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Abstract

The reaction p+p — p+p-+7° has been studied from threshold up to 500 MeV,
by detecting the decay 7-rays of the 7 in coincidence in two large Nal crystals
(TINA and MINA). It was possible to measure the energy spectra, the differential
cross sections and the asymmetry of the «°.

The total cross sections and the angular distribution parameter b (defined by
92 148 cos?6) determined in this measurement are consistent with previous mea-
surements, but are of a much higher precision. The value obtained for b is very small
indicating that most of the 7° mesons are isotropically distributed in the centre of
mass. Assuming the energy spectra predicted by Gell-Mann, we have deduced the
intensities of the Ss, Ps and Pp transitions by a global fit to all the energy spec-
tra and the resulting cross sections. For Ss we obtained o5° = (15.2 £ 3.0)n2 (ub)
which is smaller and more accurate than the previous measurements. A model
independent o5° would have an uncertainty of about 6 ub.

We have compared our results with those of the reaction n+p — N + N 4 7*
and found them to be fairly similar. Any difference would demand inelasticities in
the I=0 channels, but the total cross sections indicate that og is small.The centre of
mass pion energy spectra for pp — ppm® and np — nnzt are also similar. However a
large cos term is observed in the 7% differential cross sections from the np reaction
which is an indication of a significant value for oy;.

The analysing powers are fairly large and negative. This is the first mea-

surement of this observable, although evidence from the reaction *C(p,7~) had

suggested that the asymmetry in the free pn — ppn™ reaction might be positive.
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Chapter 1

Introduction

The nucleon-nucleon interaction is one of the most important problems in
nuclear and particle physics, and has been studied extensively both experimen-
tally and theoretically over a very wide energy range. In nuclear physics a clear
undérstanding of the nucleon-nucleon force leads to a better understanding of the
properties of nuclei, and in particle physics, the nucleon-nucleon interaction is inti-
mately related to an understanding of the hadrons. At low energies nucleon-nucleon
scattering is mainly elastic, apart from a very small amount of bremsstrahlung pro-
duction and neutron-proton capture. The inelastic channel NN — N N7 becomes
energetically possible around 290 MeV, and the cross section for this channel rises
very quickly as a function of energy. For proton-proton collisions around 900 MeV
the total inelastic cross section equals the elastic scattering cross section [1]. Double
pion production has a threshold around 590 MeV, but has negligible cross-section
even at 800 MeV [2],and does not become significant until AA production becomes

energetically possible at about 1000 MeV.
1.1 Isotopic Spin Decomposition

For pion production reactions near threshold, Watson and Brueckner [3]
showed that the characteristics of the data could be interpreted using the laws of
conservation of angular momentum, parity and isotopic spin. In the isospin notation
of Rosenfeld [4], the total cross section for a reaction is denoted by o,; where ¢ is

the initial and f is the final isotopic spin of the two-nucleon system. Thus for single



Table 1.1: Isotopic spin decomposition for total cross sections.

Reaction Isotopic spin decomposition
(a) [p+p—od+nt 10(d)
(®) |p+p—on+tp+rt o10(np) + o1
(c) p+p¥>p+p+7r° o1
(d)|n+p—>d +‘7r0 1o10(d)
(&) | n+p—n+p+n° 2o10(np) + 001]
) Intp—on+n+rt %[an—t-am]
(8) |n+p—p+p+r o + 001
A Intn—on+p+n oo(np) + on
(G) ([n+n—d+7” o10(d)
kK)in+n—-n+n+nr° o1

pion production there are four cross sections, o10(d), o10(np), 011 and og;. 010(d)
and oy0(np) represent reactions with a deuteron and unbound neutron and proton
in the final state respectively. All the possible reactions can be expressed in terms
of these independent cross sections and are listed in table 1.1. There is no o for
np collisions, since, the pion has isotopic spin 1 and so the 0 to 0 transition does
not conserve isotopic spin.

Since the Coulomb interaction breaks isotopic spin invariance, these relations
are subject to corrections of a few percent. A major contribution is the mass
difference of the 7% and #° (4.5 MeV in 140 MeV), which is itself a symptom of

the Coulomb interaction. Two features to be noted from table 1.1 are:

2



1. In n-p collisions, the cross sections for the production of 7+ and 7~ are equal.

2. The cross section for deuteron production in n-p collisions is half that in p-p

collisions.

As can be seen from table 1.1, a very clean feature of the reaction that we are
interested in, pp — ppn®, is that it involves only oy;. Similarly, o10(d) can be
independently measured and of the four elementary cross sections this has been the

one most extensively studied, mainly because:-

e it involves only two bodies in the final state
e the inverse reaction md — pp can also be investigated
e for pp — n*d all the particles are charged and thus easy to detect

e near threshold o19(d) has a relatively large cross section.

Thus a full amplitude analysis of pp — n*d has been attempted [5,6] and most
major amplitudes are now fairly well determined. As for o10(np), the cross-section
is fairly well established at the present time; there are some asymmetry and spin
transfer data, but by no means a complete set of measurements.

Using all the available experimental data from pion production reactions a
phase shift analysis has been done by VerWest and Arndt [7] who have thus de-
termined the relative strengths of the four elementary cross sections. The energy
dependence of these cross sections are shown in Figure 1.1. Their results show
that ooy is small up to about 1000 MeV but at present there is a fair amount of

inconsistency between the various estimates of gyo;.
1.2 Angular Momentum Analysis

The elementary partial cross sections o19(d), 010(np), 011 and 0oy can be broken

down to several “intensity classes” in terms of the angular momentum of the final

3
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250 500 750 1000 1250 1500

Figure 1.1: Energy dependence of the elementary cross sections.

two-nucleon system and the angular momentum of the pion [4]. It has been shown
that near threshold, I > 2 could be neglected, and the final state partial waves can
be classified in order of decreasing intensity as Sp, Ss, Pp and Ps. The first letter of
an intensity class (S,P) refers to the relative angular momentum of the two nucleons
in the final state while the second letter (s,p) refers to the angular momentum of the
pion with respect to the centre of mass of the two nucleons. The allowed reactions
of these intensity classes are listed in table 1.2, grouped according to the elementary
cross sections and further grouped according to the intensity class. The notation
used for the initial and final states of the two nucleons is 2*1L; where S is the
spin, L is the orbital angular momentum and J is the total angular momentum of

the two nucleons. For the final state of the pion, the notation is I; where [ refer to



the orbital angular momentum of the pion and J is the total angular momentum.
In table 1.2,  is the momentum of the pion in the centre of mass in units of the
pion mass i.e. n = 1—;1; and 7o 1s the maximum momentum of the pion in the same
units.

