Table 3.2 are obtainé&d.
_A small angle scatter of the forward going particle in the hydrogen
target in such a small angle event would still be likely to give a
calculated final state particle mass squared within the acceptable
limits.

The beam absorption correction was made by folding the
number of beam antiprotons lost as a function of z position along
the beam line into the event detection efficiency of the apparatus
as a function of z. Total Pp cross sections between .7 and 2.4 GeV/c

incident antiproton momentum average ~ 100 mb.33)

The over-all normalization multiplicative factor applied to the
uncorrected data ranged from ~ 1.37 at .70 GeV/c to ~ 1.29 at 2.40
GeV/c incident antiproton laboratory momentum. The angular
;orrection multiplicative factor applied to the uncorrected data was
1.00 in the center of the measured angular region and averaged
~ 1.03 at the extremes. ‘

A radiative correction which has not been applied to the data

has been calculated using the method described by Fongl). This

correction was found to be ~ 6%.



Table 3.1

Beam Absorption Corrections

Positive Pion Forward » ' Negative Pion Forward
Incident 5 Magnet Track Regular Wide Angle Magnet Track ‘Regular Wide Angle
momentum Events Events Events Events Events Events
.700 12.49 12.8% 16.19 13.0% 17.89 16.29
.810 12.6 15.0 14.1
.870 10.7 10.9 11.3 10.5 113 11.5
.990 10.4 11.0 11.7 11.7 11.9 | 12.1
1.120 8.5 10.5 10.8 9.0 10.0 9.9
1.340 8.5 : 9.8 7.2 9.1 9.7 7.4
1.450 8.1 8.5 7.9 9.0 9.7 8.2
1.590 8.4 10.3 7.1 8.7 10.7 7.6
1.710 7.8 9.2 7.0 9.0 9.7 6.7
1.815 6.3 7.8 6.2 8.7 8.7 7.0
2.000 6.8 8.6 4.9 8.2 8.4 6.3
2.160 6.2 6.8 4.0 7.1 8.1 4.5
2.260 6.8 8.2 5.4

2.400 6.3 6.5 3.5 7.1 7.3 4.4

€8



Table 3.1 (continued)

Positive Kaon Forward Negative Kaon Forward

Incident 5 Magnet Track Regular Wide Angle Magnet Track Regular Wide Angle

momentum Events Events Events Events Events Events
.700 18.1¢ 13.99 11.74 12.99, 11.09 18.14
.810 11.8 ©11.8 11.5
.870 9.7 10.6  12.2 11.3 11.1 12.4
.990 9.9 11.1 10.8 B.7 10.8 11.6
1.120 9.8 9.6 10.9 8.5 10.3 10.7
1.340 10.3 10.9 8.1 10.1 9.7 6.3
1.450 9.3 8.6 7.7 7.2 9.4 7.6
1.590 11.6 11.3 4.8 5,2 8.0 3.6
1.710 9.4 8.8 7.2 6.9 7.5 7.5
1.815 10.3 6.8 6.6 8.5 7.9 5.8
2.000 7.5 6.0 5.9 7.9 8.2 5.6
2.160 10.2 8.1 4.1 7.4 8.0 4.1
2.260 ' 6.3 7.8 5.6

2.400 2.2 7.4 4.2 ‘ 8.2 - 7.8 4.6

%8
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Table 3.2

Nuclear Interaction Corrections

Lype Fyewts Coriizzion
Magnet Track Events 6.5 £ 3.39
Regular Events 3.0 £ 1.5
Wide Angle Events 2.0 + 1.0

Kaon

Correction

Lot o+ 2,29

2.0

i+

1.0

1.7

I+

.9
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5. Cross Section Calculation

In antiproton-proton annihilations producing two charged pion
or two charged kaon final states, the number of pions (kaons) ob-
tained in a given center-of-mass angular bin with mean angle ©

JAN i i b
( Nﬁ,k(e)) is given by

A N ()

exp(-noz (z + 18.73)) n Lk a A (3.1

VA =
Nn,k(e) N A Q

0
“where NO is the number of antiprotons incident on the target, n

is the number of scattering centers (protons) per unit volume in
the target, Acﬂ,kﬁéﬂ is the probability per unit area for having
an antiproton—préton pair annihilate into a pion (kaon) pair with
each pion (kaon) forming a center-of-mass angle 9 with respect

to the center of mass incident antiproton or proton direction,

&) is the acceptance solid angle of thg experimental apparatus

for cos © in bins of .02, and z is the interaction position in the
target (measured in centimeters along the beam line). 6 was de-
fined to be 0 when a negative pion (kaon) was colinear with the
beam line and travelled in the same direction (+z).

