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ABSTRACT 

Differential cross sections for the annihilation reactions 

+ - - + -pp ~ rr rr and pp ~ 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. In the 

angular region .90,::; \cos ecml ,::; 1.00 the forward going particle 

traversed a magnet and the differential cross sections for its 

charge sign could be measured. In the remaining angular region only 

the folded cross sections [dcr/dQ (B ) + dcr/dQ (rr - e )]could be cm cm · 

obtained. The data which, when binned in cos e bins which varied 
cm 

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, while the two kaon annihilations fall approximately 

exponentially. Between 0.7 and 1.34 GeV/c the positive meson has 

a larger cross section for moving in the p beam direction; between 

1.34 and 2.40 GeV/c the situation reverses. 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 resonance model with two resonances. The two kaon data have 

been interpreted in terms of particle exchanges. 
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Chapter I 

INTRO DUCT ION 

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.:· fo·r resonances · .)f 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 
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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 + p -> 11'. +.11'. 

p + p -> k+ + k-

( 1. la) 

( 1. lb) 

in the angular region 0.65 < jcos e I < 1.0 at 14 momenta between · 
cm 

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

Fong et al.
1

) for jcos e I < 0.70 give complete folded
2

) angular 
cm -

distributions for 12 momenta in this momentum range. In addition, in 

the angular region 0.90 < !cos e I < l.o the forward going particle 
cm 

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 

group
3
). Second, previous cross section measurements of the elastic 

scattering reactions 
± ± 11'. +p -> 11'. + p (1.2a) 

+ + k- + p ~ k- + p (1.2b) 

in the forward and backward d. . 4) irections can be compared to the 

. annihilation reaction cross sections in the forward and backward 
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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. 

5) 6) 
Groups at Brookhaven Lab (Abrams et al. , Anderson et al. ), 

CERN
7
), and Michigan8 ) have reported many B = 0 structures of masses 

between 1990 and 2570 MeV which may be candidates for s channel 

resonances in the annihilation react~ons (l.la,b). Some of these such 

as the bumps in the pp 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 pp 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 6(1236) or 6(1236) production and the structures reported at 

* -* 2350 and 2380 MeV may both be due to N (1400) or N (1400) 

production9). 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 ~nn and pp~ kk 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 channel I = 0 or 1 

meson resonances in these reactioris 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 (-l)J where J is the total spin, structures which could be s 

- -channel resonances in the reaction NN ~MM have I= 0 with even J or 

I= 1 with odd J. The J of those structures which strongly couple to 

-the pp 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 (l.lb) 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 ~MM. With the usual definitions 

2 2 
( 1. 3a) s = (pl + P2) = (P3 + P4) 

2 2 
(1.3b) t = (pl - p ) = (p2 - P3) . 4 

2 
= (p -

2 
( 1. 3c) u .= (pl - P3) P4) 2 

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 ~ - z where z = cos e . 
u u . u u 

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 

. 10) 
elastic scattering becomes equal to the · u channel amplitude • 

Assuming the annihilation cross section do/du is dominated by the 

same u channel exchanges as the backward scattering cross section 

do/du, the relation between them is 

lim do (t u) = l lim do (s.u) 
du ' 2 du ~ 

(1.4) 

t -? co s .. -? co 

!he 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 angular momentum t of the 

Legendre polynomials P (cos 8 ) appearing in the amplitude before 
.£ u 

analytic continuation by ± (-).£, 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 £ 1 (~u,s) and the u channel backward elastic scattering ampli

tude f 
1 
(~u, s) is ll) · 

(1.5) 

Equation (5) can be used to relate the backward elastic cross 

section to the annihilation cross section. First the differential 

cross section for meson-nucleon scattering is written in terms of the 

s-channel invariant amplitudes f
1

(± ~s,u) and the kinematic factors 

s and u. Crossing symmetry related these s channel amplitudes to the 

u channel amplitudes £ 1 (±~u,s). The annihilation u channel cross 

sections can then be obtained by replacing f 1 (±~u,s) by f
1

(± ~u,s) 

and s by t. The assumption of a single trajectory exchange permits 

the use of equation (5). Finally, the assumption that the invariant 
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amplitudes f
1

(± ~u,s) are even functions of ~u 12
) 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 amplit~des. This relation at equal energies 

(t === s) is 

d0 
du = 1 d0 

2 du 
[s - (M + µ)

2][s - (M - µ)
2] 

s[ s + 2D
2

] 
(1.6) 

2 2 2 
where M is the nucleon mass, µ is the meson mass, and D = M - µ • 

In the limit s ~oo, this expression reduces to equation 1.4. 

Annihilation data from this experiment can be compared to 

backward elastic scattering data from other experiments for 

2 
-3. 98 ~ S :::; 6. 39 (GeV/c) and 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 pp~ k k (reactions 4) satisfy equation 1.6, they could 

be interpreted as evidence for S = + 1 baryon excha~ge (in this case 

*++ 
the Z ) which has not previously been observed. (S = +l baryons 

do not fit the usual quark model interpretation that baryons are 

made up of three qua~ks.) 

Previously published pp ~MM data is scanty primarily because 

high flux p beams have been unavailable until recently and cross 

. 11 ( tot sections are sma 0- "' 
pp~ :rr:n: 

tot· 
which can occur (0- n1 100 mb). 

pp 

200 µb) relative to other processes 

· 13) 
In 1963 Lynch et al. found 20 

events fitting pp ~ ;:n: kinematics and 11 fitting pp ~ kk kinematics 

at incident antiproton momentum 1.61 GeV/c from the over 20,000 

antiproton-proton interactions seen in the Berkeley bubble chamber. 
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14) 
In a 1968 bubble chamber exposure at Michigan, Chaprhan et al. 

measured differential and total cross sections for these annihilation 

reactions between 1.6 and 2.2 GeV/c. Figure l.2b is an energy 

averaged plot of the angular distributions. The dashed curve is a 

plot of the spherical harmonic IY~j 2 • The experimenteFs interpreted 

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

except for the absence of large peaks at cos e = ±1. , cm 
-Total cross sections and angular distributions for the pp -7 MM 

reactions have also been measured between .22 and .62 GeV/c by 

15) 
Bizzarri et al. A plot of the total cross sections is given in 

Figure 1. 3,. 

The angular distributions for reaction (l.la) obtained in 

this experiment are consistent with the Lynch data and Chapman data 

and are also consistent with the interpretation that the principal 

featuresof the data result from two resonances in the pp 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 reactions (1.lb) and 

(l.2b) using equation (1.6). Although the backward k+p scattering was 

16) 
expected to be dominated by u-channel exchanges down to;"'./ 1 GeV/c , 

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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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 hydrogen target. 

c) A fast logic or triggering circuit which discriminates against 

unwanted reactions and enriches the recorded data sample with 

events of interest. 

d) Apparatus which measures the numbers and trajectories of in-

coming and outgoing particles in space sufficiently accurately 

so angular distributions can be determined. 

e) A method for recording data for subsequent off-line analysis. 

f) A system for monitoring the experimental equipment during the 

actual 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 Laboratory
17

). The p fluxes of this beam per machine pulse 

ranged between 500 p'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 

of 25 pulses/minute. Scintillation counters arrays upstream18) of 



14 

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 the 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 sunnnary data which was used to check 

counter an9 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 

beam 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 defining 

counters 8
1

, 8
2

, and 8
3 

was required. These counters were arranged 

so that any straight line drawn through all three intersected all 

of the liquid hydrogen target. A beam particle was defined as a 

particle which satisfied this coincidence requirement. 

To eliminate unwanted rt- contamination in the beam and the 

-corresponding background reaction rt p ~prt which is kinematically 

similar to the reaction pp ~ k±k+ at extreme angles, a liquid radi-

19) . 
~tor 6 counter and a time-of-flight system were also used to identify 

incident p's. Figure 2.3 is a schematic drawing of the beam liquid 

differential C counter. 
~ 

Cerenkov light from antiprotons moving 

~ 

through the radiator cell was reflected to the C photomultiplier 

tubes by means of the movable diaphragm mirror (the dashed line) 

whereas Cerenkov light from the faster moving pions came off with a 

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

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

of beam particles giving a C counter signal as ~ 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/cJ the 

20) p efficiency was better than 90%. 

At low incident p momenta (.7 to 1.0 GeV/c) limitations on the 

magnitude of the index of refraction of available liquids and in-

creased probability for scattering r~duced the efficiency of the 

differential C counter. However, the relatively low ~ of the p 

compared to that of the pion below 1.0 GeV/c (~p rJ .7, ~~ · ~ 1.0) 

made it possible to use time-of-flight (TOF) to identify p's. A 

set of 7 counters near the mass slit about 41 feet upstream of the 

target was used in conjunction with the s
3 

counter to give a time-

of-flight measurement of the beam particle velocity. The 

difference in flight time over this distance b~tween p's and pions 

at low energies was ,.v 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-

~ 

coincidence with the C counter set to accept pions. At momenta 

above 1 GeV/c when the time-of flight difference between p's and 

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 p was thus defined 

at low momenta as a beam particle in coincidence with the TOF 

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

set to accept pions and at momenta greater than 1.0 GeV/c as a beam 
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particle in coincidence with the C counter set to accept p'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 undestrable 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 

µsec (the real event satisfying all the trigger criteria actually 

occurring in the apparatus at t = O) will break down at all 

points where the particles have passed through it as long before 

as t = - .7 µsec. Therefore, a .5 to .7 µsec dead time circuit 

which typically reduced the amount of usable beam by 10-30% 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 s
2 

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 µsec. 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) µsec and t = O. Hence, only those beam particles 

and scatterings occuring between t =.0 and t = .3 µsec, 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 l/2" x 1/4" 

scintillation counters called beam hodoscopes arranged in hori

zontal and vertical rows and located just downstream of beam defining 

counters s
2 

(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 µsec 

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 from 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 p beam particles 

.incident on the apparatus during this time were included in the 
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p flux used in the cross section calculation. Two 100 megacycle 

scalars were used simultaneously to count this gated p 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 ungated beam particles, ungated p 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 A and the beam defining 
u 

counter s
2 

was kept below 200 K per pulse. Consistent results be

tween 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 n
3 

(Figure 2.2). 

Using the fact that beam particles of 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. 



G-11 G-12 G-13 G-14 

AGS Proton Beam 

target 

H-momentum slit (horizontal 
l focus) 
~ V-focal point 

I (vertical 

Beam counters - s
1

, s2, s
3 

Beam Cerenkov counter - C 
H2 

target 

Mass 
counters M

1 
-M

7 
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Table 2.1 

Beam fluxes and rates for each momentum. The actual momentum is the momentum of the beam particle 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 

Momentum 

Nominal 
(GeV/c) 

Actual 
(GeV/c) 

Total p 
flux 

Beam 
Particles £ pi/p 
per typical pulse 

Positive Particle Forward 

Trigger 

Negative Particle Forward 

Trigger 
in millions Regular Wide Angle Regular Wide Angle 

.. 680 

• 770 

.890 

.970 

1.090 

1.340 

1.450 

1.585 

1. 700 

1.815 

2.000 

2.125 

2.250 

2.365 

.700 

.810 

.. 870 

.990 

1.120 

1.340 

1.450 

1.590 

1. 710 

1.815 

2.000 

2 .160 

2.260 

2.400 

12.6 

5.6 

44.0 

101. 7 

77 .8 

113.4 

92.5 

130.0 

98.7 

234.8 

116 .o 
187.3 

40.l 

123.7 

BK 

20K 

13K 

46K 

26K 

24K 

24K 

30K 

35K 

55K 

55K 

55K 

37K 

75K 

.SK 15.0 

• 9K 21.0 

1.0K 12.0 

3.SK 12.0 

4.0K 5.5 

8.0K 1. 9 

8.SK 1.8 

11.0K 1.8 

13.0K 1.8 

22.0K 1. 5 

22.0K 1.5 

28.0K 1.0 

8.lK 3.6 

45 .OK .6 

.20 

.20 

.29 

.20 

.17 

.19 

.20 

.20 

.20 

.20 

.20 

.13 

.27 

1.10 

1.05 

.43 

.95 

.3'7 

.27 

.80 

.36 

.75 

.70 

.65 

.27 

.31 

.45 

.29 

.35 

.35 

.29 

.70 

.40 

.60 

1.00 

1.50 

.57 

.20 

.82 

1.10 

.45 

.95 

.85 

.29 

.80 

.37 

.75 

.60 

.70 

.45 

.70 

.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 during the running of the experiment. 

N 
N 
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Figure 2.3: Schematic drawing of the beam liquid differential 

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

are the veto signal. All scales are approximate. 
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Figure 2.7: . continued 
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Counters 

Mass slit 
Ml - M7 

(7 counters) 

Beam defining 

s *** 3 

Beam Halo 

29 

Table 2.2 

Sizes and Positions of Beam Counters 

Dimensions 

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

3" diameter 
1/411 thick 

2 II diameter 
1/4" thick 

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

(2" diameter 

Beam Position 

Just upstream of 
mass s 1 it z N - 14 ' 

z = - 75" 

z = - 39" 

z = - 11-7 /8 11 

A 
u 

2211 high 
12" wide 
1/4" thick 

hole in center) z = - 39-7 /8" 

Beam hodoscope 

Horizotital array 

H - H 
Xl X4 

Vertical array 

H - H 
Y1 Y4 

(8 counters) 

Radiator cell 

2" x 1/2" 

1/4" thick 

"( 

Differential Cerenkov Counter 

6" diameter 
1/2" - l" thick 

z = - 35-3/411 

Z N - 50 11 

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

** Counters higher than mass slit aperture. 

*** 
0 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
2 

target should be made as long as possible. 

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 stateJ 

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 tha reaction products and 

± + + + 
P.P ~ 1t 1t 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 (D
4

) 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", l" 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 n
4 

every time its polarity was changed to prevent 

loss of magnetization from stray longJtudinal 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 (1) over which a constant ma'gnetic field of this 

magnitude acts for the magnet used in this experiment is 

1 = 155.60 cm/(l + (B/255.51 kg) 0 •99991 ) (1) 

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

by 

p(GeV/c) 
2 2 1/2 = 2.9978 B(kgauss) L(cm)(l + x' + y' ) 

. . 2 1/2 
lOO(sin a+ sin ~)(l + x' ) 

(2) 

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

and a and ~ are the horizontal incident and outgoing angle, 

respectively (Figure 2.8). The momentum cal<t:Ulated from Eq. (2) 

h b d . b . h' 0 3a1 21> was s own y stu ies to e accurate to wit in • ;o• 
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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 ~ forward going particle 

detected by an array of scintillation counters downstream of the 

target and upstream of the magnet n
4 

(P counters), and an array of 

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 (B
3 

- B
6

) 

was in time coincidence with a forward going particle traversing a 

wide angle P counter (P
6 

- P
10

) 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 n
4 

magnet; this information was not 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 =I., R, B, A) 

located in regions of space where ~either particle of a two 

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

conditions could be found were set in anticoincidence with the B, 



35 

P, and R counter trigger conditions. In addition the beam particle 

was required to vanish. 

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 (R
4 

- R
6
). A time coincidence between 

these counters was set in time anticoincidence with an otherwise 

acceptable trigger to prevent events without disappearing beam 

particles from being recorded. 