As can be seen from the table, for the reaction pp — ppn®, the transition Sp,
which plays a major role in other meson production reactions, is forbidden due to
isosin, spin and parity considerations. The 1Syp; state is 1T and is not available in
the initial pp state whereas the S;pg, transitions are allowed for the 7+ producing
reactions. The absence of the Sp class is responsible for the relatively small cross
sections near threshold for the pp — ppn° reaction. Also it turns out that for
this reaction it is impossible to explain the experimental excitation function by
invoking Ss alone [4]. Therefore, for oy; only, reactions of classes Pp and Ps must
be considered even near threshold. (They are present in the =+ chanriels, but need
not be considered in a crude analysis at TRIUMF energies.)

In some simple cases, the expected angular distributions of the pions have been
derived [1]. If the total angulér momentum is zero or if the pion is produced in an s
state, then the distribution will be isotropic. If the meson is produced in a p state
and if J>1 the angular distribution takes the form C + cos?6. The expected angular
distributions of each class are also listed in the fifth column of table 1.2. These

angular distributions of the pions can be used to identify the dominant transitions.
1.3 Pion Spectra and The Excitation Function

Differential energy spectra of the pions produced in the NN — NN reaction
have been calculated by Gell-Mann and Watson [8]. In the pp — ppr® reaction let
the incident energy of the bombarding protons be such that in the centre of mass a
kinetic energy of Tj is available after the reaction. Of this an amount T is taken by

the pion and E = Ty — T is taken by the internal motion of the two-nucleon system

)



Table 1.2: Transitions of low partial waves which describe single pion production

Isotopic | Class Initial Final Angular Energy

reaction state state | distribution | dependence
o10(d) Ss 3P, 38181 Isotropic n
Sp 156 3S1po Isotropic n®
1D, 3S1p2 % + cos?8 n>
o10(np) Ss 3P, 35181 Isotropic na
Sp 15 351po Isotropic Mo
1D, 3512 % + cos?6 0
oo Sp 38, 1 Sop1 Isotropic s
3D, 1Sop1 I+ cos?6 na
o1 Ss 3P, 16050 Isotropic na
Pp 3p, 3 Popr C + cos?6 ns
3Po12 0t *F, [ 3Pipo1o | C + cos?8 U
3P1Y2 or 3F2,3 Pyp123| C + cos®d nd
Ps 18 3Pysq Isotroﬁic ns
D, 3P, s, Isotropic ns




(neglecting recoil). The differential (energy) cross sections for the various classes of

reactions have been obtained as [8]

dT T, —T - B
doyy 3 3.
- T 1.2
(%) o rim-mp (12
doyy 3
_ T 1.
( dT)Ps x 0(Ty~T) (13)

Here B’ is the energy of the two nucleons in a virtual 1S, state and is considered to

be essentially zero (= 60 keV). Typical spectra are shown in Figure 1.2.

From the above equations the total cross sections near threshold takes the

form:
(on)ss o g (1.4)
(o11)pp o< 15 (1.5)
(o11)Ps 75 (1.6)

These energy dependences are listed in the last column of table 1.2. Using the
contributions from the three classes towards the total cross section, the experimental

results can thus be described by an excitation function of the form
o1 = Bing + Bang + Bang (1.7)

where B;, B, and Bj; are empirical parameters which provide a measure of the
contributions to the total cross section of reaction (c) in table 1.1. Similar excitation

functions can be written for all other reactions of table 1.1.
1.4 Previous Experiments

The first measurements of the cross section of the reaction pp — ppn®

were carried out in 1952 at the University of Chicago by Marshall et al. [9]. The
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Ps and Pp for an incident proton energy of 400 MeV [8].



experiment performed at an incident proton energy of 430 MeV produced a result of
450 &+ 150ub. Since then a number of other near threshold investigations have been
done by Mather and Martinelli [10], Soroko [11], Moyer and Squire [12], Prokoshkin
and Tiapkin [13], Stallwood et al. [14], Dunaitsev and Prokoshkin [15] and Shimizu
et al. [16]. Of these except for the last, all were done during the period 1953 to 1959,
the most extensive investigations being those of Stallwood et al. and Dunaitsev and
Prokoshkin. Most of these measurements are effectively total cross sections and near
threshold the quality is fairly poor.

Stallwood et al. studied‘ the reaction pp — pp7® by detecting the decay v-rays

0 production in pp collisions for proton energies ranging from 346 to 437

from =
MeV. Using their own data, as well as those of Mather and Martelli, and Moyer

and Squire, they found that oy, is best expressed by
o1 (ub) = (27 £ 10)n2 — (25 £ 90)n5 + (75 + 70)nd (1.8)

This is clearly non physical as the coefficients B, should be positive. Assuming a

negligible contribution from the Pp class of transitions, their best fit was
o11(pb) = (19 £ 6)nd + (62 £ 15)ns (1.9)

Dunaitsev and Prokoshkin performed a very similar experiment in the proton
energy range of 313 to 665 MeV. For energies less than 400 MeV they found as their
best fit

o1(pd) = (32 £ T)n2 + 40§ + 47,8 (1.10)

(The coefficients of the n§ and n3 were held fixed at the Mandelstam values; see
~ section 2.1)

Thus values of the parameter B, vary from 19 to 32 ub with errors which
are probably under-estimated. This means that none of these experiments had the

necessary accuracy to test the validity of the expression 1.7.
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The only recent measurement was that of Shimizu et al. [16]. This bubble
chamber experiment done at KEK produced a lot of useful data on pion production
in the pp system for 325 < Tp < 1262 MeV. However their two points below 500
MeV on the reaction pp — ppn® are clearly out of line. (This will be illustrated
later in Figure 5.1)

Except for the measurements of Dunaitsev and Prokoshkin [15], all of the
other experiments measured only the total cross sections of reaction (¢). Dunaitsev
and Prokoshkin were able to obtain the angular distributions of the pions from the
~-ray spectra, but the quality of their results is not very good, mainly because of
the very poor information they had on the energy distributions of the v-rays. The
only experiment that had fairly good energy information was that of Cence et al.
[17], but this was done at the higher energy of 735 MeV. From their y-ray energy
spectra they were able to deduce the 7 energy spectra in the centre of mass.