The equation for the annihilation differential cross section

obtained from equation 3.1 without the beam absorption correction

discussed in Section III-4 is

Ag AN(B 1 .63857 AN . .
Zg-(e) = ﬁzé—l (EBH;) = No ) %) (cos 6 in bins of .02)
(3.2)

Since data events with [coplanarityl < 15 mrad (NT) con-
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sisted of two pion and two kaon annihilations plus background and
events with 15 < lcoplanarity{ < 30 mrad (NB) consisted of back-
ground events only AN(6) equalled NT - NB. The statistical error

€, was calculated from the equation

. /NT 3
Np = Np

Ag
L= (9) (3.3)

The cross sections calculated from the raw data were then
averaged and smoothed. The final cross sections were calculated

from these averaged cross sections from the equation

_ dg

do
T @ =35 @ (1 + N(6))

raw data

final
where N(6) was the product of the normalization corrections dis-
cussed in Section IIL-4.

The errors quoted with the cross sections given in Chapter IV
are statistical. The uncertainties in the over-all normalization
estimated from the square root of the sum of squares of the
normalization correction errors given in Section III-4, alohg with
a 29 error in the density of liquid hydtrogen in the targét and a 49
error from uncertainties in the analysis and variations on
normalization as a function of momentum, are listed in Table 3.3.

Figure 3.7 gives a flow chart of the analysis procedure used
fbr calculating the differential cross sections with the number of
triggered events surviving each stage of the analysis for .99 GeV/c

with the trigger set for negative forward going particles.
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Table 3.3

Uncertainty in Normalization

Normalization
cos 6 :

cm Uncertainty

*
Magnet Track Events 6.40%
*

Regular Events 5.40¢9,
.80 - .70 5.50%
070 - 060 5.95%
Average Uncertainty 5.69%

Range of cos Gcm varies with momentum
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CHAPTER IV

Results

This chapter gives the results of the experiment in tabular and

graphical form. The tables and graphs are organized in the following

way.

Table 4.1 gives the two pion annthilation data.

~Table 4.2 gives the two kaon annihilation data.

Figures 4.1 and 4.2 which combine data from this experiment and
the one of Fong et al%opresent the folded distributions at
twelve momenta for ﬁp — T and ﬁp — kk, respectively. The
dashed curves are Legendre polynomial fifs to the data.

Tables 4.3 and 4.4 give the fitted values for the Legendre
coefficients for 5p =y ﬁﬁ and §p — kk, respectively. The
coefficient of PO is multiplied by 2% to give the total annihi-
lation cross sections for each reaction.

Figure 4.3 presents the total cross section for 5p — T and

§p — kk as a function of incident antiproton momentum.

Figure 4.4 presents the momentum dependence of the remaining
Legendre coefficients for the fits given in Tables 4.3 and 4.4.
Tables 4.5 and 4.6 give the differential cross section do/dQ and
do/du at cos Gcm = .99 (n, k goes forward) and at cos ecm =
-'.99 (ﬂ+, k+ goes forward) for the reactions ﬁp — T and ﬁp - kk

respectively.

Figures 4.5 and 4.6 present the differential cross sections
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dg/dQ at cos ecm =+ ,99 for the 7w annihilations and kk
annihilation, respectively. Figures 4.7 and 4.8 present the
differential cross sections do/du at cos Gcm = * .99 for the nx
annihilations and kk annihilations, respectively.