When the trigger was set for negatively 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 pp ~ nn or pp ~ 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 p beam particles 

passing through AD or ~n'' the number of annihilation triggers re

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 ~ 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 
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Table 2.3 

Sizes and Position of Trigger Counters 

Size Position --

Counter x y z x y z 

pl 3" 7" 1/8" - 4" to - 1" - 3-l/2TT to 3-1/2" 38-1/4" 

p2 3" 7 If l/8fl - 1-1/2" to 1-1/2" - 3-1/2" to 3-1/2" 38-1/4" 

p3 3" 7 II 1/8" 1" to 4" - 3-1/2" to 3-1/2 11 38-1/4" 

P4 -3" 7" 1/8" 3-1/2" to 6-1/2" - 3-1/2" . to 3-1/2 11 38-1/li,. 11 

p5 3" 7 If 1/8" 6 If to 9" - 3-1/2 to 3-1/2" 38-1/411 

p6 3" 7 fl 1/8" 8-1/2" to 11-1/211 - 3-1/2" to 3-1/2" 38-1/fJ-ll w 
"° 

p7 7" 11" 1/4" 10-3/8" to 17-3/8" - 5-3/4" to 5-1/4" 34-3/4" 

PB 3" 12" 1/4" 16-3/4" to 19-3/4" - 5-3/411 to 6-1/4" 35--1/li-" 

p9 5" 11" 1/4" 19-1/4" to 24" - 5-1/4" to 5-3/4 11 36-1/4" to 38 11 

plO 7-1/2" 13" . 1/4" 11" to 18-1/211 - 6-1/2" to 6-1/2 11 21-1/2 11 

A 12" 24" 1/4 11 -37" to -24-1/2" -12 -1/ 4 II t 0 11-3 I 4 II 175-3/8" 
. Di; 

14" 24" 1/2" -30" to -16" -12-1/4" to 11-3/4" 175-3/8" RO 

Rl 14" 24" 1/2" -24-1/2" to -10-1/2" -12"'.'1/4" to 11-3/!1- 11 175-3/8" 

R2 14" 24'1 1/2" -14" to 0 -12-1/4" to 11-3/!~ 11 175-3/8" 

R3 14" 24" 1/2" - 4" to . 10" --12-1/4" to 11-3/4" 175-3/8" 

R4 14" 24" 1/2" 7" to 21" -12-1/4" to 11-3/4 11 175-3/8" 

R5 14" 24 1
.
1 1/2" 16-1/2" to 30-1/2" -12-1/4" to 11-3/L~" 175-3/811 

R6 14" 24" 1/2" 26-1/2" to 40-1/4" - 12 - 1 I 4 II t 0 11 - 3 I L1- " 175-3/8" 
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Q4 
.·Qs 

AD 
s 

Bl 

B2 

B3 

B4 

BS 

B6 

AD 
LM 

AT 

R 
AT 

B,A 
AT 

x 
12" 

12" 

4" 

9" 

9" 

9" 

9" 

Size 
y 

22" 

22" 

3" 

25" 

25" 

25" 

25" 

z 
1/4" 

1/4" 

1/4" 

1/2" 

1/2" 

1/2" 

1/2" 

9" 25" 1/2" 

7-1/2" 13-1/2" 1/4" 

9" 9" 1/2" 

24" 11" 1/4" 

25" 12" 1/4" 

3 irregular shaped 
counters 

b 1 
max. width 14" 

e ow max. length 26" 
target thickness 1/4" 

Table 2.3 (continued) 

x 
9" to · 21" 

19-1/2" to 31-1/2" 

-28" to -24" 

11" to 10-1/2" 

3" to 12" 

- 5-1/4" to 3-3/4" 

-13" 

-12" 

-26" 

-12" ' 

to - 4" 

to -21" 

to -20-1/2" 

to -21" 

9-3/4" to 27-1/4" 

-29-1/2" to - 5-1/4" 

Position 
y 

-11" to 11" 

-11" to 11" 

- 1-1/2" to 1-1/2" 

-10-1/2" to 14-1/2" 

-10" to 15" 

- 9-3/4" to 15-1/4" 

- 9-3/4" to 15-1/4" 

- 9-3/4" to i5-l/4" 

- 7-1/2" to 6" 

- 4" to 511 

5-1/2" to 5-1/2" 

- 5-3/4" to 6-1/4" 

x of both counters through target center 
- 9-1/4" to 10-1/2" · 

y lower - 5-1/4" 

above 2 counters total width 12" 
target length 26" 

thickness 1/4" 

y upper 4-3/4" 

z of both counters along beam line 
-10" to 9-1/2" 

z 
139-1/4" 

139-1/4" 

186-5/8" 

-21" to -23" 

-22" 

-22" 

-22" 

-22" 
..r::--
0 

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

126 II 

-10" to 6" 

16-1/4" to23-l/4" 

* x,y, and z positions of the B counters are with respect to a coordinate system rotated 45° 
counterclockwtse about the negative y axis (see Figure 2.1). 
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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 n
4 

magnet (chambers 

5-8), and one downstream of the magnet (chambers 9-12). Chamber 

numbers increased sequentially with increasing z position along the 

beam line. Chambers 1-4 were arranged so that a line drawn normal to 

0 
the plane of their sensitive areas formed a 45 angle with the beam 

center line (Figure 2.1). 

± + When the backwa.rd scattered meson in the reaction pp...,. rr rr or 

+ + . 
the reaction pp ~ k-k forms a laboratory angle with respect to the 

antiproton beam line of Nl5° 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 

N.7° for incident antiproton momenta between .7 and 2.4 GeV/c. Con-

++ sequently, in order to separate the reactions pp ~rr-rr and 

- + + pp ~k-k 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 N 620 mm, 

respectively, the resolution of the wire spark chambers was required 

to be ..vl nnn to achieve the des ired 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-

hers 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 

wires in each plane were at right angles to each other~3)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 he~ium 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 a 2.9 - 3.3, 20 nsec 

pulse across the wire planes of a chambe~ by suddenly (N60 nsec) 

connecting a capacitor charged to 4.8 - 5.6 kv to one wire plane 

while the other wire plane was connected to ground. Ionization at 

points where charged particles had traversed the chamber gap up to 

1 µsec before pulsing created low resistance current paths in the 

chamber and avalanche breakdown sparking occurred at those points 

N 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 nun/µsec 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-

amplif ier (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 

vertical 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 entir~ chain nf magpetostricti~e readout wire~ 

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 sig~als 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 µsec 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 µsec 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 µsec 

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 continued until poth 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 mse:c 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. 
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Table 2.4: Sizes and Positions of the Sensitive Areas of the Wire 

Spark Chambers 

Wire Chamber 
(sensitive area) z position 

** Chambers upstream of target (1-4) 

x position y position 

1 36" (x) by 18" (y) - 18-3/411* -14-1/2" to 21-1/2 11* -9" to · 

* 2 36" (x) by 18" (y) - 15-3/4" -17-1/2" to 18-1/2" -9 to 9" 

* 3 36",, (x) by 18" (y) - 12" -21-1/2" to 14-1/2" -9" to 9" 
.,.( 

4 36" (x) by 18" (y) - 9-1/4" -24-1/2" to 11-1/2" -9" to 9" 

Chambers downstream of target, upstream of n
4 

magnet (5-8) 

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

6 18" (x) by 9" (y) 19-1/4" -2" to 16" -4-1/2" to 4-1/2" 

7 18" (x) by 9" (y) 25-1/2" -2" to 16" -4-1/2" to 4-1/2" 

8 18" (x) by 9" (y) 31-3/4" -2" to 16" -4-1/2" to 4-1/2" 

Chambers downstream of n
4 

magnet (9-12) 

9 36" (x) by 18" (y) 144-1/2" -19-1/4" to 16-3/4" -9" to 9" 

10 36" (x) by 18" (y) 153-1/2" -21-3/4" to 14-1/4" -9" to 9" 

11 36" (x) by 18" (y) 162-1/2" -23-3/4" to 12-1/4" -9" to 9" 

12 36" (x) by 18" (y) 171-1/4" -26-1/4" to 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 450 counterclockwise 
about the negative y axis (see Figure 2.1). 

** Chamber numbers sequentially increase with increasing z position. 
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Horizontal Vertical H 5 v 5 
chamber 1 chamber 1 
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0 
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H 3 v 3 H 7 v 7 
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0 
H 8 v 

0 
8 v 4 H 

500 500 

0 

Figure 2.10: Horizontal and vertical distribution of sparks in wire 
spark chambers 1-8 for straight tracks. The bin size is .5 nun. 
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Plane B 

Figure 2.11 

fiducial 
wire 

~Path of ionizing 
\ particle 

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 logic;4~n 

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 

trigge~ 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 µsec but was supplemented by 

a busy signal sent from the interface which arrived at the master 

gate "'2 µsec 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 

before 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 µsec duration of the mask pulses, data from the 

4 scalars used in the digitizing system were read into the computere 

These 4 data breaks took a total time of about 8 µsec 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)e 

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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recorded during the 
25) 

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 information. 

c) 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 p 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 

trigger rate of 15 events/beam pulse was achieved only at 2.4 GeV/c 

and a maximum 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 equipment 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 

300n 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 n4 • 

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 runs), 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 

26) 
on Brookhaven's CDC-6600 computer. 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 ~nd were typically >99%. Th~ relative efficiencies of P 

counters P
1 

- P
6 

were determined from particles traversing two 
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counters in the 1/2" region of overlap and were typically > 99%. 

Wide angle counters such as B
6 

and P
7 

- P
10

, 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 track events are for those 

events in the regular trigger whose forward particles produced a 

track in the wire spark chambers downstream of the n
4 

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 p Magnet Track Regular Wide Angle Magnet Track Regular Wide Angle 
momentum Events Events Events Events Events Events --

.700 .994 .987 .938* 1.000 .989 .942* 

.810 .993 .993 .950* 

.870 .981 .988 .988 .988 .992 .993 

. • 990 .984 .986 .951* .984 .976 .954 
Vl 

1.120 .984 .984 .985 .960 .973 .973 \.0 

1.340 .953 .919 • 921* .940 .904 • 915•k 

1.450 .975 .963 ~ 916* .969 .972 .934 

l.590A .825 .815 .786 .872 .846 .851 

1. 590 B .985 0981 .985 .96 7 .958 .955 

1.590C .945 .944 • 920·k 

1. 710 .942 .. 937 .915* • 961 .955 .918* 

· i. 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. 



Event Type 

Magnet 
track 

Regular 

Wide 
angle 

Table 2.6 

Scintillation Counter Efficiencies 

Counter Array Efficiency (%) Over-all 
B . p R + Q Counter Efficiency (%) 

98 ± 1.0 99 ± 0.5 99 ± 0.5 96 ± 1.2 

98 ± 1.0 99 ± 0.5 99 ± 0.5 96 ± 1.2 

98 ± 1.0 98 ± 1.0 96 ± 1.4 

°' 0 
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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 d,ata to yield the numbers of · two charged pion a~d kaon final 

state annihilation events in bins of 6 cos e = .02. These were 
cm 

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 procedure 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 4 

sparks using a least squares procedure. If x2 > 6.6 for this fit 

or if any spark used in the fit had been used to form another 4 spark 

. 2 
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 in 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 (_.v 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 nnn were removed unless 

in so doing less than 2 tracks remained in region 1 or no tracks 



64 

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 region 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 mrad 28) 

and 

d) The angles the forward and backward scattered tracks formed with 

the beam track were required to satisfy two meson final state 

k 1 
. 29) 

inematica constraints. 

Events with the correct number of tracks and whose tracks satisfied 

requirements a-d were considered acce~table events for further study 

and written on magnetic tape for subsequent analysis. 
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· 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 

2 
-.14 and .16 GeV were classified as two pion annihilations, those 

with squares of final state particle masses between .16 and .35 

GeV
2 

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 n
4 

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 angle 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 (N 7°) 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 magnet (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 laborato~y 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 

0 
forward going particle was greater than ~ 20 were not able to 

traverse the n
4 

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 

II-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/~ in Figures 3.1 and 3.2, 

respectively. Reactions whose final state particles were coplanar 

with the beam line to within ± 15 mrad were considered event candi-

dates, reactions whose final state particles.were 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 reactions 

(> 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 ~ .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 GeV
2 

for all reactions 

whose final state particles were coplanar with the beam line to 

within ± 15 mrad, and betwe.en -30 and -15 mrad or 15 and 30 mrad, 

respectively. Those events giving calculated final state p~rticle 

squared masses in the pion or kaon event regions but whose calculated 

coplanarities were between -30 and -1~ mrad or 15 and 30 mrad were 

subtracted bin by bin in cos e from events with squared masses in cm 

the pion or kaon event regions with calculated coplanarities between 

± 15 mrad. The net number of events after this subtraction in 

cos e bins of .02 was used in the calculations of two pion and cm 

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 s !coplanarityl s 30 to 15::; jcoplanarityj .S 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 < 1% 

~ 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 massesa These events, however, had a 

high probability to have their final ~tate 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 

c) 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 p~rticle 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(~ 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 generating two-body final states at random in cos 

e bins and ~ angular regions in which there was a non-vanishing 
cm 

experimental particle detection efficiency in the laboratory, and 

using two pion or two kaon annihilation kinematics to find corres

ponding laboratory angles~O)Those pion or kaon events which satis-

fied trigger conditions and which could be reconstructed into 

acceptable pion or kaon annihilation events using the same recon-

struction process which was used for the data divided by the number 

of trials in each cos e bin produced the efficiency of the experi
cm 

mental apparatus for that bin. Final state pion or kaon decay and 

mu~tiple 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 n4 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 p momentum as a 

function of cos e for events whose forward particles were required 
cm 

to traverse wire spark chambers 9-12 (3.Sc), events whose forward 

particles were required to traverse the magnet (3.Sb) 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 ± 1.1%), 

events lost to acciden~als 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 

( ,v 4 ± 2%, Table 3.2). Angular corrections other than those in-

eluded 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 ± 1% for .7 ~ !cos 

e I <.a and 2.5 ± 2.5% for .6 <!cos e I < .1). cm - cm 

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

culation is described in detail in Appendix n? 1
)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 np 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 chambers 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 clo~e to real beam track sparks so this could happen 

"'3% 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 

one 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 consequently losing the event. This was particularly true for the 

forward particles from wide angle event triggers which had additional 

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 N 1% and miscellaneous 
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reconstruction mistakes estimated at ,v 1%. 
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 

from knowledge of the mornemtu.m 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 esticiate the reconstruction ine1ficiency 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 pp annihilations into more than three 

particle final state events gave spurious noises pulses which 

rendered the trigger circuit dead for N 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 n-p with 

incident pion momenta between 1.4 and 3.0 GeV/c average to about 

+ -32 mb for n p and 34 mb for n p with the average kaon total cross 

32) 
sections tv 2/30 . At these momenta 3/4 of the total cross section np 
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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 obtained. 