The differential cross section for the pion is normally described by

do 1 2

For the b parameter Dunaitsev and Prokoshkin [15] found a value of 0.06 + 0.06
between 400 MeV and 675 MeV, Guzhavin observed 0.04 £ 0.015 at 650 MeV [18],
whereas at 735 MeV Cence et al. obtained b = 0.27 4+ 0.04

The analysing power for the pion is defined as the ratio of the polarised to
unpolarised differential cross sections. Although analysing powers have been mea-
sured for some pion producing pp reactions (pp — ntd and pp — pn=t), until the

present experiment no measurement had been done for the reaction pp — ppn®.
1.5 pp — ppn® and np —» NNr*

In section 1.1 it was mentioned that oy; has been found to be small up to about

1000 MeV. An important consequence of this is that if og; is negligible, then the

10



reactions np — NN7* would be similar to the reaction pp — ppx®. In fact there

has been a long and complex history as to whether o¢; is indeed non-zero.

In the Isobar model [19]
NN = NA = NNx (1.12)

the intermediate state can have isospin (% + %) Therefore, if isospin is conserved,
there can be no pion production from an initial I=0 state in the np reaction. Hence
001 can occur only via other mechanisms and would be smaller than the main
channels. |

The most sensitive indicator of a non-zero oq; is the existence of a cosf term
in the angular distribution of the 7% for the np reaction. If o¢; is zero, the reactions
np — NN7% are identical to pp — ppn®, and so in the angular distribution of the
pions, a cosf term is forbidden.

The work of Handler [20] in 1965 shows clear evidence for a fairly large cosf
term for the reaction np — ppr~ at 409 MeV. At SIN, Kleinschmidt et al. [21]
hypothesized that, 0o; was small for np — nnrt between 470 and 590 MeV. Un-
fortunately this measurement lacked sufficient angular information as they studied
only small angles up to 35° in the centre of mass. The recent results of the same
group [22], combined with the earlier measurements, seem to indicate the existence
of a fairly significant cosf term very much in line with Handler and with Dubna
work at 600 MeV [23]. However at LAMPF Thomas et al. [24] studied both =+
and 7~ producing np reactions quite extensively and found little evidence for a
cosf term nor for og; at 800 MeV. The bubble chamber work of Dakhno et al. [25]
from Gatchina produced total cross section measurement and also shows that oy

is small. Thus the evidence is fairly uncertain regarding the exact characteristics of

Jo1-
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1.6 Phase Shift Analyses

Phase shift analyses have played an important part in our understanding of the
nucleon nucleon interaction. They are the most successful of phenomenological ap-
proaches to the determination of the nucleon nucleon amplitude in the intermediate
energy range [26]. These analyses are of interest for the light they shed on NN in-
elasticity and the possible existence of dibaryon resonances. ‘At present phase shift
analyses provide excellent results for pp scattering up to 1 GeV and np scattering
up to 500 MeV [5]. The situation with regard to the NN inelastic scattering is far
from satisfactory. Only the amplitudes for the NN — 7n*d reaction are fairly well
established [6,27,28]. Of the other pion producing reactions, some analysis exists
for the pp — pnn*t [5,29], although it is not complete. The I=0 phase shifts are not
well determined. Above 500 MeV; there is scatter in partial wave parameters in the
[=0 state, which is an indication of paucity in the np data base [30,26]. Bystricky et
al. [26] indicate that a precise measurement of the total cross-section of the reaction
np — npr° is crucial for the determination of the I=0 imaginary parts of the phase
shifts. An easier way of obtaining this information would be to study the reactions

np — 7t NN, because such experiments are relatively simple to perform.
1.7 Motivation

As mentioned earlier the experimental situation with regard to the reaction
pp — ppr® was very poor. Near threshold even the total cross sections were not
very precise, nor had the 7° energy spectra been measured near threshold. From the
available data it had not been possible to extract reliably the S wave contributions
to the reaction near threshold and thus the exact form of the excitation function
was not known. Up to now no polarization observables have ever been measured.

There is a lot of interest and uncertainty about the nature of og). A precise
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measurement of o1, along with an equally good measurement of the np reaction,
could solve the problem once and for all. A np — ppr~ measurement is scheduled
to begin taking data at TRIUMF in the summer of 1988 [31].

The situation with regard to theory is no better (see chapter 2). None of
the existing models provide a complete picture of the existing NN — NN= data.
For most of the existing models, no predictions have been made of the reaction
pp — pénro mainly because there isn’t enough data with which to compare the
calculations.

Hence it was decided to study the reaction pp — ppn® over a wide range
of energies (319 MeV to 497 MeV) and angles (40° to 140° in the laboratory).
Measurements were made of the total and differential cross sections as well as the

analysing powers.
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Chapter 2

Theory

Many attempts have been made over the last 35 years to calculate pion
production cross sections for nucleon nucleon collisions. The first major step forward
was made by Mandelstam who ascribed all pion pr'o.duction to excitation of the
nucleon to a delta with subsequent decay to a pion. This model described the gross
features and has been retained in most subsequent calculations. In the 60’s most of
the calculations were centred on the soft pion approach and peripheral calculations.
After a rather quiet period in the early 70’s the field has been revived recently by
a number of new calculations. The most successful has been the Faddeev approach
of Dubach, Kloet and Silbar which has benefitted from a close co-operation with
experimentalists at LAMPF. A new endeavour has been to incorporate quark effects
into the calculations. So far no model has been very successful in reproducing overall
experimental results other than being in qualitative agreement with experiment.
In this chapter some of the theoretical calculations done so far will be very briefly
outlined. The literature is vast and it will be possible to mention only the highlights.
A comprehensive review would also include a discussion of nucleon-nucleon elastic
scattering as well as pion-deuteron interactions. However, these will be mentioned

only if there is a direct relevance to the ppn® reaction.
2.1 The Isobar Model

One of the earliest models that was fairly successful in reproducing NN—NN~

data was the semi-phenomenological isobar model proposed by Mandelstam [19]
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in 1957. In this model cross sections for pion production were found using an
isospin and angular momentum analysis. One of the main assumptions of the model
was that all pion production took place via an intermediate NA state with the
subsequent decay of the A to a nucleon and a pion; i.e. :-