Figures 4.1 and 4.2 presenting the folded differential cross
sections for the two pion and two kaon annihilations show a more
striking energy dependence for the two pion annihilation. At the
lowest momenta of this reaction there is a fairly simple distribution
with peaks at |cos Gcml = 0., and 1.0. At 1.45 GeV/c a second dip
begins to appear at [cos Gcml ~ «85 and then up to 2.0 GeV/c there
are two very pronounced dips which change with energy. This double=~
dipped distribution is also seen in the energy averaged data of
. Chapman et al?S)Finally, at the highest momenta, the peak at

cos Qcml = 0. rapidly falls away.

The two kaon annihilations also show prominent energy dependent
changes, particularly in the vicinity of 1.0 GeV/c. However, the two
kaon channel does not develop the double dipped angular distribution
observed in the two pion channel.

The dashed curves through the data in Figures 4.1 and 4.2 are
Legendre polynomial fits of the form

. L
do do _
aq @ + 30 (n - 0) = E: asz (cos 8) ¢ even

£=0 (4.1)

g ' . : : 2)
since odd terms cannot contribute to the folded distributions. X

probabilities of all the fits are greater than .002.



92

Multiplying both sides of Equation (4.1) by 2% and integrating
“with respect to d(cos'ecm) over the interval O to 1 produces the

equation for the total cross section

o = 21a. (4+2)

This is plotted for both the two pion and two kaon annihilation
channels in Figure 4.3. The most striking feature of the energy
dependence of these total cross sections is the broad shoulder at
1.0 GeV/c (s = 4.33) in the two pion annihilation channel. The
over-all energy dependence of the total cross sections are

-6.3 -4.6
s and s

~ nd for the two pion and the two kaon annihilationms,

respectively. Other previous measurements appear in Table 4.7.

The most prominent features of the energy dependence of the
remaining Legendre coefficients are the behaviors of the ag and ag
coefficients in the regions between 0.8 and 1.8 GeV/c. The peaking
of the ag coefficient at 1.6 GeV/c combined with the fact that all
other coefficients are relatively small at this momentum suggests
that a P4 Legendre polynomial or a combination of PLm associated

Legendre polynomials simulating a P4 Legendre polynomial dominates

the amplitude at that momentum. Except for the fall and slight fluc-

tuations ay; 3, and ag coefficients with increasing momentum at low

momenta (.7 - 1.0 GeV/c), the Legendre coefficients of the two kaon
annihilation show no interesting structure.
Finally, it can be seen from Figures 4.5 - 4.8 that between

.7 and 1.34 GeV/c in both two pion and two kaon annihilations that
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the positively charged particle has a higher probability for going
forward, contrary to what one might expect from simple charge
following considerations. Although there is considerable structure
in the cross sections for a charged pion gqing forward in a two
pion annihilation, the cross sections for a charged kaon going
forward fall approximately expomnentially, the cross section for the
k+ forward having the greater negative slope. The cross section
do/du has an s dependence given by s_10 for a positive kaon going

forward and by s'-5'2 for a negative kaon going forward.



Table 4.1 pp into =x

Momentum .700 s = 3.957

Negative Forward Going Pion

cos 0 dg/dg error -t -u dog/du error
.99 156.3 52.1 43 1.72 1510 504
.96 75.4 29.5 45 1.70 729 285

Positive Forward Going Pion

cos ecm dg/dq error -t -u dg/du error
-.99 123.6 31.9 1.72 43 1194 308
-.96 153.6 28.4 1.70 45 1484 274

Folded Data

cos 0 dg/dg error -t -u do/du error
.99 279.9 61.1 43 1.72 2704 590
.96 229.0 40.9 45 1.70 2212 345
.91 126.5 26.6 .49 1.67 1222 257
.85 134.9 24 .4 ¢ 93 1.63 1304 236
27 107.3 17.7 .58 1.58 1037 171

.67 ’ 74.0 20.1 64 1.51 1052 287

%76



Table 4.1 (continued)

Momentum .810 s = 4.086

Negative Forward Going Pion

— et

cos Gcm do/dg error -t -u dg/du error

Positive Forward Going Pion

cos 6 do/do - error =t -u dg/du error
-.99 81.8 27.3 1.89 .40 683 228
-.96 101.9 27.1 1.87 42 851 226