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 ,v 100 mb. 33) ' 

The over-all normalization multiplicative factor applied to the 

uncorrected .data ranged from N 1.37 at .70 GeV/c to rJ 1.29 at 2.40 

GeV/c incident antiproton laboratory momentum. The angular 

correction multiplicative factor applied to the uncorrected data was 

1.00 in the center of the measured angular region and averaged 

IV 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%. 



i'able 3.1 

Beam Absorption Corrections 

Positive Pion Forward Negatiye Pion Forward 

Incident p Magnet Track Regular Wide Angle Magnet Track ·Regular Wide Angle 
momentum Events Events Events Events Events Events 

.700 12.4% 12.8% 16. l<f; 13.0<f; 17 .8% 16. 2% 

.810 12.6 15.,0 14 .1 

.870 10.7 10.9 11.3 10.5 11.3 11.5 

.990 10.4 11.0 11. 7 11. 7 11.9 12.1 
co 

1.120 8.5 10.5 10.8 9.0 10.0 9.9 
w 

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 



T~ble 3.1 (continued) 

Positive Kaon Forward Negative Kaon Forward 

Incident p Magnet Track Regular Wide Angle Magnet Track Regular Wide Angle 
momentum Events Events Events Events Events Events 

.700 18.1% 13.9% 11. 7% 12.9% Ll.0% 18.1% 

.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 8.7 10.8 11.6 

1.120 9.8 9.6 10.9 8.5 10.3 10.7 
CX> 
+"' 

1.340 10.3 10.9 8.1 10.1 9.7 6.3 

L450 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 
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Table 3.2 

Nuclear Interaction Corrections 

Type Events Pion Ka on 
Correction Correction 

Magnet Track Events 6.5 ± 3 .3°fo 4.4 ± 2.2<fo 

Regular Events 3.0 ± 1.5 2.0 ± 1.0 

Wide Angle Events 2.0 ± 1.0 1. 7 ± .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 ~earr angle e 

(6Nn k(9)) is given by 

' 

where N
0 

is the number of antiprotons incident on the target, n 

is the number of scattering centers (protons) per unit volume in 

the target, 6an k/l:-0, is the probability per unit area for havin~ 
J 

an antiproton-proton pair annihilate into a pion (kaon) pair with 

each pion (kaon) forming a center-of ..;.mass angle e with respect 

to the center of mass incident antiproton or proton direction, 

/:§}, is . the acceptance solid angle of the experimental apparatus 

for cos e in bins of .02, and z is the interaction position in the 

target (measured in centimeters along the beam line). e 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 

~ (e) = ""~e) (No~z J 
.6385 7 6N 

t§I, (cos e in bins of .02) = 
NO (millions) 

(3.2) 

Since data events with lcoplanarityl < 15 mrad (NT) con-
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sisted of two pion and two kaon annihilations plus background and 

events with 15 s jcoplanarityl - ~ 30 mrad (NB) consisted of back

ground events only ~(8) equalled NT - NB. The statistical error 

€ was calculated from the equation 
s 

(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 

dcr ( 8) 
<ln = : 0 

( e) I · ( 1 + N ( e)) 
final n raw data 

where N(B) was the product of the normalization corrections dis-

cussed in Section III-4. 

The errors quoted with the cross sectipns 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, along with 

a 2% error in the density of liquid hydrbgen in the · farg~t and a 4% 

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 

for calculating the differential cross sections with the number of 

triggered events surviving each stage of the analysis for e99 GeV/c 

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

Uncertainty in Normalization 

cos e 
cm 

* Magnet Track Events 

* Regular Events 

.·so - .10 

• 70 - • 60 

Average Uncertainty 

Normalization 
Uncertainty 

6.40% 

5.40% 

5.50% 

5.95% 

5 .69% 

* Range of cos e varies with momentum 
cm 
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Figure 3.7 

* Flow Chart of Analysis Procedure 
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* Numbers are for .99 GeV/c with trigger set for negative forward 
particle. 
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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. 

1. Table 4.1 gives the two pion ann:thila tion data. 

2e Table 4.2 gives the two kaon annihilation data. 

3. Figures 4.1 and 4.2 which combine data from this experiment and 

the one of Fong et 
34) 

a 1. present the folded distributions at 

twelve momenta for pp -7nn and pp -7 kk, respectively. The 

dashed curves are Legendre polynomial fits to the data. 

4. Tables 4.3 and 4.4 give the fitted values for the Legendre 

coefficients for pp -7 nn and pp -7 kk, respectively. The 

coefficient of P
0 

is multiplied by 2n to give the total annihi-

~ation cross sections for each reaction. 

5. Figure 4.3 presents the total cross section for pp -7nn and 

pp -7 kk as a function of incident antiproton momentum. 

6. Figure 4.4 presents the momentum dependence of the remaining 

Legendre coefficients for the fits given in Tables 4.3 and 4.4. 

7. Tables 4.5 and 4.6 give the .differential cross section dcr/dn and 

do/du at cos e = .99 (n-, k- goes forward) and at cos e = 
cm cm 

- .99 (n+, k+ goes forward) for the reactions pp -7nn and pp -7kk 

respectively. 

8. Figures 4.5 and 4.6 present the differential cross sections 
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dcr/dn at cos e = ± .99 for the nn annihilations and kk cm 

annihilation, respectively. Figures 4.7 and 4.8 present the 

differential cross sections dcr/du at cos e = ± .99 for the nn cm 

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 jcos e I = O. and 1.0. At 1.45 GeV/c a second dip 
cm 

begins to appear at leas e I ~ .85 and then up to 2.0 GeV/c there 
cm 

are two very pronounced dips which change with energy. This double-

dipped distribution is also seen in the energy averaged data of 

35) 
Chapman et al. Finally, at the highest momenta, the peak at 

!cos ecml = O. 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 

dcr (e) + da (n _ B) = \ 
an an L 

£=0 

,& even 

(4.1) 

since odd terms cannot contribute to the folded distributions. 
2 x 

probabilities of all the fits are greater than .002. 
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Multiplying both sides of Equation (4.1) by 2~ and integrating 

with respect to d(cos ·a ) over the interval 0 to 1 produces the 
cm 

equation for the total cross section 

(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 

dependenc~ 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 . 
N s and s for the two pion and the two kaon annihilations, 

respe~tively. 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 a
6 

and a
8 

coefficients in the regions between 0.8 and 1.8 GeV/c. The peaking 

of the a
8 

coefficient at 1.6 GeV/c combined with the fact that all 

other coefficients are relatively small at this momentum suggests 

that a P
4 

Legendre polynomial or a combination of PLm associated 

Legendre polynomials simulating a P
4 

Legendre polynomial dominates 

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

tuations a 2, a4 and a
6 

coefficients with inc~easing 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 going forward in a two 

pion annihilation, the cross sections for a charged kaon going 

forward fall approximately exponentially, the cross section for the 

k+ forward having the greater negative slope. The cross section 

-10 
da/du has an s dependence given by s for a positive kaon going 

-5.2 
forward and by s for a negative kaon going forward. 



cos e ---cm 

.99 
• 96 

cos e 
cm 

-.99 
- .96 

cos e cm 

.. 99 

.96 

.91 

.85 
• 77 
.67 

do/dn 

156.3 
75.4 

do/dn 

123.6 
153.6 

do/dn 

279.9 
229.0 
126.5 
134.9 
107.3 
74.0 

Table 4.1 pp into nrr 

Momentum • 700 s = 3.957 

Negative Forward Going Pion 

error 

52.1 
29.5 

-t 

.43 

.45 

Positive Forward Going Pion 

error -t 

31.9 1. 72 
28.4 1. 70 

Folded Data 

error -t 

61.1 .43 
40.9 .. 45 
26.6 .49 
24.4 .53 
17.7 .58 
20.1 .64 

-u 

1. 72 
1. 70 

-u 

.43 

.45 

-u 

1. 72 
1. 70 
1.67 
1.63 
1. 58 
1.51 

do/du 

1510 
729 

dcr/du 

1194 
1484 

do/du 

2704 
2212 
1222 
1304 
1037 
1052 

error 

504 
285 

error 

308 
274 

error 

590 
345 
257 
236 
171 
287 

\0 
+:' 



cos e 
cm 

cos e 
cm 

-.99 
- .96 

cos e 
cm 

.99 
• 96 
.91 
.85 
• 79 -
.73 
.67 

dcr/dn 

dcr/dn 

. 81.8 
101.9 

dcr/dn 

163 .6 
203.9 
157.7 
144.3 
68.6 

135 .1 
73.3 

Table 4._1 (continued) 

Momentum .810 s = 4.086 

Negative Forward Goirig Pion 

error -t -u dcr/du ~ 

Positive Forward Going Pion 

error -t -u dcr/du error - -

27.3 1.89 .40 683 228 
27.1 1.87 .42 851 226 

* Folded Data 

e·rror -t -u dcr/du error --
38.6 .40 1.8~ 1366 322 
38.3 .42 1.87 1702 . 320 
27 .4 .46 1.83 1316 229 
23.5 .50 1. 78 1204 196 
15.8 .55 1. 74 :· 573 132 
25.9 .59 1.69 1128 217 
26.3 .64 1.65 612 220 

* The first two bins of the folded data are the positive forward going pion data multipli·ed by 2. 

\0 
Vl 



Table 4.1 (continued) 

Momentum .870 s = 4.161 

Negative Forward Going Pion 

cos e dcr/dn error -t -u dcr/du error 
cm - - -

.99 70.7 12.6 .38 1.98 550 98 

.97 100.7 16 .1 .40 1.97 783 125 

.93 64.5 11.0 .43 1.93 501 86 

Positive Forward Going Pion 
\0 

cos e da/dn error -t -u dcr/du error (j'\ 

cm - -
-.99 96 .9 15.9 1.98 .38 753 124 
-.97 120.3 20.8 1.97 ~40 935 162 
-.93 86.6 14.4 1.93 .43 673 112 

Folded Data 

cos e sla/dn error -t -u dcr/du error cm ~-

.99 167.6 20.3 .38 1.98 1303 158 

.97 221.0 26.3 .40 1.97 1718 205 

.93 151.0 18 .1 .43 1.93 1174 141 

.82 117. 5 8.1 .52 1.84 913 63 
• 7 5 56.0 10.4 .57 1. 79 435 81 



Table 4.1 (continued) 

Momentum .990 s = 4.320 

Negative Forward Going Pion 

cos e do/dg error -t -u do/du error 
cm -

.99 54.1 6.7 .35 2.17 370 . 46 

.96 70.5 6.6 .38 2.14 481 45 

.92 86.5 11.3 .41 2.11 591 . 77 

Positive Forward Going Pion 
'° cos e do/dn error -t -u do/du error '1 

cm - -
-.99 97.9 9.9 2 .17 .35 668 67 
- .96 94.6 8.3 2 .14 .38 646 56 
-.92 94.4 12.7 2.11 .41 644 86 

Folded Data 

cos e do/dn error -t -u do/du error 
cm -

.99 152.0 11.9 .35 2 ·I? 1038 81 

.96 165 .o 10.6 .38 2.14 1126 72 

.92 180.9 16 .9 .41 2 .11 1235 116 
• 91 132. 7 8.0 .42 2.10 906 55 
.85 122.2 6.7 .48 2.04 835 46 
• 79 97.1 6.3 .53 1.99 663 43 
• 72 75.8 5.7 .60 1.92 518 39 
.65 53.1 7.3 .66 1.86 363 50 



Table 4.1 (continued) 

Momentum 1.120 s = 4.502 

Negative Forward Going Pion 

cos e do/dn error -t -u do/du error 
cm 

.99 31.5 5.1 .32 2.38 190 . 31 

.96 40.5 3.4 .35 2.35 244 20 

.92 34 .1 4.4 .39 2.31 "206 26 

Positive Forward Going Pion 
\0 

cos e do/dn error -t -u do/du error (;/:) 

'CID 

-.99 87.4 15.2 2.38 .32 527 92 
-.96 75.2 . 12 .8 2.35 .35 454 78 
-.92 59.3 15.0 2.31 .39 358 91 

Folded Data 

cos e do/dn e·rror -t -u do/du error 
cm -

.99 118.9 16 .o .32 2.3~ 717 97 

.96 115. 7 13.3 .35 2.35 698 80 

.92 93.4 15.6 .39 2.31 564 94 

.87 68.5 3.3 .45 2.26 4'13 20 

.80 56.9 2.4 .52 2.18 343 14 

.72 42.1 3.2 .60 2.10 254 20 

.64 48.1 5 .• 5 .68 2.02 290 33 



Table 4.1 (continued) 

Momentum 1 • 340 s = 4.830 

Negative Forward Going Pion 

cos e do/dg error -t -u do/du error 
--cm - -
.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 
\0 

cos e do/dn error -t do/du error \0 
-u 

cm - -
-.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 
T~88 16.5 5.0 2 .61 .42 83 25 

Folded Data 

cos e do/dn error -t -u do/du error 
---cm - - -

.,99 59.4 6.7 .28 ·2.75 299 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 . 3.1 .56 2 .48 143 16 
• 71 33.6 5.3 .63 2.40 169 27 



Table 4.1 (continued) 

Momentum 1.450 s = 5 .001 

Negative Forward Going Pion 

cos e dcr/an- error -t -u do/du error 
--cm - -
.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 7.5 6.6 .41 2.79 35 31 

Positive Forward Going Pion 
r--a 

cos e dcr/dn error -t -u dcr/du error 0 
0 --cm - -

-.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 .41 122 37 

Folded Data 

cos e dcr/dn error -t -u do/du error 
cm - -· -

.99 59.3 7.1 .26 .2.94 276 33 

.96 43.4 7.3 .31 2.90 202 34 

.92 21 ~ 1 5.6 .36 2.84 98 26 

.89 34.5 3.9 .40 2.80 156 48 

.88 33.6 10.4 .41 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 5~5 .76 2.44 96 26 



Table 4.1 (continued) 

Momentum 1. 590 s = 5. 225 

Negative Forward Going Pion 

cos e do/dn error -t -u do/du error 
cm -

.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 
I-' 

cos e do/dn error -t -u do/du error 0 

cm - I-' 

-.99 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 e do/dn error -t . -u do/du error cm 

.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 .35 3.08 50 13 

.87 7.3 2.4 .42 3.00 30 11 

.81 12.4 2.1 .51 2.91 52 9 

.75 21.8 2.9 .60 2.82 92 12 

.69 27.7 3 .• 7 .69 2.73 117 15 

.63 21.6 4.7 • 78 2.65 91 20 



Table 4.1 (continued) 

Momentum 1.710 s = 5.420 

Negative Forward Going Pion 

cos e d cr/ an error -t -u do/du error 
--cm -
.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 e dcr/dn error -t -u dcr/du error 0 
N --cm -

- .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 ·19 11 

Folded Data 

cos e dcr/dn error -t -u dcr/du error --cm - - -
.99 34.9 5.4 .23 3.39 138 21 
.96 19.2 5.6 .2·8 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 3.21 42 20 
.83 8.5 2 ~ 9 .49 3.13 34 11 
~ 77 12.9 2.8 .58 3.04 51 11 
• 71 18. 2 3.7 .68 2.94 72 15 
.65 18.3 4.3 .78 2.85 72 17 



Table 4.1 (continued) 

Momentum 1.815 s = 5.594 

Negative Forward Going Pion 

cos e dcr/dn error -t -u dcr/du error 
--cm 
.99 17 .4 2.5 .23 3.57 65 9 
.96 12.3 1.4 .27 3.52 46 5 
.92 7.0 1.3 .34 3.45 26 5 
.88 4.4 1.9 .41 3.39 16 7 
.84 3.1 3.9 .48 . 3.32 12 14 