N N - N A
— N «x

This theory therefore will not be accurate at about 300 MeV because the
NA threshold is about 600 MeV, although its effect is felt much lower because
of the width of the A. The final states were specified according to the relative
momentum ¢ of the pion and one of the nucleons, and the momentum p of the
other nucleon. The interacting pion and nucleon were then assumed to be in a A
state and the second nucleon was assumed to be either in an S-state or P-state
with respect to the A. For the S-state production the only possible transition is
the Sp transition 'D, — 3S;p, whereas for the P-state production there are five
possible contributions. The theory proceeds to calculate the matrix elements for the
transitions assuming they are constant with respect to energy. Any variations in the
matrix elements are attributed to the final state pion-nucleon and nucleon-nucleon
interaction effects. This approach produces six parameters, one for the S-state and
five for the P-state production. Further assumptions were made to set some P-
state parameters equal to each other, thus reducing the final number of parameters
to three. These three parameters were determined by fitting to the experimental
results available at that time.
For the reaction p + p — p + p + 7° the theory predicts a total cross section
given by
or = 4008 + 478 pb (2.1)

where 7 is the maximum momentum of the 7° in the centre of mass in units of uc.-

Here the two terms become equal to one another at an energy of about 400 MeV.
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The value of the cross section for neutral pion production was found to depend,
to some extent, on the individual parameters which were set equal to one another.
The cross section for production in the state with J=1 was less than in those with
J=0 or J=2. If all the production proceeded through the state with J=1, the
7% cross section would be much less than those given by equation 2.2, whereas if all
production proceeded through the states with J=0 and J=2, the 7° cross section
would be increased by a factor of about %

Predictions have also been made for the angular distribution of the pions. For
neutral pions near threshold, the model predicts an angular distribution of 1+cos?8,
corresponding to 5=0.33 of equation 1.11, i.e 75% of the pions are isotropically
distributed. At higher energies (~ 660 MeV) predicfions are for a more isotropic
distribution with 6=0.04.

Above 700 -800 MeV this model very probably breaks down because more
partial waves are involved and the constancy of the reaction matrix amplitudes

cannot be valid for too wide an energy range [32].
2.2 The Coupled Channel Model

A modern developement of the isobar model is the coupled channel calculations
of NN scattering by Matsuyama and Lee [33]. This is an extension of the calculations
first performed by Green and Niskanen [34] to study the p-wave meson production
in pp — 7*td. The model was constructed by extending the conventional meson
exchange theory of NN forces to include the A excitation. Two different pion

production processes were considered (see figure 2.1):
e a direct A production process

e a final state interaction process
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Figure 2.1: The NN — NN reaction mechanisms of the coupled chan-
nel model of Matsuyama and Lee. (a) The direct production
process, and (b) the final state interaction process.

The Hamiltonian for the reaction was written as

H = Hy + VNnnN + hanvoa + VNNaNa (2.2)

where Hy is the free energy operator and Viyy nn is a NN potential. The pion
production mechanism NNV — NA — NN is due to the last two operators h,n
and Vyyana.

Starting from this Hamiltonian they have derived a set of scattering equa-
tions which were solved using a numerical procedure. Numerical results have been
obtained for the reaction pp — pnnt at 800 MeV. For cross sections, the results
are only in qualitative agreement with data, and for analysing powers the predic-
tions are further away. The discrepancies between the predictions and data were

attributed to the deficiencies of the starting Hamiltonian as well as to the effects
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due to the non resonant mN interaction which was neglected in the calculation.

A model employing nucleon, A, pion and dibaryon degrees of freedom has
been developed by Sauer [35]. It has worked remarkably well for 7-d elastic scatter-
ing. But, so far unfortunately it has not been extended to study the N N= states.
Coupled channel calculations have also been done by Niskanen [36,37], Andradi et
al. [38], Garcilazo and Mathelistsch [39], and Mizutani et al. [40], but they too

have restricted their calculations mainly to the wd channel.
2.3 The Peripheral Model

Peripheral or one pion exchange model (OPEM) calculations assume that a one
pion exchange term should be dominant in inelastic processes. The four peripheral
diagrams describing single pion production in nucleon nucleon collisions are shown
in figure 2.2. In the figure the four momenta of the initial nucleons are denoted
by pi and p; and those of the outgoing pion and the nucleons are denoted by q, q;
and g, respectively. Early progress on this model was reviewed by Amaldi in 1967
[32]. One of the first peripheral calculations for NN — NNr done by Ferrari and
Selleri [41] neglects final state interactions between the nucleons, making it valid
only for higher energies (~ 800 MeV). They restricted their analysis to the isospin
one channel and to reaction cross sections.

The matrix elements for the diagrams were calculated in terms of an unknown
function G(A) assuming most of the interference terms were negligible. The form of
this function was determined by fitting to experimental spectra turning the periph-
eral model into a semi phenomenological model. Various differential cross sections
had been calculated and the predictions of the model seem to be in quite good
agreement in the energy region 800 to 1300 MeV. At 600 MeV there are inconsis-
tent comments on the application of the peripheral model to the ppn® reaction.

The experiment of Busza et al. [42] claimed good agreement with theory yet the
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Figure 2.2: Peripheral diagrams describing single pion production in nu-
cleon nucleon collisions.

experiment of Gugelot et al. [43] had discrepancies of a factor three.

A relatively recent peripheral calculation was done by Kénig and Kroll [44] in
1981. They have done a more extensive calculation without restricting it to the I=1
channel. The model contains an exponential form factor with a free parameter X in
order to improve the fit to data. This parameter is fixed by fitting to well measured
cross sections for pp — pnwt. They have been able to obtain a fairly good overall
description of the spin averaged observables. For the pp — ppw® reaction the shape
and the overall magnitude is well reproduced by the model, but at low energies
(< 800 MeV) the prediction lies systematically below the data. For the np reaction,
where both I=0 and I=1 channels exist, it also predicts cross sections systematically

below the data at lower energies. The existence of dibaryon resonances besides the

19



peripheral interaction has been cited as a possible explanation for this discrepancy.
Taking the resonance parameters from elastic NN scattering, they have estimated
the contributions of the resonances to the reaction cross sections and found that they
have the right strength needed to bring about agreement with data (see Figure 2.3).
However other mechanisms can also contribute the missing strength.