*
Folded Data

cos 0 da/do error _-t -u dg/du error
.99 163.6 38.6 40 1.89 1366 322
.96 203.9 38.3 42 1.87 1702 . 320
.91 157.7 27 .4 W46 1.83 1316 229
.85 144.3 2.5 «50 1.78 1204 196
.79 - 68.6 15.8 55 1.74 *573 132
.73 135.1 25.9 .59 ' 1.69 1128 217
.67 73.3 26.3 64 1.65 612 220

% The first two bins of the folded data are the positive forward going pion data multiplied by 2.

66



cos 6

.99
.97
.93

cos 6
———cm

".99
'097
‘093

cos 6
———cm

.99
.97
.93
.82
sl

cm

dag/dg

70.7
100.7
64.5

do/dn

96.9
120.3
86.6

167 .6
2210
151.0
1175
56.0

Table 4.1 (continued)

Momentum .870 s = 4.161

Negative Forward Going Pion

error =t -u
12.6 .38 1.98
16.1 .40 197
11.0 .43 1.93

Positive Forward Going Pion

error =t -u
15.9 1.98 .38
20.8 1,97 40
14.4 1.93 43

Folded Data

error =t -u
20.3 .38 1.98
26.3 40 1.97
18.1 .43 1.93
8.1 «52 ‘ 1.84
10.4 .57 1.79

do/du

550
783
501

do/du

753
935
673

do/du

1303
1718
1174
913
435

error

98
125
86

error

124
162
112

exrror

158
205
141
63
81

96



cos @

<99
.96
.92

cm

cos 6
=l

-.99
‘096
".92

cos 6
—_—

.99
.96
.92
91
.85
.79
.72
.65

m

70.5
86.5

Table 4.1 (continued)

Momentum .990 s = 4,320

Negative Forward Going Pion

error -t -u
6.7 .35 2.17
6.6 .38 2.14
11.3 41 2.11

Positive Forward Going Pion

error e -u
9.9 2.17 .35
8.3 2.14 .38
12.7 2.11 41

Folded Data

error _=€ -u
11.9 .35 '2.17
10.6 .38 2.14
16.9 Al 2.11
8.0 42 . 2.10
6.7 .48 2.04
6.3 .53 1.99
5.7 .60 1.92
7.3 .66 1.86

dg/du

370
481
591

do/du

668
646
644

do/du

1038
1126
1235
906
835
663
518
363

error

46
45
77

error

67
56
86

error

81
72
116
55
46
43
39
50

L6



cos 6
———=il

.99
.96
.92

cos 6
=————Cm

-.99
"-96
-092

cos 6

.99
.96
.92
.87
.80
.72
.64

(Sul

dg/dg

87.4
75.2
59,3

do/dg

118.9
115.7
93.4
68.5
56.9
42.1
48.1

Table 4.1 (continued)

Momentum 1.120 s = 4.502

Negative Forward Going Pion

error =t -u
5.1 32 2,38
3.4 .35 2.35
4.4 .39 2.31

Positive Forward Going Pion

error ~t -u
15.2 2.38 .32
. 12.8 2.35 .35
15.0 2.31 «39

Folded Data

error _=t, -u
16.0 .32 '2.38
13.3 .35 2.35
15.6 .39 2:31
3.3 45 : 2,26
2.4 «52 2,18
32 .60 2.10
5.5 .68 2.02

dg/du

190
244
206

dg/du

527
454
358

do/du

717
698
564
413
343
254
290

error

31
20
26

error

92
78
91

error

97
80
94
20
14
20
33

86



Table 4.1 (continued)

Momentum 1.340 s = 4.830

Negative Forward Going Pion

cos Gém da/dg error -t -u dg/du error
<99 31.6 5.5 .28 2.75 159 28
.96 34.7 6.7 «32 2.71 175 34
.92 35.7 6.4 .37 2,66 180 32
.88 45.6 12.2 42 2,61 ' 220 61