Positive Forward Going Pion I-' 
0 

cos e do/an error -t -u dcr/du error w 
cm 

-.99 9.1 1.9 3.57 .22 34 7 
-.96 6.6 1.0 3.52 .27 25 4 
-.92 2.7 1.4 3.45 .34 10 5 
-.88 o.o - 3.39 .41 0 
-.84 3.5 2.0 3.32 .48 13 7 

Folded Data 

cos e dcr/dn error -t -u do/du error 
cm - -

.99 26.5 3.1 .22 .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. 4.4 1.9 .41 3.39 16 7 

.85 6.5 1.1 .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 1.2 .66 3.13 54 4 
.67 15.3 1.9 .76 3.03 57 7 
.62 19.0 3.5 .85 2.95 71 13 



Table 4.1 (continued) 

Momentum 2.000 s = 5.906 

Negative Forward Going Pion 

cos e do/<ln error -t -u . do/du error 
.99 cm 19.2 3.5 .. 21 3.90 65 12 
.96 10.8 2.6 • 26 3.84 36 9 
~92 10.0 5.8 .34 3. 77 34 20 
.88 o.o -· .41 3.~9 0 
.84 Q.0 - .49 3.62 . 0 

Positive Forward Going Pion 
I-' 

do/dn do/du 
0 

cos e error -t -u error +:"-
--cm -
-.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 .41 12 9 
-.84 3.1 3.1 3.62 .49 11 11 

Folded Data 

cos e do/dD., e·rror -t . -u do/du error 
cm - - -

.99 23.1 3.8 .21 3.90 78 i3 

.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 .41 3.69 12 9 

.84 3.1 3.1 .49 3.62 11 11 

.83 5.9 2.4 .51 3.60 20 8 
• 7 7 8.0 2.1 .62 3.49 27 7 
• 71 12.0 2·. 8 • 7 3 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 e do/dn error -t -u do/du error 
--cm -
.99 17.6 2.4 .20 4.18 SS 7 
.96 lS.8 1: 5 .26 4.12 49 5 
.92 13.9 3.4 .34 4.04 43 · p 
.88 4.1 1.6 .42 3.96 13 5 

. • 84 o.o - .so 3.88 0 

Positive Forward Going Pion 

do/dn do/du 
........ 

cos e error -t -u error 0 
--cm - - Ul 

-.99 5.4 1.6 4.18 .20 17 s 
-.96 6_.8 1.8 4.12 .26 21 6 
-.92 1. 7 1. 7 4.04 .34 5 s 
-.88 o.o - 3.96 .42 0 
-.84 3.4 3.4 3.88 .50 11 11 

Folded Data 

cos e do/ dg error -t -u do/du error 
--cm - - -
.99 23.1 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 3.96 13 s 
.84 3.4 3.4 .so 3.88 11 11 
.80 5.6 .8 .58 3.80 18 3 
• 72 5.8 1.0 .74 3".64 18 3 
.65 5.5 4.8 .88 3.50 17 15 



cos e 
cm 

.99 

.96 

.92 

~OS 8 
cm 

cos e 
cm 

.99 

.96 

.92 

.89 

.83 
• 77 
• 71 
.64 

do/dg 

13.3 
9.2 

16.7 

do/dn 

do/dg 

26.5 
18.5 
33.4 
6.8 
9.5 
4.3 
7.8 

11.2 

Table 4.1 (continued) 

Momentum 2. 260 s = 6. 352 

Negative Forward Going Pion 

error -t .::.£ 
3.2 .19 4.36 
2.9 .25 4.30 
5.9 .34 4.22 

Positive Forward Going Pion 

error -t -u 

* Folded Data 

error -t -u - -
4.5 .19 4.3f? 
4.1 .25 4.30 
8.4 .34 4.22 
3.7 .40 4.15 
3.6 .53 4.03 
2.9 .65 3.90 
2.9 • 78 3. 77 
6.0 .93 3 .62 

do/du 

40 
28 
50 

do/du 

do/du 

79 
55 

100 
20 
28 
13 
23 
33 

error 

10 
9 

18 

eLJ.Or 

error -
14 
12 
25 
11 
11 
9 
9 

18 

I-' 
0 

°' 

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



Table 4ol (continued) 

Momentum 2 .400, s = 6.596 

Negative Forward Going Pion 

cos e da/dn error -t -u da/du error 
--cm - -
.99 9.9 2.3 .18 4.61 28 7 
.96 3.9 1.5 .25 4.55 11 4 
.92 s.o 3.8 .34 4.46 14 11 
.88 2.2 2.9 .43 4.37 6 8 

Positive Forward Going Pion 
t-' 
0 

cos e da/dn error -t -u da/du error -.....! 

cm 
-.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 e da/dn e·rror -t -u da/du error 
cm - - -

.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 
088 5.8 4.8 .43 4.37 16 14 
.83 4.8 2.2 .54 4.26 .13 6 
• 77 5.6 3.2 .67 4.12 16 9 
.71 . 10. 7 4.5 .81 3.99 30 13 



cos e 
---cm 

.99 

.97 

cos e 
-.99 
-.97 

cos e 

cm 

--cm 

.99 

.97 

.90 

.85 
• 79 
• 72 
.64 

dcr/dn 

10.9 
32.3 

dcr/dn 

63.0 
50.2 

dcr/dn 

73.9 
82.5 

121.9 
68.3 
58.3 
20.5 
44.4 

Table 4.2 pp into kk 

Momentum .700 s = 3.957 

Negative Forward Going Kaon 

error 

10.9 
27.6 

-t 

.29 

.30 

Positive Forward Going Kaon 

error -t 

23.1 1.42 
27.6 1.41 

Folded Data 

error -t 

25.5 029 
39.0 .30 
28.6 .34 
16.6 .37 
15.7 .40 
8.8 .. 44 

25.8 .49 

-u 

1.42 
1.41 

-u -
.29 
.30 

-u 

1.42 
1.41 
1.37 
1.34 
1.31 
1.27 
1.22 

dcr/du 

120 
356 

dcr/du 

695 
554 

dcr/du 

815 
908 

1343 
752 
644 
226 
489 

error 

120 
304 

error --
254 
304 

error 

282 
431 
315 
182 
174 
97 

284 

....... 
0 
00 



cos e 
cm 

cos e cm 

-.99 
- .96 

cos e --cm 
.99 
.96 
.91 
.85 
.79 
• 73 
.67 

da/dn 

da/dn 

30.1 
33.9 

da/<ln 
60.3 
67.8 
45.3 
79.8 
51.4 
71.6 
42.7 

Table 4.2 (continued) 

Momentum e 810 s = 4 .086 

Negative Fonvard Going Kaan 

error -t -u da/du error 

Positive Forward Going Kaon 

error -t -u da/du error -

22.5 1.58 .26 286 213 
17.9 1.56 .28 321 170 

* Folded Data 

error -t -u da/du error 
31.8 .26 .1.58 571 301 
25 .• 3 .28 1.56 642 240 
14.9 .32 1.52 429 141 
28.2 .36 1.48 756 267 
21.0 .40 1.44 487 199 
22.9 .43 1.40 678 217 
17 .5 .47 1.36 404 166 

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

........ 
0 

'° 



cos e 
cm 

.99 

.94 

cos e 

-.99 
-.94 

cm 

cos e 
'CID 

.99 

.94 

.91 

.85 

.79 
• 73 

dcr/dn 

19.5 
17.1 

dcr/dn 

16 .. 3 
11.0 

dcr/dn 

35.8 
28.2 
18.5 
32.1 
29.5 
22.3 

Table 4.2 (continued) 

Momentum • 870 s = 4. 161 

Negative Fonvard Going Kaon 

error 

7.7 
5.0 

-t 

.25 

.29 

Positive Fonvard Going Kaon 

error -t --
10.8 1.66 
4.5 1.63 

Folded Data 

error -t 

13.3 .25 
6·. 7 .29 
6.1 .31 
5.1 .35 
7.4 .39 
8.6 .44 

-u 

1.66 
1.63 

-u -
.25 
.29 

-u 

1.66 
1.63 
1.61 
1.56 
1.52 
1.48 

dcr/du 

172 
151 

dcr/du 

143 
97 

dcr/du 

315 
248 
163 
282 
260 
197 

error 

68 
44 

error 

95 
39 

error 

117 
59 
54 
45 
65 
75 

1--' 
1--' 
0 



Table 4.2 (continued) 

Momentum .990 s = 4. 320 

Negative Fonvard Going Kaon 

cos e dcr/dn error -t -u dcr/du error 
·cm 

.99 14.6 4.4 .23 1.84 112 34 
e97 18.6 6.6 .24 1.83 143 51 
.92 17 .4 3.9 .28 1. 79 134 30 

Positive Forward Going Kaon 
....... 

cos e dcr/dn error -t -u dcr/du error ....... 
cm -- - ....... 

-.99 33.9 6.6 1.84 .23 261 51 
-.97 26.4 7.7 1.83 .24 203 60 
-.92 21.1 4.9 1. 79 .28 162 38 

Folded Data 

cos e dcr/<ln error -t -u dcr/du error --cm 
.99 48.5 8.0 .23 1.84 373 61 
.97 45.1 10 .• 2 .24 1.83 347 78 
.92 38.5 6.2 .28 1. 79 296 48 
.91 25.1 4.3 .29 1. 78 193 33 
.85 22.9 3.6 .34 1. 73 176 28 
.79 23.8 4.2 • 39 .. 1.68 183 32 
.73 13.5 4.4 .44 1.53 104 34 
.6 7 17 .6 4.7 .49 1.58 135 36 
.62 21.2 6.9 .53 1.54 163 53 



Table 4.2 (continued) 

Momentum 1.120 s = 4.502 

Negative Forward Going Kaon 

· cos e dcr/dn error -t -u dcr/du error 
·cm - -

.99 12.0 3.7 .21 2.05 81 25 

.96 16.6 3.3 .23 2.02 112 23 

.92 13.5 3.6 .. 27 1.98 92 24 

Positive Forward Going Kaon 

cos e da/dn -t da/du 
I-' error -u error 1--' 

cm -- - N 

-.99 23.6 11.0 2.05 .21 159 75 
-.96 22.9 12.0 2.02 .23 155 81 
-.92 20.9 12.0 1.98 .27 141 81 

Folded Data 

cos e cm da/dn error -t -u dcr/du error 

.99 35.6 11.6 .21 2.05 240 79 

.96 39.5 12 ·.4 .23 2.02 267 84 

.92 34.4 12.6 .27 1.98 232 85 

.91 16 .5 2.8 .28 1.97 111 19 

.85 10.1 1.4 .34 1.92 68 9 
• 79 11.1 1.9 .39 1.86 75 13 
.73 9.3 2.2 .45 1.81 63 15 



cos e 
---cm 

.99 

.95 

cos e 

-.99 
-.95 

cos e 

.99 

.95 

.87 

.81 

.75 

.69 

cm 

cm 

dcr/dn 

7.1 
5.0 

dcr/dn 

13.5 
6.3 

dcr/dn 

20.6 
11.4 
7.9 
4.7 
8.2 
9.8 

error 

3.3 
3.9 

Table 4.2 (continued) 

:Momentum 1..340 s = 4.830 

egative Forward Going Kaon 

-t 

.18 

.32 

-u 

2.40 
2.36 

Positive Forward Going Kaon 

error -t -u -- -
3.8 2.40 .18 
2.1 2.36 .22 

Folded Data 

error -t -u - . 

5.1 .18 ·2.40 
4·.5 .22 2.36 
2.5 .31 2.27 
1. 7 .38 2.20 
3.0 .45 2.13 
3.8 .52 2.07 

do/du 

40 
28 

dcr/du 

76 
.35 

dcr/du 

115 
64 
44 
26 
46 
55 

error 

19 
22 

error -- --

21 
12 

error 

28 
25 
14 
10 
17 
22 

I-' 
I-' 
VJ 



cos e 
cm 

.99 

.95 

cos e 

-.99 
-.95 

cos e 

.99 

.95 

.89 

.83 

.77 
• 71 
.65 

cm 

cm 

dcr/dn 

12.7 
.9. 7 

dcr/dn 

4.1 
5.5 

dcr/dn 

16 .8 
15.2 
16 .o 
7.7 
9.9 

12.0 
9.1 

Table 4.2 (continued) 

Momentum 1.450 s = 5.001 

Negative Forward Going Kaon 

error 

5.5 
3.2 

-t 

.17 

.22 

Positive Forward Going Kaon 

error -t --
2.9 2.58 
2.4 2.54 

Folded Data 

error -t 

6.2 .17 
4·.o .22 
3.1 .29 
2.8 • 36 
3.1 .44 

. 3.6 .51 
3.5 .58 

-u 

2.58 
2.54 

-u -
.17 
.22 

-u 

2.5$ 
2.54 
2.46 
2.39 
2.32 
2.24 
2.17 

dcr/du 

66 
50 

dcr/du 

21 
28 

dcr/du 

87 
78 
83 
40 
51 
62 
47 

error 

21 
17 

error 

is 
13 

error 

32 
21 
16 
15 
16 
18 
18 

,.._. 
,.._. 
+:"'-



cos e 
cm 

.99 

.94 

cos e 

-.99 
-.94 

cos e 
.99 
.94 
.88 
.80 
.73 
.. 65 

cm 

cm 

dcr/dn 

12.0 
9.1 

da/dn 

4.0 
2.4 

dcr/dn 

15.6 
11.5 
13.3 
7.3 
7.4 

11.9 

Table 4.2 (continued) 

Momentum 1. 590 s = 5. 225 

Negative .Forward Going Kaon 

~ 

3.2 
1.8 

-t 

.16 

.22 

Positive Forward Going Kaon 

error -t 

2.0 2.82 
1.2 2.75 

Folded Data 

error -t 

3.7 .. 16 
2·. 2 .22 
3.4 .30 
1. 7 .41 
2.1 .51 
3.0 .61 

-u 

2.82 
2.75 

-u -
.16 
.22 

-u 

2.82 
2~75 

2.67 
2.56 
2.47 
2.36 

da/du 

56 
43 

dcr/du 

19 
11 

da/du 

75 
54 
62 
34 
34 
56 

error 

15 
9 

error 

9 
5 

error 

18 
10 
16 
10 
10 
14 

I-' 
I-' 
\JI 



cos e 
cm 

.99 
.95 

cos e 

-.99 
-.95 

cos e 
.99 
.95 
.89 
.83 
.77 
.71 
.65 

cm 

cm 

do/dn 

7.7 
9.4 

do/dn 

o.o 
1.5 

dcr/dn 

7.7 
10.9 
14. 7 
11.6 
7.8 

10.6 
10.5 

Table 4.2 (continued) 

Momentum 1. 710 s = 5 .420 

Negative Fofward Going Kaon 

error 

3.7 
3.3 

-t 

.15 

.21 

Positive Forward Going Kaon 

error -t 

- 3.02 
3.3 2.97 

Folded Data 

error -t 

3.7 .15 
4·. 7 .21 
4.0 .29 
2.8 .38 
3.1 .47 
3.8 .55 
3.3 .64 

-u 

3.02 
2.97 

-u -
• i.5 
.21 

-u 

3.0~ 
2.97 
2.88 
2.79 
2.70 
2 .62 
2.53 

do/du 

33 
41 

do/du 

0 
6 

do/du 

33 
47 
64 
50 
34 
46 
45 

error 

16 
14 

error 

14 

error 

16 
20 
18 
12 
14 
17 
14 

1--' 
1--' 

°' 



Table 4.2 (continued) 

Momentum 1.815 s = 5.594 

Negative Forward Going Kaon 

cos e dcr/dn error -t -u dcr/du error 
cm 

.. 