VerWest [45] had éxtended the basic idea of the peripheral model by including
the p exchange in addition to the m exchange. The calculations were done using
two parameters : (a) %%A, the coupling constant for the nNA vertex and (b)
the momentum cut off A of the form factors for tNN and nNA vertices. The
parameters were fixed by fitting the angular dependence of the data from ref [46]
for the reaction np — pX. This model has been compared with all the available
experiments around 800 MeV, and seemed to agree well with all the data. Gruben
and VerWest [47] have further studied this model up to 1000 MeV and found that

according to this peripheral model

o The dominant cohtributions for o109 are from the 1D, channel which reaches
its maximum around 700 MeV, and the *F3 which peaks around 900 - 1000
MeV.

e In the oy; cross section, the 1D; and ®F; channels do not play as dominant a
role as in 39, but they still contribute and are responsible for over half of the

cross section.

Apparently there is an obvious discrepancy in the ratio of 019 to 011 predicted by
this model, compared with the results from the analysis of data [7], which cannot
be corrected by adjusting form factors or coupling constants.

Recently Suslenko and Haysak [48] have improved the OPEM calculations by
including contributions due to the interference between the diagrams ir_lb in figure 2.2.

They have calculated triple differential cross sections for the 7t mesons produced
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Figure 2.3: The reaction cross sections for (a) np — npr® and (b) np —
NN7% versus lab momentum p; and lab kinetic energy TJ.
The solid lines are the peripheral model predictions of Konig
and Kroll. The dashed (dashed-dotted) lines are the suggested
contributions from the I=1 dibaryon resonance with mass 2240

(2320) MeV.
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Figure 2.4: Feynman diagrams showing pion emission from external and
internal lines.

in the reaction pp — pnnt in the energy region 660 to 1000 MeV, in excellent

agreement with the experimental data.
2.4 Soft Pion Calculations

In this approach pion emission is considered as the sum of two types of graphs

(see Figure 2.4):
(a) an external nucleon line emitting a pion,
and (b) internal emission of a pion.

Since there was no knowledge of the type (b), additional constraints were imposed
using the Adler-Dothan theorem [49]. This theorem relates, by the use of PCAC

(partially conserved axial vector current hypothesis), the contributions of (b) to

22



those of (a) in lowest order of pion momentum. This reduces the calculation to
calculating trivial Feynman graphs. In his calculations Beder [50] made a number
of threshold approximations retaining only terms of order p/M. Only the dominant
pion emission from the initial nucleon lines survived these approximations. For the

reaction pp — ppr® near threshold, Beder obtained

2 2
gro Y 1 € = g
UT___(47:P).__.___. '[U,,p-l- 1p6p] (2.3)

with

o= (/phase space - am,)/(/phase space)

1 @
e =3l =2p =517

The calculations gave cross-sections which were about two or three times larger
than the experimental results, but a similar calculation for pp — 7*d is within
25% of experimental cross section data. Similar calculations by Baier and Kiihnelt
[51], but with fewer approximations than Beder, produced results further away from
experimental data.

Schillaci et al. [52] had a slightly different approach in their calculations.
They started by considering the S-matrix element for the process v + N, + N, —
N3 + N4+ 7w and obtained the pion production amplitude in terms of the amplitude
for production of a pion on two nucleons, plus a correction integral which vanishes
in the soft-pion limit (i.e. T, — 0). Then taking the soft-photon and soft-pion limits
in the photoproduction amplitude and using the Adler-Dothan theorem, the pion
production amplitude is obtained in terms of off shell nucleon-nucleon scattering
amplitudes. The predictions of this calculation are in fairly good agreement with
experiment at lower energies. At higher energies the calculations are slightly higher
than the experimental results.

Since soft pion techniques are valid only near threshold and at moderate en-

ergies the A resonance makes a significant contribution, Drechsel and Weber [53]
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developed a relativistic treatment for NN — NN~ at low and moderate energies
by including soft pion techniques and the A resonance of the isobar model. They
have given predictions for the pp — ppm® reaction in fairly good agreement with
experiment.

Hachenberg and Pirner [54] have developed a field theoretical model to calcu-
late the effect of S-wave pion absorption on the pion-nucleus optical potential. Con-
sidering S-wave pion production in nucleon-nucleon collisions as the time reversed
process to pion absorption on a nucleon pair, they have studied the pp — pp7® and
pp — mtd reactions near threshold. Their calculations predicted the s-wave param-
eter By for the pp — ppn° reaction as By = 65ub [55] which is 3-4 times larger than
the experimental results [14]. Recently Efrosinin et al. [56,55] performed s-wave
calculations for the above reaction using the same Lagrangian proposed by Hacten-
berg and Pirner. However in their calculations they have considered the nucleon
interaction in the initial and final states as well as the single nucleon mechanism,
both of which were neglected by Hachenberg and Pirner. With these considerations
the calculations predict an B, in the range 11-18 ub, which is slightly lower than

the early experiments (but in good agreement with the present experiment).
2.5 The Unitary Model

One of the most complete calculations done so far on the nucleon-nucleon
interaction is the unitary model proposed by Kloet and Silbar [57,58]. In this.
model elastic NN scattering and single pion production are treated in a unified
way. The model is a generalisation of the Aaron-Amado-Young (AAY) model [59)
applied with good success to pion nucleon interactions at intermediate energies.
The coupled NN — NN and NN — NNr amplitudes were calculated using one
pion exchange forces. All the spin complications were treated fully, and two and

three body unitarity constraints were always satisfied.
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The AAY model allows a pion nucleon interaction in the P;; and Ps3 partial
waves, and their amplitudes are for the processes
WN—*{WN,}—){ N }
_ TA mrn N
where the N’ and A represent P;; and Ps; interacting 7N system. When the

invariant mass of N’ equals the nucleon mass, N’ reduces to the nucleon N. For the

NN — NN and NN — NN reactions, the processes analogous to the above

NN’ NN
NN_’{ NA }—){NNW}

The pion comes from the breakup of the isobars N’ and A. This is shown diagra-

are

matically in figure 2.5 .

The Ps3 interaction, which is dominated by the A resonance, was fitted to the
wN phase shifts in this partial wave. The P;; interaction was fitted to the nucleon
pole and the Py; scattering length. Introducing the nucleon pole ensured that the
model describes both the NN — NN and NN — NN7 amplitudes.