Positive Forward Going Pion

cos & do/do error -t -u dg/du error
-.99 ‘ 27.8 3.9 2.75 .28 140 20
-.96 23.2 4.0 2.71 .32 117 20
-.92 20.7 4.1 2.66 .37 104 21
+.88 16.5 5.0 2.61 A2 ‘83 25

Folded Data

98 P do/dg error -t -u do/du error
<99 59.4 6.7 .28 « 2509 299 34
.96 57.9 7.8 .32 2.71 292 39
.92 56.4 7.6 .37 2.66 284 38
.88 62,1 13.2 42 2.61 313 66
.83 32.0 2.9 .48 2.55 161 15
77 28.4 - 351 .56 2.48 143 16
.71 33.6 5.3 .63 . 2.40 169 27
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Table 4.1 (continued)

Momentum 1.450 s = 5.001

Negative Forward Going Pion

cos 0 da/dg” error -t v da/du error
.99 34.3 5«1 « 26 2.94 160 24
.96 19.8 4.7 31 2.90 92 22
.92 8.8 3.4 .36 2.84 41 16
.88 15 6.6 41 2.79 35 : 31

Positive Forward Going Pion

cos 6 do/do error =t -u do/du error
-.99 25.0 5.0 2.94 .26 116 23
-.96 23.6 5.6 2.90 .31 110 26
-.92 12.3 4.5 2.84 .36 57 21
-.88 26.1 8.0 2.79 A 122 37

Folded Data

cos @ o dog/dq error -t -u do/du error
.99 59.3 N .26 2.94 276 33
.96 43.4 7.3 a3 2.90 202 34
.92 2131 5.6 .36 2.84 98 26
.89 34.5 3.9 .40 2.80 156 48
.88 33.6 10.4 A1 2.79 161 18
.83 29.8 - 3.1 .48 2,72 139 15
.76 31.0 3.4 «58 2.63 145 16
.68 33.9 4.1 .68 2.52 158 19
.62 20.6 5ieD .76 2.44 96 26

001



Table 4.1 (continued)

Momentum 1.590 s = 5.225

Negative Forward Going Pion

cos 6 do/do error -t -u do/du error
.99 19.1 3.8 .25 3.18 - 81 16
.96 21.3 3.5 .29 3.13 91 15

.92 7.8 2.5 «35 3.08 34 11

Positive Forward Going Pion

cos 8. dg/dg error =t -u dg/du error
=599 15.7 3.0 3.18 «25 66 12
-.96 8.2 2.0 3.13 .29 35 9
-.92 4.0 1.6 3.08 .35 17 7

Folded Data

cos O do/dq error -t -u dg/du error

208 Yo 80/4Q —t su gag0/du error
.99 34.8 4.8 .25 3.18 148 20
.96 "29.5 4.0 .29 3.13 126 17
.92 11.8 3.0 39 3.08 50 13
.87 7:3 2.4 42 3.00 30 11
.81 12.4 21 a1 2.91 52 9
odD 21.8 2.9 .60 2.82 92 ’ 12
.69 277 3.7 .69 2.73 117 15
.63 21.6 4,7 .78 2.65 91 20

T01



Table 4.1 (continued)

Momentum 1.710 s = 5.420

Negative Forward Going Pion

cos 6 do/dg error -t -u dg/du error
<99 18.2 4.2 «23 3.39 72 17
.96 15.0 4.7 .28 3.34 59 19
.92 4.2 6.0 .35 3.28 17 24
88 5.7 4.1 41 3.21 23 16

Positive Forward Going Pion

cos 8 da/do error =t -u dg/du error
-.99 16.7 3.4 - 3.39 ' «23 .66 13
-.96 4.2 3.0 3.34 .28 17 12
-.92 9.6 3.8 3.28 .35 38 15
-.88 4.9 2.8 3.21 41 B 11

Folded Data

cos 6 do/dg error -t u do/du error
.99 34.9 5.4 «23 3.39 138 2]
.96 19.2 5.6 .28 3.34 76 22
.92 13.8 7.1 .35 3.38 54 28
.89 7.2 2.9 .39 _ 3.23 28 11
.88 10.6 4.9 41 321 42 20
.83 8.5 2.9 .49 3.13 34 11
o7 7 12.9 2.8 .58 3.04 51 11
od L 18.2 3.7 .68 2.94 72 15
65 18.3 4.3 18 2,85 72 17