.99 8.8 2.0 .14 3.20 36 8 
.96 9.9 1.4 .19 3.16 40 6 
094 8.1 .8 .22 3.13 33 3 

Positive Forward Going Kaon 
I-' 

cos e dcr/dn error -t -u dcr/du error I-' 

cm - -...J 

-.99 1.2 .,9 3.20 .14 5 4 
- .96 1.0 .,6 3.16 .19 4 3 
-.94 1.8 .7 3.13 .22 7 3 

Folded Data 

cos ecm dcr/<ln error -t -u do/du error 

.99 10.0 2.2 .14 3.20 41 9 

.96 10.9 LS .19 3.16 44 6 

.94 9.9 1.0 .22 3.13 40 4 

.87 10 .1 .7 .33 3.02 41 3 

.77 8.1 .6 .48 2.86 33 2 

.6 7 7.5 .9 .64 2.71 30 4 



Table 4.2 (continued) 

Momentum 2.000 s = 5.906 

Negative Forward Going Kaon 

cos e dcr/dn error -t -u do/du error 
·cm 

.99 10.2 2.9 .13 3.53 37 11 
.96 2.6 1. 7 .18 3.47 10 6 
.92 6.5 5.6 .25 3.41 24 21 
.88 6.7 8.1 .32 3.34 25 30 

Positive Forward Going Kaon 
1-1 

cos e dcr/dn error -t -u dcr/du error 1-1 
00 cm - - ----

-.99 .6 1.0 3.53 .13 2 · 4 
or ,·96 2.0 1.0 3.47 .18 7 4 
Te92 o.o - 3.41 .25 0 
-.88 o.o - 3.34 .32 0 

Folded Data 

cos e cm 
dcr/dn error -t -u dcr/du error 

.99 10.8 3.1 .13 3.53 40 11 

.96 4.6 i.o .18 3.47 17 7 

.92 6.5 5.6 .25 3.41 24 21 

.88 6.7 8.1 .32 3.34 25 30 

.. 85 4.9 2.2 .37 3.29 18 8 

.75 9.0 2.0 .54 3.11 33 8 

.66 7.1 2.6 .70 2. 96 26 9 



Table 4.2 (continued) 

Momentum 2 .160 s = 6.179 

Negative Forward Going Kaon 

cos e dcr/dn error -t -u dcr/du error 
·cm 

.99 7.4 1.9 .12 3.81 25 6 
095 7.5 1.1 .20 3.73 25 4 
.89 6.1 1.6 .31 3.62 . 21 6 

Positive Forward Going Kaon 

cos e dcr/dn error -t -u dcr/du error I-' 

cm -- - I-' 
\D 

-.99 1.1 1.1 3.81 .12 4 4 
-.95 o.o - 3.73 .20 0 
-.89 o.o - 3.62 31 0 

Folded Data 

cos e cm 
dcr/dn error -t -u dcr/du error 

.99 8.4 2.1 .12 3.81 29 7 

.95 7.5 1.1 .2D 3. 73 25 4 

.89 6.1 1.6 .31 3.62 21 6 

.85 7.3 1.1 .38 3.55 25 4 

.75 6.8 .·s .57 3.36 23 3 



Table 4.2 (continued) 

Momentum 2.260 s = 6.352 

Negative Forward Going Kaon 

cos e dcr/dn error -t -u do/du error 
cm 

.99 4.9 2.6 .12 3.98 16 8 
.96 5.5 2.0 .18 3.92 18 7 
.92 2.4 2.4 .26 3.85 8 8 

Positive Forward Going Kaon 

cos e dcr/dn -t do/du ...... error -u error N cm - 0 

* Folded Data 

cos e 
cm 

dcr/dn error -t -u dcr/du error 

.99 9 .8 . 3.7 .12 3.9~ 32 12 

.96 10.9 2.8 .18 3.92 35 9 

.92 4.8 3.4 .26 3.85 16 11 

.87 5.6 2.4 .35 3.75 18 8 

.81 5.3 4.6 .47 3.63 17 15 
• 7 5 10. 7 4.2 .59 3.52 35 14 
.69 12.8 9.0 • 71 3.40 41 29 

. • 63 8.4 4.2 .82 3.28 27 14 

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



Table 4.2 (continued) 

Momentum 2.400 s = 6.596 

Negative Forward Going Kaon 

cos e dcr/dn error -t -u dcr/du error 
·cm -

.99 6.5 2.1 .12 .4.23 20 · 6 

.96 4.2 1.5 .18 4.17 13 5 

.92 3.2 3.9 .26 4.09 10 12 

.89 10.3 10.3 .32 4.02 25 8 

Positive Forward Going Kaan 
I-' 

cos e dcr/dn error -t -u dcr/du error N 

cm - - I-' 

-.99 o.o - 4.23 .12 0 
-.96 .7 .7 4 .17 .18 2 2 
-.92 2.0 2.0 4.09 .26 6 6 
-: ~ 89 2.1 1.6 4.02 .. 32 7 5 

Folded Data 

cos e cm dcr/dn error -t -u dcr/du error 

.99 6.5 2 .• 1 .12 4.23 20 6 

.96 · 4.9 1. 7 .18 4.17 15 5 

.92 5.2 4.4 .26 4.09 16 13 

.89 10.5 3.2 .32 4.02 32 10 

.81 5.8 2.7 .49 3.86 18 8 
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Ta'ble 4.3 

pp ~ rcrc 

Legendre Expansion Coefficients 

(J 

x2 Momentum total Prob. 2rca
0 a2 a4 a6 a8 8 10 

.700 358.4 123.0 76.1 15.6 .08 
±22.5 ±12.6 ±16.0 

.870 352.6 103.6 65.8 -24.6 -26 .8 -9.7 8.6 .38 
±12.5 ± 6.6 ± 7.3 ± 8.1 ±10.6 ± 8.9 

.990 342.1 90.1 50.4 -35.8 - 9.8 5.4 25.7 .002 
± 7.1 ± 3.3 ± 4.2 ± 4.8 ± 5.6 ± 5.3 

1.120 243.6 44.7 41. 7 - 7.7 17.3 .4 11.3 .33 
± 6.0 ± 3.4 ± 4.6 ± 4.6 ± 4.6 ± 4.4 

1.340 163 .6 20 .• 0 23.6 -10.4 9.3 - 5.5 9.7 .46 
± 4.9 ± 2.3 ± 2.8 ± 2.9 ± 3.9 ± 4.0 

1.450 145.0 15 .4 13 .1 - 7.5 17 .4· 2.5 20.4 .04 
± 3.9 ± 1.8 ± . 2.5 ± 2.7 ± 3.0 ± 3.0 

1.590 98.5 2.4 7 .. 3 .9 22.3 .8 20.7 .04 
± 3.3 ± 1.3 ± 1.8 ± 2.0 ± 2.4 ± 2.6 

1. 710 82.8 2.9 4.3 3.6 19.8 -1. 7 4.0 .. 95 
± 3.3 ± 1.5 ± 2.1 ± 2.2 ± 2.5 ± 2.5 

1.815 66.7 2.5 2.4 2.2 15.7 -3.6 14. 3 .22 
± 2.0 ± .7 ± 1.0 ± 1.1 ± 1.4 ± 1.5 

2.000 59.7 3.3 2.1 5.7 9.1 -5.4 5.9 .82 
± 2.5 ± 1.1 . ± 1.4 ± 1.6 ± 2.0 ± 1.9 

2.160 43.1 5.4 4.7 7.5 4.5 -3.2 22.7 .01 
± 1.6 ± .7 ± .9 ± 1.0 ± 1.3 ± 1.2 

·2.400 28.0 3.7 .. 4 3.1 1.3 -1.0 10.4 .. 32 
± 2.5 ± 1.1 ± 1.2 ± 1.5 ± 1.9 ± 1. 7 

L 
dcr L a.R, P/cos e), .R, even -= 
dn 

.R,=O 

There are N 15 data points/momentum 
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Table 4.4 

pp 4 kk 

Legendre Expansion Coefficients 

(J 
total x2 Momentum Prob. 2na

0 a2 a4 a6 a8 8
10 

.700 158.2 68.4 32.4 -24.0 -34 .1 -15 .1 6.7 .75 
±17.2 ±9.4 ±9 .1 ±10.4 ±12.0 ± 8.7 

.870 81.5 16.6 4.1 -4.9 -3.8 2.9 14. 7 .10 
± 5.9 ±2.9 ±4.0 ± 5.0 ± 4. 9 ± 4.4 

.990 92.4 20.1 9.2 5.7 2.0 1.9 7.2 .84 
± 4.3 ±2.0 ±2.7 ± 3.1 ± 3.3 ± 3.2 

1.120 63.0 9.5 13.0 6.9 4.6 1.9 7.4 .69 
± 3.9 ±2.2 ±3.2 ± 3.3 ± 3.1 ± 2.8 

1.340 40.4 3.5 4.8 2.6 5.0 3.5 7.6 .58 
± 3.1 ±1.5 ±1.9 ± 2.0 ± 2.5 ± 2.6 . 

1.450 44.4 7.1 5.6 -1. 7 -2.1 -1.1 13.4 .20 
± 2.9 ±1.5 ±1.9 ± 2.3 ± 2.3 ± 2.0 

1.590 37.3 6.0 3.9 -1.4 1.2 1.6 11.0 .20 
± 2.6 ±1.1 ±1.4 ± 1. 7 ± 2.1 ± 1.9 

1. 710 38.2 6.9 1.3 -5.8 -2.0 - .5 8.3 .60 
± 3.0 ±1.4. ±1. 7 ± 1.8 ± 2.2 ± 2.1 

1.815 32.3 5.9 2.0 -4.2 1.8 .4 8.1 .42 
± 1.3 ± .5 ± .7 ± .8 ± 1.0 ± 1.0 

2.000 23.0 2.} 1.5 -1.8 2.6 1.1 13.2 .16 
± 2.3 ±1.0 ±1.1 ± 1.5 ± 1.8 .± 1.5 

2.160 21. l 4.8 2.1 -3.2 -.1 2.3 10.4 .17 
± 1.2 ± .5 ± .7 ± .9 ± 1.0 ± .9 

2.400 13.2 4.2 2.0 · -2.0 · -1.3 - .8 9.4 .23 
± 2.5 ±1.0 ±1.0 ± 1.5 ± 1.4 ± 1.3 

L 
da I: al P /cos e), .£ even -= 
<ln 

.£=0 

There are ""15 data points/momentum 



Figure 4.3: Pion and kaon total cross sections 
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Figure 4.4: Pion and kaon Legendre expansion coefficients 
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Table 4.5: Pion Extreme Angle Differential Cross Sections 

2~ Annihilations 

Forward ~ cos e = .99 Forward ~ + cos e = - .99 

.2. s t u do/dn do/du t u do/dn do/du - - - -
.700 3.957 -.43 -1. 72 156.3 ± 52.1 1510 ± 504 -1. 72 -.43 12'3 • 6 ± 31. 9 1194 ± 308 

.870 4.161 -.38 -1.98 70.7 ± 12.6 550 ± 98 -1.98 -.38 96.9 ± 15.9 753 ± 124 

.990 4.320 -.35 -2.17 54.1 ± 6.7 370 ± 46 -2.17 -.35 97.9 ± 9.9 668 ± 6 7 

1.120 4.502 -.32 -2.38 31.5 ± 5.1 190 ± 31 -2.38 -.32 87.4 ± 15 .• 2 527 ± 92 

1.340 4.830 -.28 -2.75 31.6 ± 5.5 159 ± 28 -2.75 -.28 27.8 ± 3.9 140 ± 20 
....... 

1.450 5.001 -.26 -2.94 34.3 ± 5.1 160 ± 24 -2.94 ~.26 25.0 ± 5.0 116 ± 23 N 
CX> 

1.590 5.225 -.25 -3 . 18 19.1 ± 3.8 81 ± 16 -3.18 -.25 15.7 ± 3.0 66 ± 12 

1. 710 5.420 -.23 -3.39 18.2 ± 4.2 72 ± 17 -3.39 -.23 16. 7 ± 3 .4 66 ± 13 

1.815 5.594 -.22 -3.57 17.4 ± 2.5 65 ± 9 -3.57 -.22 9.1 ± 1.9 34 ± 7 

2.000 5.906 -:.21 -3.90 19.2 ± 3.5 65 ± 12 -3.90 -.21 3.9 ± 1.6 13 ± 5 

2.lqO 6.179 -.20 . -4 .18 17.6 ± 2.4 55 ± 7 -4.18 -.20 5.4 ± 1.6 17 ± 5 

2.400 6 .596 -.18 -4 .61 9.9 ± 2.3 28 ± 7 -4.61 -.18 2.8 ± 1.2 8 ± 3 



Table 4.6: Kaon Extreme Angle Differential Cross Sections 

2k Annihilations 

- + Forward k cos e = .99 Forward k cos 8 = - .99 

.L s t u dcr/dn dcr/du t u dcr/dn. dcr/du, - - -
.700 3.957 -.29 -.42 10.9 ± 10.9 120 ± 120 -1.42 -.29 63.0 ± 23.1 695 ± 254 

.870 4.161 -.25 -1.66 19.5 ± 7.7 172 ± 68 -1.66 .;. • 25 16.3 ± 10.8 143 ± 95 

.990 4.320 - .23 . -1. 84 J 14. 6 ± 4.4 112 ± 34 -1.84 -.23 33.9 ± 6.6 261 ± 51 
I 

1.120 4.502 - .21 -2.05 12.0 ± 3.7 81 ± 25 -2.05 -.21 23.6 ± 11.0 159 ± 7 5 

1.340 4.830 -.18 -2.40 7.1 ± 3.3 40 ± 19 -2.40 -.18 13.5 ± 3.8 76 ± 21 
...... 