The model was described in terms of the isobar amplitudes T(NN — NN')
and T(NN — NA). The amplitude (NN — NN') with N’ evaluated at the
nucleon pole i.e. ¢*> = m} gives the elastic NN scattering amplitudes. Here g2 is the
square of the four momentum of the isobar. Both isobar amplitudes contribute to
pion production for ¢ > (my+m,)?. The coupled integral equations for this system
were solved exactly by iteration and the use of a Pade approximation technique .

The authors have calculated explicitly a number of spin observables and cross
sections for both exclusive and inclusive pion producing NN reactions. For the
available exclusive NN — NN data the model gives a reasonably good description.
For the inclusive reactions the model underpredicts the cross sections at forward
proton angles, but predicts fairly well the total elastic cross section. The short

comings of this model are thought to be related to the lack of short range forces in
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Figure 2.5: (a) elastic scattering and (b) single pion production diagrams
used in the unitary model.
the model.

Apart from the above mentioned calculations of Dubach, Kloet and Silbar,
there are other unitary calculations reported by Avishai and Mizutani [60,61], Tan-
abe and Ohta [62] and also by Ueda [63] using a scattering theory of the coupled
7NN — NN system. Their main concerns were the nd — nd, nd «— NN and
NN — NN reactions. Lee and Matsuyama have extended their coupled chan-
nel calculations to form a unitary meson exchange model [64], but they too have

restricted their calculations to the nd channel.
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2.6 Some Other Conventional Calculations

Koltun and Reitan [65] have done an investigation of the production and
absorption of a pion by a free two nucleon system. They have calculated cross sec-
tions for the reactions pp — 7*d and pp — ppm® near threshold where the pion
emerges in an s-state. The two nucleon system was treated non-relativistically, with
the interaction given by the phenomenological potential of Hamada and Johnston

[66]. The pion production processes considered included

(a) direct production by either nucleon
and (b) production by one nucleon and the meson rescattered by the

second nucleon.

0

Their calculations predicted a near threshold total cross section for 7° production

given by
or = 1Tn2 pb (2.4)

Yet another near threshold (< 300 MeV) non relativistic calculation for the
reaction pp — ppr® was performed by Zollmann [67] using the distorted wave Born
approximations. One motive of these calculations was to determine the “true”
nucleon-nucleon potential. For this purpose he proposed an ideal 7° production
experiment and calculated angular and energy distributions using two nucleon po-
tentials Reid soft core, Reid hard core, Hamada-Johnston hard core and Bressel-
Kerman-Rouben finite core. His calculations show that near threshold the differ-
ential cross sections have a reasonably strong dependence on the nucleon-nucleon
potential used in the calculation. Very near threshold Zollmann found that the Reid
soft core potential and the Hamada-Johnston potential produced very similar total

cross sections, viz

or =T pb (2.5)
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At 300 MeV, he obtained
Reid soft core: o1 = 8n2 ub (2.6)

Hamada Johnston : o7 = 10n3 ub (2.7)

which shows that the simple 52 dependence is not exact.

Another approach has been developed by van Faassen and Tjon [68]. They
have used the Bethe-Salpeter equation for coupled N-A scattering and extended
it to satisfy unitarity. They calculate the phase-shift inelasticities but obtain only

mediocre agreement.
2.7 NN — NN7m and Quarks

At intermediate energies, the apparent observation of unusual structures in the
measurement of N —N and = —d polarising observables has presented a challenge for
theories that use conventional degrees of freedom i.e. nucleons and mesons. Since
the constituents of nuclei are quarks and gluons whose dynamics are described by
quantum chromodynamics, one expects that a traditional description of nuclei in
terms of nucleons and mesons should break down at some level. With this in mind
Afnan and Blankleider [69] have made an attempt to build a multiple scattering
theory for NN — N N= system by incorporating quark model ideas originating from
chiral bag models [70,71] into the unitary model. Using this approach they have
been able to include some considerations that have been neglected in the traditional
unitary model, but, unfortunately, the resulting equations which they have come
up with are very difficult to solve, and no numerical results have been produced at
the moment for comparison with experimental data.

Another calculation of NN — NNr using quarks have been performed by
Cao and Hwang [72]. In their calculation they have assumed that the pion emission

takes place effectively at the quark level and that quark-quark interactions are
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described to a sufficient approximation by one gluon exchange plus effective one

pion exchange. The reaction mechanisms were grouped into three categories:

1. A one nucleon mechanism where one pion is emitted from one of the two

nucleon clusters

2. A two nucleon mechanism where the pion emission takes place while the two

nucleon clusters exchange a virtual pion and

3. Reaction mechanisms involving quark interchange with or without one boson

exchange between the two nucleon clusters.

Their numerical predictions for the reaction pp — n*td and np — ppr~ indicate
that, for a nucleon radius of greater than 0.8 fm (as measured in the MIT bag
model), reaction mechanisms involving quark interchange are as important as the
conventional one-nucleon and two-nucleon reaction mechanisms, even near the pion
production threshold.

There are a few other quark model calculations reported in literature. Among
them Harvey et al. [73] have shown how the quark potential model through a
resonating group formalism leads to a short range interaction between the nucleons
of magnitude comparable to that required in boson exchénge models to fit the
observed phase shifts, but their calculated A production cross-sections are far from
the experimental results. Faessler et al. [74] have done similar calculations but have

restricted their calculations mainly to elastic channels.
2.8 N — N Interaction and Dibaryons

Several attempts have been made to relate the observations of NN scattering

to the existence of dibaryon resonances [75]. The remarkable energy dependence
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shown by the longitudinal and transverse cross section differences
i

Aop =0"(2)— a7 (2) j (2.8)

Aor = o¥(11) - o™(11) (2.9)
in the range Tp ~ 400 — 800 MeV has been the main cause for this enthusiasm.
The most conspicuous feature of Aoy, is the enhancement centred at Tp ~ 570 MeV
with a width of about 110 MeV. All experiments seem to qualitatively confirm this
energy dependence. The most prominent features of Ao are the two enhancements
at Tp ~ 570 and 1270 MeV. The first analysis of Aoy, data by Hidaka [76] showed
that the structure of Ao is consistent with the existence of a diprofon resonance
in the 3F; partial wave with a mass of about 2260 MeV. Since then a number of
phase shift analyses have been performed which differ among themselves in several
respects, but there seems to be reasonable agreement on the existence of strong
effects in the 1D, and ®F; partial waves. There is also general agreerment that the
possible dibaryon resonances must be highly inelastic [75].