¢01



Table 4.1 (continued)

Momentum 1,815 S = 5,594

Negative Forward Going Pion

cos 6 dg/dg error -t , -u dg/du error
L99 ¢ 17 .4 2.5 .23 3.57 65 9
.96 12.3 1.4 w20 352 46 5
.92 7.0 1.3 .34 3.45 26 5
.88 4.4 1.9 A1 3.39 16 7
.84 3.1 3.9 .48 . 3.32 12 14

Positive Forward Going Pion

‘cos 6 n dg/dp error -t -u dg/du error
-.99 9.1 1.9 3.57 22 34 7
"096 6.6 1'0 3.52 027 25 4
-.92 247 1.4 3.45 .34 10 5
-.88 0.0 - 3. 39 A1 0 -
-.84 3.5 2.0 3.32 .48 13 7

Folded Data

cos 6 dg/do error -t -u dg/du error

208 2o error —t zu gg/du grrorx
.99 26.5 3.1 022 3.57 98 12
.96 18.9 1.7 27 3:.52 70 6
.92 9.6 1.9 .34 3.45 36 7
.88 IANA 1.9 41 3.39 16
.85 659 Ll 46 3.33 24 4
.84 6.6 4.3 48 3.32 25 16
.79 11.0 .9 .56 3.23 41 3
.73 14.6 12 .66 3.13 54 4
0.7 15.3 1.9 .76 3.03 57 7
.62 19.0 3.5 .85 2.95 71 13

€01



Table 4.1 (continued)

Momentum 2.000 s = 5.906

Negative Forward Going Pion

cos 6 do/dgp error -t -u dg/du error
.99 ™ 19.2 3.5 .21 390 65 12
.96 10.8 2.6 .26 3.84 36 9
.92 10.0 5.8 .34 3.77 34 20
.88 0.0 = 41 3.69 0 i
.84 0.0 - ' .49 3.62 0 -

Positive Forward Going Pion

cos O dg/dg error -t =u dg/du error
-.99 3.9 1.6 3.90 .21 13 5
-.96 5.4 1.7 3.84 .26 18 6
-.92 3.1 2,7 3,77 .34 11 9
-.88 3.4 2.6 3.69 A1 12 9
-.84 3.1 3.1 3.62 .49 11 11

Folded Data

cos O dg/dg error -t -u dg/du error

————cm L . e — — S
.99 231 3.8 .21 3.90 78 13
.96 16.2 3.1 .26 3.84 55 10
.92 13.2 6.4 .34 3.77 45 22
.88 3.4 2.6 o4l 3.69 12 9
.84 3.1 3.1 .49 3.62 11 11
.83 5.9 2.4 e51 3.60 20 8
o717 8.0 2.1 62 3.49 27 p
.71 12.0 2.8 ' 3.38 41 9
.65 14.2 3+3 .84 3.26 48 11



Table 4.1 (continued)

Momentum 2.160 s = 6.179

Negative Forward Going Pion

cos 6 dg/dg error -t -u do/du error
.99 17.6 2.4 <20 4.18 © 35 7
.96 15.8 1.5 «26 4.12 49 5
.92 13.9 3.4 .34 4.04 43 11
.88 4.1 1.6 42 3.96 13 <

© .84 0.0 - 50 3.88 0 =

Positive Forward Going Pion

cos ecm da/dq error =£ -u dg/du error
-.99 5.4 ’ 1.6 4.18 .20 17 ' 3
-.96 6.8 1.8 4.12 «26 21 6
-.92 1.7 1.7 4.04 .34 5 5
-.88 0.0 = 3.96 42 0 -
-.84 3.4 3.4 3.88 .50 11 11