1.450 5.001 - .17 -2.58 12.7 ± 5.5 66 ± 28 -2.58 -.17 4.1 ± 2.9 21 ± 15 N 

'° 
1.590 5.22Y -.16 -2.82 12.0 ± 3.2 56 ± 15 -2.82 -.16 4.0 ± 2.0 19 ± 9 

5.420 -3.02 3.7 33 ± 16 • 0 1.710 - •. 15 7.7 ± -3.02 -.15 0.0 -
1.815 5.594 -.14 -3.20 8.8 ± 2.0 36 ± 8 -3.20 -.14 1.2 ± .9 5 ± 4 

2.000 5.906 -.13 -3.53 10.2 ± 2.9 37 ± 11 -3.53 -.13 .6 ± 1.0 2 ± 4 

2.160 6 .179 -.12 . -3.81 7.4 ' ± 1.9 25 ± 6 -3.81 -.12 1.1 ± 1.1 4 ± 4 

2.400 6 .596 -.12 -4.23 6.5 ± 2.1 20 ± 6 -4.23 -.12 o.o - 0 
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Figure 4.5: Pion Extreme Angle do/dn 
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Figure 4.6: Kaon Ex treme Angle do/dn 
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Figure 4.7: Pion Extreme Angle dcr/du 
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Figure 4.8: Kaon Extreme Angle dcr/du 
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Table 4.7 

+ - - ~ k+k-Total cross sections for the reactions pp ~ rr rr and pp 

Incident p s + - - + -pp ~ rr rr pp~ k k Group Momentum {GeVlc} {GeV2
2 

cr{gb2 cr{l!b2 

Berkeley 
13) 

1.61 5.256 119 ± 30 55 ± 18 

Michigan 
14) 

1.62 5 .272 137 ± 16 51 ± 10 

" 1. 77 5.522 109 ± 14 51 ± 10 

II 1.83 5 .617 76 ± 12 39 ± 8 

II 1.89 5. 717 84 ± 11 34 ± 8 

" 1.95 5.818 53 ± 10 35 ± 8 

" 2.20 6.250 32 ± 8 21 ± 6 
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CHAPTER V 

Discussion of the Results 

Introduction 

Because of the limited amount and the poor statistical accuracy 

of the data in which the sign of the charge of the forward going 

particle could be determined, a resonance fit to the two pion anni-

hilation was made to the folded data only. This was considered to be 

a reasonable procedure for finding dominant structure in the data 

since 

a) The forward-backward asymmetry of the two pion annihilation is 

~ 2.0 (Figure 4.5) over the entire range of incident antiproton 

momenta except near 2.0 GeV/c, and 

b)_ Energy averaged bubble chamber data between 1.6 and 2.2 GeV/c 

incident antiproton momentum (Figure 1.2b) show considerable 

symmetry about cos e = O. A detailed account of the resonance model cm · 

and an alternative background model is given in Section V-1. 

+ + 
Comparisons of the cross sections do/du for ~-p and k-p back-

ward scattering and pp annihilations into ~+~- and k+k- using 

equation (1.6) have been made and are discussed in Section V-2. 

Conclusions which have been drawn from this experiment are given in 

Section V-3. 
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1. Resonance and Background Interpretation of the Folded Data 

In order to attempt to explain the differential and total 

cross section data by means of a simple model, a resonance fit was 

first made to the folded two pion differential cross section data. 

Justification for the use of a resonance model to explain the data 

can be found in Figure 5.1 which presents the two pion total cross 

' sections multiplied by the squared cebter-of-mass antiproton 

momentum for the data of this experiment and the one of Bizzarri 

et al., (Figure 1.3), and shows a large Breit-Wigner shaped peak 

near 1.0 GeV/c incident antiproton momentum. Additional justifi-

cation for a resonance model attempt to fit the two pion system comes 

from the large number of B = 0 structures with masses between 1990 

and 2570 MeV corresponding to incident antiproton between .7 and 

2.4 GeV/c which are given in Tab~e 5.1. 

The expression for the reaction amplitude partial wave decom-

position for particles A and B each with arb~trary spin inter-

acting to form particles C and D also with arbitrary spin has been 

derived by Blatt and Biedenharn and is given below 

a J 

qa's'm' ;Oi,s,m(e,qi) = I I 
J=O · M=-J 

J+s 

I 
t==IJ-sl 

J+s' .£' 

L L 
t'=IJ-s'I µ'=-.t' 
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i£-£' ~(2£ + l)TI (£s0m ltsJM)(g's'µ'm 'lt's'JM) 
s s 

(5.1) 

where primes refer to final states, a refers to the channel type, 

s, £, and J are spin, orbital angular momentum and total angular 

momentum quantum numbers, ms' mt and M are the corresponding 

magnetic quantum numbers, (£s0m j£sJM) and (£'s'µ'm 'lt's'JM) 
s s 

m . 
are C~bsch-Gordon coefficients, the Y£ (9,~) are spherical harmonics 

and S is the scattering matrix relating the initial to the final 

states:6 ~his equation can be considerably simplified by quantum 

numbers constraints on the initial and final states of the anni-

h ·1 . . 37) i ation reaction. 

Charge conjugation for a particle-antiparticle pair is given 

by the equation 

c = (-1)£ + s (5.2) 

while the parity of a boson-antiboson pair and a fermion-anti-

fermion pair are given by 

pboson-antiboson 
= (-1)£ (5.3) 

p . . . 
fermion-antifermion 

= (-1)£ + 1 (5.4) 

+ -Since the pp system comprises a fermion-antifermion pair, the TI TI 

+ -and k k systems are boson-antiboson pairs, and the total spin J of 

either meson-antimeson system equals the orbital spin £ since the 
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pions and kaons have intrinsic spin s equal to zero, combining the 

equations 5.3 and 5.4 gives 

J = £ + 1 (mod 2). (5.5) 

Furthermore, since the maximum intrinsic spin s available in the 

pp system is 1, equation 5.5 further simplifies to 

J = £ ± 1 (5.6) 

Assuming charge conjugation conservation in the. annihilation 

reactions and the use of equation 5.2 yields 

J = £ + s (5.7) 

Equations 5.6 and 5.7 can then be used to show that the pp system 

can annihilate into two pion ar two kaon pairs only if s = 1. 

G parity for a state with n pions is given by 

. n 
Gpion = (-l) 

and for a spinless rneson-antimeson pair by 

G - = (-l)J + I 
kk 

(5.8a) 

(5.8b) 

Combining equation 5.8a with n = 2 with equation 5.8b and observing 

that I = 0 or 1 in the pp initial state produces the constraint that 

the G parity is + and that J + I is even for a pion-antipion final 

state. This is equivalent to requiring the amplitude to be even 

under the interchange of the final state pions. Since no equation 
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similar to 5.8a exists for the kaon~antikaon system, no G parity 

constraint exists, and there are twice as many available final 

two kaon states in the two kaon annihilation channel as in the two 

pion annihilation channel. 

Finally, isotopic spin decompositions of the two charged 

pion, two charged kaon, and two neutral pions and kaons are given 

in Table s.2?8~he convention used in this table is that the parti-

cle in the right-hand side of the bracket is the particle moving 

in the beam (+z) direction. The T matrix is defined in the usual 

39) 
way. 

Taking these quantum number considerations into account an·d 

using any standard reference for expressions for the Clebsch-Gordon 

ff . . t 4o) h t . d k . h · 1 . . coe icien s, t e wo pion an two aon anni i ation reaction 

amplitudes can be written (including the factor l/k) 

00 

qu,oo =!.ff.'[ { - .,/J + l[(w:i\TJ=itl!PP)l 
J=l 

00 

(5.9a) 

(5.9b) 
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co 

q =-ki [E.2 \{ -,jJ + 1 
1-1,00 ~ 2 L 

J=l 
(5.9c) 

where the superscript on the T matrix refers to the relationship 

between total spin and initial state orbital spin and the a' and a 

subscripts on the quantity q have been omitted. The quantities in 

square brackets are given in Table 5.2. These amplitudes may then 

be combined in various ways to give unfolded cross sections and 

folded cross sections for two charged or neutral pion or kaon final 

states. 

Specializing to pions, averaging over initial spin directions 

and summing over final spin directions gives the following expression 

Q -

for the unfolded cross section when rt travels forward along the 

beam (+z) direction 

00 

dcr rt 

d,n = 2k2 
[ {I\' [ rJ+1 ( l T J=.£+1 + TI T J=£+1) L ,J~ 2 i ~-6 o 

J=l 

00 

+ ~ [ ll \' T Ji ( 1. T J=t+ 1 + fi T J=t+ 1 ) 

4 k2 G 2 i ~6 o 
J=O 

(5.10) 
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To obtain the expression for the folded cross section, the cross 

section obtained from equation 5.10 by the replacements e ~n - e, 

~ ~~ + n is added to the cross section calculated from equation 5.10. 

To obtain the expression for the annihilations into neutral pions 

the amplitudes for e,~ and n-e, ~ + n must be added before squaring. 

The resulting expression for the cross section is four times the 

rig.ht-hand s icte of equation 5 .10 with T 
1 

set equa 1 to zero (since 

the I spin of the neutral two pion system is always even). 

The assumption of resonance dominance of the amplitude permits 

the substitution of a standard resonance form (plus constant complex 

background term) for the T matrix. Using the following form for the 

T matrix 

where EJ = - (s 

squared, mR is 
J 

TJ=£+1 = 

TJ=£-l = 

+A' 
€ - i J 
;f 

BJ 
----- + B' 
E - i J 

J 

(5. lla) 

(5. llb) 

2 
- mR )/mR rJ' s is the total center-of-mass en~rgy 

J J 
the mass of the resonance, rJ is the full width of 

the resonance, and AJ and BJ are real numbers related to the partial 

production and decay widths in the two meson annihilation channels, 

the expression 5.10 can be fit to the folded data. 41) 

The resonance model expressions for the folded data and for 

the two neutral pion annihilations have been fit to the data of this 

- 0 0 experiment and the pp ~n n data obtained from an earlier Caltech 

experiment which is given in Table 5.3 by means of a nonlinear 
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42) 
gradient fitting program using the method developed by Powell. 

Resonance parameters for the best attempt to fit the folded cross 

sections which included constant, complex background terms in the 

J = 1, 2, and 3 partial waves and allowed strengths, masses and 

widths of the resonances as well as the background parameters to 

vary, are given in Table 5.4 along with a simple single resonance 

fit to the neutral two pion data. (Neither the width nor the 

parameters AJ or BJ were energy dependent in this simple fit.)
43

) 

As can be seen from the table, J = 3 and J = 5 were the dominant 

spins required to reproduce the folded data and J = 2 was the domi-

nant spin required to reproduce the neutral two pion data. The 

dominant J = 3 and J = 5 contributions to the folded data, surprising 

at first in view of the peaking of the a
8 

Legendre coefficient . 

l ' 
(Figure 4.4), are due to the fact th~t the spherical harmonics Y3 

1 0 2 
and Y5 can interfere to give a term similar to !Y4 l without the 

strong peaking near !cos e I = l.o characteristic of this polynomial. . cm 

The solid line in Figures 5.1, 5.3, 5.4 and 5.5 shows how well this 

resonance model fit reproduces the two pion annihilation data. 

Two resonances of spin J = 3 and J = 5 are theoretically 

predicted to exist in this energy region in a quark model for boson 

resonances described by G. and S. Goldhaber
44

). Assuming mesons are 

formed from a quark-antiquark (qq) pair each with spin 1/2 and only 

spin excitations are allowed, various meson states can be formed with 

different masses and definite values of total spin J, parity P and 

charge conjugation C. States in which P = (-l)J (normal P) and 
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J+l . 
C = (-1) (abnormal C) are not allowed in this model. (Normal P 

or C and abnormal P or C are defined to be (-1) 3 and (-l)J + 1, 

respectively.) It is assu~ed that states with given orbital ex-

citations £ may be further split in mass by the interaction between 

orbital spin £ and the total quark spin s and that this splitting is 

small relative to the orbital splitting. Using the low mass boson 

resonances to set the scale, a diagram of predicted mass states vs. 

total spin J and orbital spin £ can be obtained (Figure 5.6). 

Stich a model predicts two heavy isospin 1, negative parity 

meson resonances with total spin 3 and 5 at s values of~ 4.3 and 

~ 4~9, respectively, in reasonably good agreement with the resonance 

parameters obtained from a fit to the folded two charged pion 

annihilation discussed in Section V-1 (Table 5.4). Whether the 

model's predictions can be taken seriously however, is questionable 

in view of its failure to predict any resonances in the center-of

mass energy range of the pp ~ ~0~0 experiment which is an I = 0 system. 

A possible reason for the failure of this experiment to detect 

more of the previously reported B = 0 structures in the mass range of 

this experiment is due to lack of sufficient mass resolution to 

detect the narrow structures. Although the data were taken at center-

of-mass intervals of 40 MeV, the total two pion and two kaon 

annihilation cross sections given in Chapter IV have been obtained 

from a Legendre polynomial fit to the combined results of this ex-

periment and the one of Fong. Consequently, the cross section values 

are subject to the details of the fit to the folded angular distri- · 
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butions and the relative normalization errors between the two 

experiments and it is unlikely that a resonance with a width less than 

40 MeV and producing a resonance cross section less than half the 

measured cross section would be observed in these results. 

Another possible explanation for the failure of this experiment 

to detect many of the reported B = 0 structures may be related to an 

. - 45) 
angular momentum barrier for pp system ~ The CERN R, s, T, and U 

structures fall closely along the p trajectory and the R and T 

structures might be interpreted as Regge recurrences of the p and 

the S and U structures Regge recurrences of the f
0

• However; 

diffraction fits to the pp elastic scattering system have required 

a proton interaction radius of ~1.0 fermi. Figure 5.7 shows that 

maximum total spin which can be formed in the pp system under such 

a~ assumption is smaller than the total spin required to couple to 

the CERN structures. In comparison, the _Pion nucleon system for the 

same nucleon interaction radius is seen to have sufficient total 

spin to couple to the commonly observed N* resonances. 

- 0 0 The nonvanishing cross sections for pp ~ ~ ~ in this momentum 

region, the lack of any dominant even J contributions needed . to pro-

duce the observed forward backward asymmetry in the unfolded data, and 

the fact that the energy dependence of the widths and partial widths 

were neglected in the fit, indicate that the resonance model fit is 

only a first approximation to the physical processes involved in 

the annihilation. Consequently, other attempts were made to fit the 

T matrix elements to the data without assuming a resonance model. 
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Another model for the pion annihilation data which looked 

promising in view of the relatively smooth increase in complexity 

of spin dependence in the folded angular distiibutions with in-

creasing incident antiproton laboratory momentu~ was a background 

model in which the target proton was treated as a scattering center 

with a fixed scattering radius. In this model, the maximum angular 

momentum obtainable in the antiproton proton system is given by the 

product of the scattering radius times the incident laboratory anti-

proton momentum, 

L = 5.076 R q 
s 

(5. 12) 

where R is the scattered radius in units of l0- 15 m, is the center-s q 

of mass antiproton momentum in GeV/c and L = ,jJ.,(J., + 1) where J., is 

the orbital angular momentum in the antiproton-proton system. 

Table 5.5 gives the minimum laboratory momenta (P
0

) necessary to obtain 

orbital angular momenta J., up to J., = 6 for three scattering radii. 

In order to obtain an analytic expression for "the TJ matrix 

elements which could be fit to the folded pion data, · it was assumed 

that 

a) the matrix elements TJ = J., -
1 were zero 

b) the energy dependence of the matrix element TJ 
p, + 1 

was given 

by 

TJ=J.,+l = A 
J., 

-2.65 
s 

L 
q < 5.076 R 

s 

L 
q :2 5.076 R 

s 

(5.13a) 

(5.13b) 

where AJ., was an adjustable fitting parameter and the s dependence 
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was chosen so that the s dependence of the total two pion annihilation 

cross section which could be cal6ulated from equation 5.10 agreed 

with the measured s-
6 · 3 

dependence (Chapter IV). The q2£+l 

T matrix threshold dependence which appears in equation 5.13a is 

d f 1 . . h 46) obtaine rom nonre ativistic scattering t eory • 

J=t+l 
Using the expressions for T given in equation 5.13 

in equation 5.10 and allowing the parameters A£ and Rs to vary, an 

attempt was made to fit the folded pion data over the incident 

antiproton laboratory momentum region covered in this experiment. No 

quantitatively acceptable fits to the data were obtained over a wide 

range of parameter starting values. Although this does not rule out 

the possibility that a satisfactory fit to the data could be made 

with the background, mo.del, it suggests that the assumption of a 

constant proton scattering radius may not be valid for the two pion 

annihilation reaction over the momentum range of this experiment. 