As mentioned earlier, the existence of dibaryons have been considered by Konig
and Kroll [44] and Jauch et al. [77] in their calculations of NN — NN~ cross
sections. As was shown in figure 2.3, the inclusion of dibaryons significantly im-
proved the predictions of their model, but that is only circumstantial evidence for
dibaryons. Dubach et al. [58] have also stated that the explicit addition of dibaryon
intermediate states should produce significant improvements in the predictions of
their unitary model, but it cannot be considered as a proof of the existence of
dibaryons, because alternative mechanisms could explain the discrepancy between
the basic theory and ekperiment. The most widely held opinion at present is that
all the observed effects can be explained in terms of threshold eﬁ'ecté for the NA
channel and that there is no need for specific 6 quark effects [78].

There has also been a continuing search for narrow dibaryon resonances
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(T' < 10-20 MeV) which would signal new and exotic physics. There have been
several reported candidates [75] but the majority of the searches have not yielded
any evidence for sharp structure. The general consensus is that there is no firmly

established narrow resonance.
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Chapter 3

Description of The Experiment

The experiment to study the reaction p+p — p+ p+ 7° was carried out in two
independent runs using the polarised protons provided by the 1B primary beam line
(BL1B) at TRIUMF. The first, a preliminary run lasted 3 weeks between August
20th and September 18th 1985. The final data taking was done during the 3 weeks

from September 1st to 21st 1986.

3.1 1B Beam Line

The TRIUMF accelerator is a sector focussed cyclotron with six hills and six
valleys in the B field. It accelerates negative hydrogen ions because they are very
easy to extract from the machine with high efficiency. The beam extraction is done
by inserting a thin carbon or aluminium “stripper” foil to strip off two electrons
from the H™ ion. In the cyclotron tank a vacuum of 10~7 torr is maintained in order
to avoid beam losses by gas stripping. The external beam is continuously variable
in energy from 180 to 520 MeV. The energy of the extracted beam is varied by
changing the radial position of the “stripper” foil. The proton beam is delivered with
a 100% macroscopic duty cycle but a 23.055 MHz microscopic structure consisting
of a ~ 5 ns pulse every 43 ns.

The layout of the 1B primary 'proton beam line is shown in Figure 3.1. The
experiment was performed at the 1BT1 location. The proton beam was transported
from the cyclotron to the experimental area using conventional magnetic elements

as shown in the figure. Several remotely insertible, gas filled multiwire proportional
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chambers were available along the beam line to check the spatial properties of the
beam. At the 1BT1 location, behind the experimental target a beam profile monitor
(remotely insertible ZnS scintillating screen) was installed for this experiment. For
beam tuning this was inserted to check on the size and shape of the beam spot,
which could be monitored on a TV screen in the counting room. The beam spot

was circular with a diameter of < 1 cm.
3.2 Beam Monitoring

An in-beam polarimeter located upstream of 1BT1 was used during this ex-
periment to measure the beam polarization. Beam current was monitored both by
means of the polarimeter and an argon ion chamber located down-stream of 1BT1.
For most of the runs, a third monitor, a scintillator telescope was used to check the
consistency of the first two monitors. During the experiment the beam current was
kept very low, around 20-200 pA depending on the proton energy and the experi-
mental geometry (see later). The polarization was typicaly 40 - 70%, depending on

the conditions in the ion source.

3.2.1 The Polarimeter

The proton polarimeter in BL1B is a symmetric four-armed telescope of plas-
tic scintillators viewing p-p elastic scattering using a CH, target with an average
thickness of 5.36 mg/cm?. The polarimeter detectors are illustrated in Figure 3.2.
Plastic scintillators L1, L2 and R1, R2 are placed at a laboratory angle of 17°. The
corresponding recoil protons are detected by the scintillators L3 and R3. Figure 3.3
shows the coincidence circuit associated with the polarimeter. The events were de-
termined by the triple coincidences L1-1.2-L3 and R1-R2-R3 which consist of both
real and random events. The accidental contribution to the above was determined

by coincidences of the same set of detectors, but with L3 and R3 delayed by 43 ns,
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Figure 3.2: Polarimeter set up

the beam burst period. This was to ensure that the accidental protoﬁs came from
different beam bursts.
The beam polarization is given by

beam polarization = _/11 Eé : i::z; _T_ Eg : 1;::3 (3.1)

where L(R) - total number of L1- L2 L3 (R1 - R2 - R3) coincidences

L,cc (Roce) - total number of L1 - L2 - L3p (R1 - R2 - R3D) édih;i;iences with
D = delayed ‘
A - analysing power of the polarimeter

In order to be able to measure the beam current, the polarimeter was cali-
brated by stopping the beam in a Faraday Cup. The charge collected by the cup
was a direct, absolute measure of the number of protons incident upon it. This was
done a few months before the final run. The number of protons incident on the

target is linearly proportional to the counts in the polarimeter. The relationship
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Figure 3.3: Polarimeter electronics
was found to be i
0.625 x 10%°
Np = _T—N LR (3.2)

where Np - number of incident protons
Nir - totai number of left and right counts of the polarimeter
K - calibration factor

The results of the calibration (K as a function of proton energy) are shown in
Figure 3.4. The calibration was performed for most proton energies of the experi-
ment, but unfortunately the beam was not stable at 320 MeV, hence the calibration
for this energy was determined by fitting a line to the other data points. Although
a straight line could have described the data adequately,. a line shape close to that

of pp elastic scattering was used as the fitting function.
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Figure 3.4: Polarimeter calibration

3.2.2 JTon Chamber

The ion chamber used in this experiment contained argon gas. The proton
beam, passing through the ion chamber, ionises the gas and the resulting charge is
collected by means of high voltage planes. The voltage was maintained at -500 V
and the resulting current was measured using a current digitizer. The ion chamber
was also calibrated using the Faraday cup along with the polarimeter.

In the energy region of this experiment, the argon ion chamber has a fairly
high gain and hence is a better beam intensity monitor than the polarimeter. Unfor-
tunately, we could not properly stabilize the position of the ion chamber throughout

the run. Hence the ion chamber had to be reduced to a secondary monitor (along
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Figure 3.5: Schematic of the liquid hydrogen target

with the beam telescope) and the polarimeter remained the primary beam monitor.
3.3 The Liquid Hydrogen Target

A schematic of the liquid hydrogen target and the scattering chamber is depicted
in Figure 3.5. The target flask was cylindrical and measured 5 cm diameter x 5 cm
high. These dimensions were selected such that the energy loss of the incident
protons in the target be minimal while still giving a reasonable event rate. At 500
MeV, the energy loss to the centre of the target was about one MeV. The walls of
the flask were made of 0.13 mm thick Kapton.