Folded Data

cos 6 da/dg error _-t -u dg/du error
.99 235k 2.8 .20 4.18 72 9
.96 22.6 2.3 «26 4.12 71 7
«92 15.6 3.8 <34 4.04 49 12
.88 4.1 1.6 42 3.9 13 5
<84 3.4 3.4 <50 3.88 11 11
.80 5.6 .8 .58 3.80 18 3
o72 5.8 1.0 74 3.64 18 3
<65 5.5 4.8 .88 3.50 17 15



Table 4.1 (continued)

Momentum 2.260 s = 6,352

Negative Forward Going Pion

cos 8 do/dg error -t -u dg/du error
.99 13.3 3+2 .19 v 4.36 - 40 10
.96 9.2 2.9 «25 4.30 28 9

«92 16 .7 5.9 .34 4,22 50 18

Positive Forward Going Pion

901

cos 6 da/dg error -t -u dg/du erLor

*
Folded Data

cos 6 do/dq error _-t -u do/du error
.99 26.5 4.5 .19 4,36 79 14
.96 18.5 4.1 «25 4,30 55 12
.92 33.4 8.4 .34 4,22 100 25
«89 6.8 3.7 40 > 4,15 20 11
.83 9.5 3.6 D3 4,03 28 11
77 4.3 2.9 .65 3.90 13 9
71 7.8 2.9 .78 3.77 23 2
.64 11.2 6.0 .93 3.62 33 18

* The first three bins of the folded data are the negative forward going pion data multiplied by 2.



Table 4.1 (continued)

Momentum 2.400, s = 6,596

Negative Forward Going Pion

cos 8 do/dg error -t -u do/du error
.99 9.9 & 203 018 4061 28 7
.96 3.9 i ) W25 4.55 11 4
.92 540 3.8 34 4,46 14 11
.88 2.2 2.9 43 4,37 6 8

Poéitive Forward Going Pion

cos 8 da/dg error -t su do/du error
-.99 2.8 1.2 4.61 .18 8 3
-.96 3.4 1.4 4,55 25 10 4
-.92 6.2 2.6 4 .46 .34 18 7
-.88 3.5 3.9 4.37 .43 10 11

Folded Data

cos 6 dg/do error -t -u do/du error

——-———cm m——— [  Om—ctere G e e
.99 12.6 2.6 .18 4,61 36 7
.96 7.3 2.1 25 4 .55 21 6
.92 11.3 4.6 .34 4,46 32 13

. .88 5.8 4,8 43 . 4,37 16 14
.83 4.8 2.2 .54 i 4,26 13 6
17 5.6 3.2 .67 4,12 16 9
it 10.7 4.5 .81 3.99 30 13



Table 4.2 pp into kk

Momentum .700 s = 3.957

Negative Forward Going Kaon

cos 6 dg/dg error -t -u dg/du . error
.99 10.9 10.9 .29 1.42 120 120
.97 32.3 27.6 .30 1.41 356 304

Positive Forward Going Kaon

cos O do/dg error ' _-t -u dg/du error
-.99 63.0 23.1 1.42 .29 695 254
-.97 50.2 27.6 1.41 .30 554 304

Folded Data

cos O do/dg error =t -u do/du error
.99 73.9 25.5 .29 1.42 815 282
.97 82.5 39.0 .30 1.41 908 431
.90 121.9 28.6 .34 1.37 1343 315
.85 68.3 16.6 .37 1.34 752 182
.79 58.3 15.7 .40 1.31 644 174
.72 20.5 8.8 WA 1.27 226 97

.64 44 .4 25.8 49 1.22 489 284

80T



Table 4.2 (continued)

Momentum 810 s = 4,086

Negative Forward Going Kaon

cos O do/dg error -t -u dg/du error
B8 Y v gag9/dQ error -t su dg/du error

Positive Forward Going Kaon

cos ecm do/dg error -t -u dg/du error

-.99 30.1 22.5 1.58 .26 286 213

-.96 33.9 - 17.9 1.56 .28 321 170
*

Folded Data

cos 6 do/do error ozt u do/du error
.99 60.3 31.8 .26 -1.58 571 301
.96 67.8 25.3 .28 1.56 642 240
.91 45.3 14.9 s 32 1.52 429 141
.85 79.8 28.2 .36 1.<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>