Another attempt to fit the T matrix elements directly to the 

data without using a model for the energy dependence was made, a 

method similar to that used in an energy independent phase shift 

analysis. 
2 

However, the large number of low X solutions obtained 

for the low momentum data (> 10 for momenta ~ 1.0 GeV/c) made such a 

procedure impractical both from time and cost considerations. Un-

folded data over the entire angular region combined with polarized 

proton target data to sort out the correct fit from the many accept-

able fits obtained from energy independent fitting procedures for 

high spin (J ~ 6) systems are needed to produce reliable T matrix 
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values from this type of analysis. 

For completeness, the equations for the differential cross 

sections for the antiproton proton annihilations into two charged 

pion and two charged kaon for a polarized proton target in terms 

of the amplitudes 5.9a - 5.9c are given in Appendix E. These 

equations can be used to relate asymmetries in positive or negative 

pion or kaon production from antiproton annihilation on a polarized 

proton target to the T matrix elements for these annihilation 

reactions. 
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Figure 5.1 
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Figure 5.2 
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Figure 5.3: Resonance fit to pion folded differential cross sections. 
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Figure 5.4 

Resonance fit to pion total cross sections 
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Figure 5.5: Resonance fit to Legendre expansion coefficients 
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Table 5.1 

Resonance parameters of reported B = 0 structures between 1990 and 

Reaction 

- -n p -> pX 

n p -> pX 

pp 

- -n p -> pX 

n p -> pX 

pp 

* pN -> k 1<.nn 

_ or -* 
pN -> k nn 

- -
1l p -> pX 

pp 

-n p ~ pX 

n p -> pX 

2570 MeV. 

Group Mass 
(MeV). 

CERN3) 1929 ± 14 

Andersog) 2086 ± 38 

Abrams5
) 2190 ± 5 

CERN 2195 ± 15 

Anderson 2260 ± 18 

Abrams 2345 ± 10 

2360 ± 25 

Anderson 2370 ± 17 

Abrams 2380 ± 10 

CERN 2382 ± 24 

Anderson 2500 ± 32 

Width 
(MeV) 

::; 35 

150 

85 

::; 13 

< 25 

140 

:s 60 

57 

140 

::; ·.30 

87 

I Spin 

1 or 2 

1 or 2 

1 

1 or 2 

1 or 2 

1 

1 

1 or 2 

0 

1 or 2 

1 or 2 
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Table 5.2 

* Isotopic Spin Decompositions 

jpp) = l [ 11,0) + 10,0)] 
~2 

/1 . {i 
12,0) ±~2 11,0) +,.; 3 jo,o) 

Combining the above yield 

0-0 - 1 1 
(k k IT I PP) = 2 T 1 + 2 To 

* The convention used is given in Section V-1. 



Table 5.3 

- 0 pp ~ 2rr Data t 

Momentum GeV/c 

1.00 1.25. 1.50 1. 75 

* . dcr/dn * l * * cos e da/dn da/dn da/dn 
cm 

~0872 4.5 + 1.1 5.8 + 1.2 5.0 + 0.8 2.2 + 0.5 

.• 0588 4.5 + 1.4 4.4 + 1.1 2.1 + 0.6 1.0 + 0.4 

.4226 1.0+0.7 1.8 + 0.8 1.2 + 0.6 0.7 + 0.5 

.5736 3.7 + 2.4 1.6 + 1.2 0.2 + 0.2 

* Cross sections in microbarns-steradians. 

t This data obtained from Alvin Ve Tollestrup. 

2.00 

* da/dn 

1.3 + 0.2 

0.3 + 0.3 . 
0.6 + 0.2 

0.4 + 0.3 

2.50 

dcr/dh * 

0.29 + 0.08 

0.25 + 0.09 

0.19 + 0.13 

1.2 +LS 

........ 
VI 
VI 
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Table 5.4 

Resonance Parameters of Best Fits to ~TI Annihilation Data 

- + -
pp~ TI TI 

A' = -.062 i .015 
1 

B' = -.041 - i .011 
1 

A2 = .019 + i .oo 

B2 .023 + i .oo 

A' = .022 + i .091 
3 

B' = -.024 + i .128 
3 

A3 = - .426 B3 = - .093 M3 2.132 r3 .320 s = 4.52 

AS = .048 BS = .065 MS = 2.287 r3 = .159 s = 5.24 

S~nce these resonances decay into two pions 

I = 1, P = - and G = + for both 

.... o 0 
pp ~ J~ TI 

B
2 

= .075 M2 = 2.217 s = 4.90 

Since this resonance decays into two neutral pions 

I = O, P = + and G = +. 



Table 5.5 

Minimum antiproton momenta required to produce an angular momentum J, as a function 
of proton scattering radius R (in units of lo-15 m). 

s 

R = 1 R = 1.5 R = 2.0 
s s s 

. * * * * * * j, L qo Po qo Po qo Po 

0 .o .. o .o .. o .o .o .o 

1 1.41 .282 .60 .186 .380 .141 .285 

2 2.45 .490 1.11 .,327 .692 .245 .500 

3 3.46 .. 692 1. 72 .462 1.030 .346 .740 

4 4.47 .892 2.48 .. 597 1.415 .447 .995 

5 5.48 1.095 3.40 .. 730 1.850 .547 1. 265 

6 6.49 1.295 4.45 .864 2.346 .647 1.570 

* Units are GeV/c 

~ 
IJ1 
........ 
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2. Comparison of the Extreme Angle Annihilation Data with :rtp and 

kp Backward Scattering Data .Using Crossin_g_Relations 

The concept of crossing which in the case of two-body scattering 

relates the amplitudes between processes for which a pair of 

particles is exchanged from the initial to the final state is a 

fundamental assumption of the S-matrix theory of strong interactions~7 ) 

In order to apply these relations, it is necessary either to measure 

the cross sections at asymptotic energies or to make assumptions 

about the analytic form of the scattering amplitudes in order to do 

the analytic continuation necessary for crossing. 

In the energy regions in which Regge trajectories of the same 

signature or exchange degenerate trajectories dominate the u channel 

scattering amplitude and the scattering amplitude is even under the 

replacement .fu --> - .fu, equation 1.6 can be used to compare the 

annihilation cross sections dcr/du to previously measured backward 

elastic cross sections do/du as illustrated in Figure I.lb. This 

comparison, shown in Figure 5.6,has been made at fixed cos 8 
cm 

- .98 instead of fixed u to increase the range of s in the comparison; 

u varies in value between -.44 and -.20 for the two pion annihilation 

2 
and . between -.30 and -.14 (GeV/c) for the two kaon annihilation over the 

incident antiproton momentum range of this experiment. The 

backward scattering cross sections shown in Figure 5.8 

have been multiplied by the kinematic crossing factor on the right-

d d 1 6 d 11 
. . l 48, Lt9) ban si e of equation • , an a errors are statistica • 
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The comparison of the pp~ n-n+ to n+p ~ pn+ (reaction 1) shows 

reasonable agreement everywhere except near s = 5.0 (GeV/c) where 

+ there is a strong dip in the backward n p cross section. Considering 

the many resonances and the large number of possible exchanges, the 

comparison is somewhat better than might be expected a priori. It is 

also interesting to note that both cross sections show a similar 

2 
shoulder at s "' 6.0 (GeV/c) • 

+ - -In the comparison of pp~ n n ton p ~ pn (reaction 2), direct 

-1~ 
channel effects, specifically the N (2190), eliminate any quanti-

tative agreement between them. Good agreement for these reactions 

would not be expected except at high momenta where the influence 

of the direct channel resonances in np scattering give only small 

contributions to the complete scattering amplitude. 

- - + + + The agreement in the comparisons of pp ~ k k to k p ~pk 

(reaction 3) and pp~ k+k- to k-p ~pk- (reaction 4) is striking 

especially in view of the low momenta at which the comparison is 

being made. The agreement for reaction 3 is not surprising since 

the backward k+p scattering data can be fit with an exchange 

degenerate A , A exchange which satisfies the requirements for 
o; y 50) 

equation 1.6 to be valid. However, the good agreement for reaction 

4 is not expected since it is usually believed that k p backward 

scattering is dominated by direct channel amplitudes.
51

) 

At high momenta comparisons can be made between the above pairs 

of cross sections as a function of u for fixed s. The results of 

these comparisons are shown in Figure 5.9 where the annihilation 
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data have been averaged over four different momenta (ranging from 

s = 5.4 to s = 6.2 (GeV/c)
2 

in order to improve the statistics and 

the backward -scattering data have been multiplied by the crossing 

factor in equation 1.6 as before. For reactions 2 and 4 there is 

no significant disagreement over the range of u. While the 

agreement is generally good near e = 180° for reactions 1 and 3, 
cm 

-there is a marked deviation away from this point, possibly because 

the scattering amplitude is no longer even in the replacement of 

~u by -~u away from the extreme center of mass angles. 
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Figure 5.~ 

Comparison of annihilation and backward scattering reactions at 
extreme angles as a function of u. 
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3. Conclusions 

The two pion annihilation data obtained in this experiment have 

been found to be consistent with the interpretation that the direct 

channel (resonance) effects dominate the amplitude over the mo

mentum region covered by this experiment. Evidence for these 

resonances has been obtained from the strong peaking in the total 

pion annihilation cross section near 1.0 GeV/c shown in Figure 5.1, 

the reasonable fit to the folded angular distributions obtained from 

a simple J = 3 and J = 5 two resonance model shown in Figures 5.3, 

5.4 and 5.5, and the poor agreement between the comparison of the two 

pion annihilation reactions with the pion nucleon backward scattering 

reactions assuming exchange dominance of the scattering amplitudes. 

Furthermore, the resonance parameters of the low mass resonance 

(2.12 GeV) obtained in the resonance fit to the folded pion 

annihilation data are ' in reasonable agreement with the resonance 

·parameters of the B = 0 structure observed by Anderqon et al. at a 

mass of 2.09 GeV (Table 5.1). The stable parameter~ of this 

resonance with variations in numbers of resoQances and backgrounds 

included in the fitting procedure are the mass (2.12 ± .OS) and the 

spin J = 3. 

Although the position of the upper mass resonance (2.28 GeV) is 

sensitive to background contributions and varies between 1.6 and 

2.2 GeV/c depending on the type of resonance model used, a large 

spin. 5 contribution is needed in the amplitude to reproduce the 

folded data in the vicinity of 1.7 GeV/c where bubble chamber data 
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have shown the complete unfolded distribution to be relatively 

symmetric about cos e = 0 (Figure l.2b). More complete data are 
cm 

needed to determine whether the upper mass resonance is real or 

whether it is merely a dominant background spin at the higher 

momenta. 

All attempts to test the uniqueness of the resonance model 

have failed because of the complexity of the pion annihilation 

scattering amplitude containing up to six partial waves (J ~ 6). 

Complete data over the entire angular region combined with data 

from a polarized proton target will ultimately be needed to un-

ambiguously determ~ne the form of the pion annihilation scattering 

amplitudes in this energy region. 

The two kaon annihilation data obtained in this experiment 

have been found, in contrast, to be consistent with the inter-

pretation that exchange effects dominate the amplitude over the 

momentum region of the experiment. Although the two kaon folded 

differential cross sections have been fit with the two pion 

resonances and an additional spin 4 resonance with variable para-

meters, the simplicity of the folded angular distributions would not 

seem to warrant such complexity a priori. (A resonance with negative 

G parity would not couple to the two pion annihilation channel.) 

There is no evidence of direct channel structure either in the total 

two kaon annihilation cross sections (Figure 5.2) or the extreme 

angle differential cross sections (Figure 4.6). Furthermore, good 

agreement has been obtained between the extreme angle two kaon 
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annihilation data and the kp backward scattering data assuming the 

amplitudes are dominated by u channel exchanges. 

The statistical accuracy of the two kaon data obtained in this 

experiment is too poor to warrant a Regge fit to the data. More 

complete and accurate data will be needed before reliable parameters 

in exchange amplitude fits to the data can be obtained. 

- - - + -If the amplitudes of the reactiQns k p -)pk and pp--) k k 

are dominated by an exchange, the exchanged particle or trajectory 

must be exotic (mesons which cannot be formed from a quark-antiquark 

pair). Presently available experimental information does not exclude 

the possibility of a Reggeized z*-H- (S = 1, B = 1) exchange with 

a(O) ~ - 4.0 ± 1.052). -2 
If such a trajectory had a slope of 1 (GeV/c) , 

it would pass through the vicinity of the higher I = 1 peaks of the 

k+p total cross section. 53) 

To sunnnarize, the two pion annihilation data show strong re-

sonance behavior in the energy region of this experiment. A simple 

resonance model fit to the folded pion data has been found which 

reproduces all the qualitative features of the folded data and 

requires a resonance of mass 2.12, spin J = 3 whose resonance para-

meters are in reasonable agreement with a previously observed B = 0 

structure. More detailed fits to the pion annihilation data to 

verify or invalidate the present resonance model interpretation will 

. require considerably more detailed data because of the large number 

of partial wave contributions to the annihilation amplitude in the 

energy region of this experiment. 
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The two kaon annihilation data show no dominant s channel effects 

in the amplitude in the energy range of this experiment. And 

comparisons with kp backward scattering data suggest . that the two 

kaon annihilation amplitudes are dominated by exchanges. The 

experiment provides no experimental evidence to rule out the 

* possibility of a Reggeized Z exchange. 
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Appendix A 

The Beam Transport System 

The beam transport system used in this experiment was the short 

branch of partially separated beam No. 5 at the Brookhaven National 

Laboratory Alternating Gradient Synchrotron (AGS). The system, 

consisting of 7 quadrupoles, 3 dipoles, 2 electrostatic beam separa-

tors, 2 beam stops, a mass sl'it and ·a vacuum system, is shown in 

Figure 2.1 of Chapter II. 

The Brookhaven AGS accelerated between .7 and 1.5 x 10
12 

protons every 2.4 seconds. These were made to strike a Be wire 

1 nnn in diameter at the 10th magnet of the G superperiod which was 

flipped into and swept across the beam in approximately 400 msec. 

0 . 
The Be wire was angled 10 away from the first set of three quadru-

poles to present the smallest possible source to the beam 5 trans-

port system. 

The first three quadrupoles q
1

, Q2, and Q
3 

were special magnets 

with most of their materials above and below the beam line enabling 

them to be located close to the AGS main ring . . They focused into 

a parallel beam all particles with angles with respect to the main 

ring beam center line of 10° ± 14 mr in the horizontal plane and 

0° ± 9 mr in the vertical plane. Particles of the selected momentum 

p
0 

were then bent 6° by the first dipole bending magnet n
1

• 

Quadrupoles Q
4 

and Q
5 

focused all beam particles of momentum 

p
0 

horizontally at H
0 

and, when the beam separators BSl and BS2 

were off, vertically at V (Figure A.l). To eliminate all particles 
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with momenta differing by more than 3% from p
0 

from the beam lead 

was placed in the horizontal plane on either side of HO to form a 

momentum slit. The electrostatic beam separ'ators BSl and BS2 using 

crossed electric and magnetic field further improved the beam by 

vertically deflecting all particles of momentum p
0 

with masses 

different from the antiproton mass. Lead above. and below the verti

cal focus point V formed a mass sli~ and removed these particles 

(pions and kaons) from the beam. Pion background was reduced in 

this way by more than a factor of SO. 

Dipole magnet n
2 

was used to bend the beam to the short 

branch of the system. The sextupole S was not usede Dipole magnet 

n
3 

was then used to further bend the beam away from the other (long) 

branch of the system and to bend low momenta particles created at 

the mass slit out of the beam. Finally, quadrupoles Q
6 

and Q
7 

focused the remaining beam at the target area. 



Ch 
Q) 

.£:. 

2 

--~....-~-.-~-.--~-.--~-r-~-,-~--r-~-r-~-,-~--r-~--r~--.,r---~r--~-r--~-,--~-y---\-4 

- - - p = 1.02 p -----------~-----' 

Trajectories in Horizontal 
Projections (x) 

' \ 
\ 

' ' -------------- ... 
' \ -2 

g o~ ~ h' ' ... ::;;>~o 

>< Trajectories in Ver ti col 
Projection (y) 

/ . P= Po 

E 
-2 

-- - - - -- ---- -------
p= 1.02 P

0 
Ch 

+2 

0 2 01 04 Oz ~ 
........ ~~~ ~1---i ~ Cl) 

03 07 
~ 1------f H ~ 

I 01 03 I 05 § 
-4 1 I I I I I I I I~. I I I I I I 1+4 
. 0 . 500 1000 1500 

Os 04 

z (inches) 

Figure A.l . 

Ray traces of the trajectories of extreme angle particles 
passing through the beam transport system. 

Ch 
Q) 

£. 
0 
c 

~ 

....... 

" ....... 



172 

Appendix B 

The Wire Spark Chambers 

B-1. Memory Time and D.C. Clearing Field 

The memory time of a wire spark chamber is defined as the 

time during which the electrons and ions formed along the path of 

transit of a high energy particle through a chamber, lower the 

electrical resistance between the two wire planes of that chamber 

enough so a spark is produced at a point on that particle's path 

when the chambers are pulsed. It can be varied by applying DC 

electric fields of varying strength across the wire planes of the 

chambers since the higher the field, the sooner the ions are 

removed from the chamber and the shorter the memory time. 

In this experiment a 17 volt DC clearing field was used and 

produced a memory time of about 1 µsec in each chamber. Since the 

chambers were not pulsed until N .3 µsec after a trigger producing 

event occurred, the memory time was required to be considerably 

greater than .3 µsec; however, since there were the order of 200K 

beam and beam halo particles every 400 msec at the higher momenta 

on the average a beam particle traversed the chambers every 2-3 µsec 

at these momenta. The 1 µsec memory time produced by the 17 volt DC 

clearing field was considered an acceptable compromise • 

. To test whether the clearing field reduced the efficiency of 

the chambers, the delay before pulsing was artificially increased ,to 

400 nsec. No decrease in efficiency was observed. 
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B-2. Recovery Time 

After the chambers were pulsed and avalanche sparking occurred, 

electrons, ions and metastable atoms were produced along high energy 

particle transit paths through the chamber. If the chambers had 

been pulsed again before those particles were swept away, avalanche 

sparking would have occurred at the same points that sparking occur-

red in the initial pulsing. The tim..e necessary for these particles 

to be swept away is called the recovery time. 

Electron mobility in the neon helium gas mixture used in this 

3 2 . 
experiment was of the order of 10 cm /sec-volt giving a clearing 

time of 10 µsec for the 17 volts across the 1/4" gap?
4

)Ion mobility 

however, was much slower at 2-5 cm
2 
/sec-volt giving clear.ing time 

of ,v 10 msec under the same conditions. To reduce this clearing 

time by a factor of 4 a pulsed clearing field of several hundred 

volts was applied to the chambers. 

Metastable atoms stored residual discharge energy and could 

produce delayed ionization for 100 msec. However, the isopropanol 

vapor in the neon-helium gas mixture, which ionized easily, ab-

sorbed this energy _ from the metastable atoms and dissipated it in 

~ 10 msec o 

B-3. Spark Formation and Track Resolution 

The formation of a spark avalanche in a wire spark chamoer 

was a complicated process and the position of the spark formation 

deviated from the actual path of the ionizing particle for many 

reasons. Gas composition, DC clear~ng field strength, delay between 
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event occurrence and chamber pulsing, and the angle of incidence 

of the ionizing particle all affected the spark formation position 

and the inherent resolution for particle tracks in the chamber. 

The use of isopropanol alcohol in the gas composition re

stricted the spark avalanche to the region of primary ionization 

electrons along the path of the ionizing particle. To help com

pensate for shift in spark position~ due to electron drift produced 

by the DC clearing field, the direction of the DC clearing field 

electric field vector was alternated for adjacent pairs of chambers. 

In addition to the inherent track resolution limitations, the 

1.25 nun wire spacing on the wire planes and the 10 megacycle 

digitizing frequency affected the over-all track resolution of the 

chamberso Since more than one wire could current couple to a 

spark and the coupling strength depended on proximity of the spark 

to the wire, the readout resolution was expected to be somewhat 

better than 1.25 mm. 

Experimentally, the limitation on the over-all resolution was 

determined by the 10 megacycle digitizing scalars which quantized 

the position in steps of 052 mmQ A study of the distribution of 

chamber sparks for straight beam tracks showed that the over-all 

track resolution (1 standard deviation from the mean beam line) of 

the wire spark chambers was 'V .9 mm.). 

B-4. Two Track Resolution 

Two track resolution was important in this experiment only 

in the upstream wire spark chambers .(1-4) which had to support a 
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beam track and a backward scattered track. Factors affecting the 

two track resolution of the chambers were the width of the output 

signal from the magnetostrictive line pickup coils ( IV 1 µsec) and 

the ability of two sparks to form at close separations. In this 

experiment the over-all two track resolution was experimentally 

found to be,.., 3.0 nnn.
55

) 
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Appendix C 

PDP-8 Wire Spark Chamber Efficiency Calculation 

The PDP-8 wire spark chamber efficiency calculation was per-

formed separately for each set of 4 chambers (8 coordinates). This 

Appendix describes the details of this calculation for a given set 

of chambers. 

Each event in a run was classified as an n spark event 

(0 ~ n ::; 4) where n was defined as the maximum number of sparks 

shared by at least two coordinates for that event. With the total 

number of n-spark events at the end of a run defined as N(n) and 

h b f k h .th d" d f h .th k t e num er o spar s on t e i coor inate ~ t e J n-spar event 

defined as N~(n), the efficiency of the ith coordinate for an n-
J 

i 
spark event was defined to be e (n) where 

2> (n) 
i . J 

e ( n) = _n __ N_(-n)--

When N~(n) > n, Ni (n) was set equal to nv 
J j 
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Appendix D 

The Wire Spark Chamber Efficiency Calculation 

When each wire spark chamber of a set of four comprising a 

trackfinding region was working efficiently, a particle traversing 

the sensitive area of each chamber produced 4 sparks which could be 

used for trackfinding in that region. Since, however, only three 

sparks were required to define a track in each region, inefficiencies 

in each chamber of a trackfinding region which were uncorrelated 

with inefficiencies in the other chambers of that region could be 

calculated from the pattern of missing sparks for several thousand 

reconstructed tracks. This procedure, described in detail below, 

was used to calculate the wire spark chamber efficiencies given in 

Table 2.5. Studies described in Section III-4 have shown that this 

calculation was good to within ~ 1-2%. The reconstruction in-

efficiency correction described in Section III-4 includes the 

correlated wire spark chamber inefficiencies which have not been 

included in this calculatione 

Define the following probabilities: 

c. = the probability that no spark occurs in chamber j~ 
J 

xj = the probability that if a spark occurs in chamber j, coordinate 

x fails to record, and 

y. = the probability that if a spark occurs in chamber j, coord_inate 
J 

y fails to record. 

cj is actually the probability that a spark be .below the threshold 
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for producing a pulse in the magnetostrictive lines for both x and y. 

The following four patterns of events in four chambers are used 

in the efficiency calculation: 

1. The number of events in which only one spark in one of the four 

x coordinates misses, but none of the y coordinates miss (Nx.); 
J 

2. The number of events in which only one spark in one of the four 

y coordinates misses, but none of the x coordinates miss (Ny.); 
J 

3. The number of events in which both the x and y coordinates of 

the same chamber miss (Nxy.), and 
J 

4. The number of events in which neither of the coordinates of any 

of the chambers miss (N4). 

The ratios of Nx., Ny., and Nxy. with N
4 

can then be written in terms 
J J J 

of the x ., yj and c. and are given in equations D-1, D-2, and D-3. 
J 4 J 4 

x. Tf (1 - x.) Tr (1 - y.)(l - c.) 
Nx. J l. l. l. 

X• 

·---1=-Rx i#j i=l J 
· (D .1) = = N - . 4 1 - ·x. 4 J 

TI (1 

' J 
- x )(1 - y )(1 - c ) i i i 

i=l 

Nyi Yi 
N4 = Ryi = 1 - Yi 

(D .2) 
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(1 - c·.)(l - x.)(1 - y.) 
1 1 1 Nxy. 

~ = Rcj = 4 

n(l - c.)(1 - x.)(1 - y.) 

+ 

1 1 1 

i=l 

4 4 

x/j n (1 - x1)(1 - y 1) TT (1 - c1) 

i:f j i=l 
4 

n-c1 -ci)(l - xi)(l - yi) 

i=l 

Cj XjYj 

= (1 - c.)(l - x.)(1 - y.) + (1 - x.)(1 - y.) 
J J J . J J 

The horizontal coordinate, vertical coordinate, and correlated 

coordinate efficiencies are given below 

1 -

(1 - x.) = 1 

. J 1 + Rxj 

(1 - y.) = 
J 

1 

1 
1 +Ry. 

J 

c j = {[ Re . - Rx . Ry . ] ( 1 - x . )( 1 - y . ) } + 1 
J J J J .J 

(D .3) 

(D.4) 

(D ·5) 

(D.6) 

The wire chamber efficiencies could thus be calculated from the 

ratios Rx, Ry, and Re .• . J 

The probability for finding a track in a given region (P ) is 
T 

the probability for finding at least three out of four sparks. It is 
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given by the equation 

4 4 4 4 

- x ,> l] p = n (1 - c1>·[nc1 - x .) + Lh Tf<1 T J 
i=l j=l j=l £:/:j 

4 4 4 

ym)l] [TT c1 yk) + LI yk TI <1 
k=l k=l m:/:k 

(D. 7) 

4 4 

+ L [cj n(l -ci)(l - xi)(l - Y1>] 

j=l i=#j 

The first term of this equation is the probability that a spark 

formed in chamber j or chamber k failed to be recorded and the second 

term is the probability that no spark was formed in chamber j. 
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Appendix E 

Annihilation Reaction Asymmetry Produced by a Polarized Proton Target 

Let the beam travel in the +z direction and assume complete 

target polarization in the y direction. The eigenstates of 0 are 
y 

given by 

IY) 1 1 ) +i I 1 ) -
J2 2 ~2 2 

(E. la) 

1-y) = 1- I 1 > - i I 1 ) . -
. f2 2 . J2 2 

(E.lb) 

Since a beam particle has an amplitude to be in a spin up 

state of 1/42. and an equal amplitude to be in a spin down state for 

an unpolarized beam, the amplitude to form a state in which an up 

sp1nning beam particle combined with a target particle polarized 

in the ± y direction is 

(E.2a) 

where the first bracket refers to the beam particle. The corre~-

ponding amplitude for a down spinning beam particle is 

1 I- 1 >I 1 > + i I 1 >I 1 > 2 2 2 - 2 -2 - 2 (E. 2b) 

Combining spin states in the usual way allows equations E.2a,b to be 

rewritten 
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~ 11,1) ± t (~ 11,0) +~ 10,0)) (E.3a) 

1 11 . 11 +ii 2 <tz 1, 0) -fz 0' 0)) - 2 1, -1) . (E.3b) 

Equations E3a,b are the two initial states which can be formed 

from an unpolarized beam and a polarized target. To obtain the 

cross section, the states 11,1), 11,0), and ll,-1) are replaced by 

the reaction amplitudes for pp annihilations into two pion or kaon 

final states qll,OO' qlO,OO and ql-l,OO' respectivel~. The state 

IO,O) is replaced by zero since the amplitude for these annihilations 

from an s = 0 initial pp state is zero. Then squaring the magnitude 

of the reaction amplitude for each initial state and adding,the cross 

section for the target polarized up (+ sign) or down (- sign) is 

found to be 

(E.4) 

Since the cross section without target polarization is 

dcr 1 2 1 2 1 2 
dn = 4 lqn,oo<e,cp) I + 4lq10,oo<e,cp) 1 . + 4lq1-1,oo<e,cp) I 

(E.5) 

Equation E.4 may be rewritten 
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~~it 
da ± __!__ * * an 4/2 

{ qll, 00 qio,oo - qlO OOqll 00} 
' ' 

(E.6) 

± _L * * { ql0,00 ql-1,00 - ql-1,00 qlO 00} 4J2 ' 

Finally the asymmetry A is given by 

i •k * i * * 
-:;_-:rz { q11,oo qio,oo - _q10,oo q11,001 + -;-:fz {q10,ooq1-1,oo-q1-1,ooq10,001 

= 
2 

do 
an 

(E.7) 
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Appendix F 

Notation 

This appendix gives a brief description of the notation used in 

.this thesis. Particle notations are consistent with the 1970 Particle 

Property tables and are given below. 

Particle GrouE Examples Strangeness I SE in 

* *-H-z z 1 1 

* N
11

(1700) 1/2 N 0 

6 6-H-(1236) 0 3/2 

A /\.
0

(1115.6) -1 0 

+ 0 - -1 1 L: L: L: L: 

Regge trajectories are defined in terms of particles of a particular 

particle group. The notation given below is consistent with the 

notation used by Barger and Cline. 

S . . ( l)J-l/2 f f . . i d ( l)J 1gnature T 1s - or erm1on traJector es an -

for meson trajectories. 

Fermion Trajector~ Strangeness I SE in 

* z 1 1 

N 0 1/2 

6 0 3/2 

A -1 0 

L: -1 1 

In addition there are four types of. poles depending on signature and 

parity. 



Type of Pole 

a 

~ 

y 

0 
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Signature 

+ 

+ 

For example, fermion trajectories hav~ 

Parity 

+ 

+ 

a,~ poles with J = 1/2, 5/2, 9/2, etc. 

y,o poles with J = 3/2, 7/2, 11/2, etc. 

The notation N(N) refers to a nucleon (antinucleon) and M(M) 

to a meson (antimeson). In this work the symbol Mused for a meson 

refers to a charged pion or kaon unless otherwise specified. 
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~ (X' i + e' i ai _. a) 2 
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3 
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a. and a! are obtained by solving the simultaneous equations 
1 

a. = ff. (~ - xi) i = 1,3 
l. 

3 
~ 1 <[: ai 

~i ~ i) a 
3 

e +x 

i=l 
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(e;, X ~B) 

I~ x ~Bl 
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