The flask was contained in an evacuated scattering chamber. The chamber
had a large window made of 0.13 mm thick Kapton. This large window gave the
flexibility of detecting v-rays upto about 150° in the laboratory. It was essential

that the walls of the flask and the windows of the scattering chamber be very thin
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in order to reduce the background 7% produced by the carbon nuclei in Kapton. In
the energy region of interest to us, the 7%production cross section varies from 3 ub
at 300 MeV through 15 4 b at 350 MeV to 700 pb at 500 MeV. The wlcross section
on carbon is quite large at these energies (1.7 mb at 340 MeV and 3.7 mb at 437

MeV) so that the thin walls of the flask can contribute a significant amount.
3.4 The 7 Spectrometer

The 7° spectrometer used in this experiment consisted of two large Nal crystals
TINA and MINA and 2 plastic scintillators (Figure 3.6 ). TINA, which stands
for TRIUMF Iodide of NAtrium, measures 46 cm diameter x 51 cm in length and
MINA, which stands for Montreal Iodide of NAtrium measures 36 cm diameter x
36 cm in length. The 7% were studied by detecting the 2 decay 7 rays in the 2
arms of the spectrometer. These deep Nal crystals have effectively 100% efficiency
for detecting «-rays. The 2 plastic scintillators which covered the entire front faces
of TINA and MINA, rejected all charged particles. In order to improve the energy
resolution of the Nal crystals, TINA and MINA were collimated with 30 cm and
25 cm diameter collimators respectively. The collimators were made of 20 cm thick
iron, thick enough to stop scattered protons from reaching the crystals. With these
collimators they had energy resolutions of about 8.5% FWHM for 100 MeV 7-rays.
Each crystal was viewed by seven 5” “teacup” phototubes type RCA 583006E. The
sum of their anode pulses produced a pulse of 60 ns rise time.

In the experiment, TINA and MINA were kept at large distances of about 125
cm from the target, at the expense of solid angle, in order to be able to distinguish
between the v s and the large number of background neutrons, using the time of
flight method. The efficiency of detecting 7% by the spectrometer was determined

by the Monte Carlo method.
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At the entrance of the beam into the experimental area, at the end of the
beam pipe was a 0.02mm stainless steel window. A 60 cm thick lead wall protected

the spectrometer from background neutrons, v s and 7% produced at this window.
3.5 The Experimental Method

The main features of the experimental set-up are depicted in figure 3.6. The
reaction p+p — p+p+7° was studied by bombarding protons on a liquid hydrogen
target and detecting in coincidence the 2 v-rays from the decay of the 7° in the
2 armed 7° spectrometer. The timing of the electronics for the coincidence was
done using pp elastic scattering. The 2 arms of the spectrometer were kept at 41.5°
, with both TINA and MINA at equal distances from the target. The angle was
fairly precisely defined by a 2.5 cm x 2.5 cm plastic scintillator in front of TINA. At
500 MeV the scattered and the recoil protons would be at these equal angles. Since
they also have equal energy (250 MeV) the two protons would arrive at TINA and
MINA simultaneously. The energy of these protons were used to estimate the on
line calibration of the two detectors. (At high energies there is very little difference
between the pulse height for protons and v-rays of equal energy).

The following information was recorded on tape for each event using a PDP

11/34 computer:

e Pulse heights of individual tubes of of the spectrometer as well as the summed
energies of TINA and MINA. The individual pulse heights were later used to

balance the phototubes in order to obtain a better energy resolution

o Time of flight of the neutral particles relative to the RF signal of the cyclotron.

This was necessary to check the neutron background.

e The polarisation of the incident beam.
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Table 3.1: Geometries used in the experiment

Energy (MeV) Geometry

500 40°-40°, 60°- 60°, 70°- 70°, 80°- 80°, 90°- 90°
40°- 140°, 60°- 120°, 80°- 100°

450 40°-40°, 60°- 60°, 90°- 90°
40°- 140°, 60°- 120°, 80°- 100°

400 40°-40°, 60°- 60%, 90°- 90°
40°- 1400, 60°- 120°, 80°- 100°

350 90°-90°, 80°- 100°, 60°- 120°

320 90°-90°

The experiment was run at proton energies of 320, 350, 403, 450 and 497 MeV.
Various combinations of angles were used : several measurements with the detectors
at 180°to each other (40°- 140°, 60°- 120°,80°- 100°) and others at symmetric angles
(40°- 40°, 60°- 60°, 70°- 70°, 80°- 80°, 90°- 90°), where the two angles refer to the
laboratory angles of TINA and MINA respectively. Table 3.1 lists the geometries
used for each proton energy. The kinematics of the reaction pp — ppn° at 496
MeV are shown in Figure 3.7. The region between the two dotted lines was covered
in this investigation. In all 180° geometries TINA was always kept at backward
angles, mainly to protect it from large fluxes of particles, it being the better and the
larger of the 2 crystals. Data was accumulated in short runs and at the end of each
full target run, an empty target run was carried out to subtract the background 7%

produced from the walls of the target flask.

The beam current was monitored using the polarimeter upstream, the ion

chamber downstream as well as a telescope at 30°, consisting of 3 plastic scintillators
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which detected all scattered charged particles (but mainly elastic protons). The
beam current for each run depended on the proton energy and the geometry of
the spectrometer. The main criteria used to decide on the beam current was the
flux of particles on MINA (or on both TINA and MINA at symmetrie geometries).
This meant that the beam current was increased as MINA was moved to larger
angles or as the beam energy was decreased. Typicaly, the current was varied from
about 20 pA at 500 MeV, 40°- 140° geometry to about 250 pA at 320 MeV for the

90°- 90° geometry.
3.6 Data Acquisition

Altogether 21 signals were produced by the phototubes attached to the various
detectors: 7 signals from each of TINA and MINA, 6 signals from the{3 scintillator
telescope counters and the 2 charge vetoes, and one signal from the jon chamber.
There were also 6 other signals produced by the polarimeter scintillators (see section
3.2.1). These signals were transmitted to the M9 counting room where the data
acquisition electronics and the computer were located. In addition 5 signals were
received directly from the master control room; 4 of them refer to the spin of the
incident proton (up, down, off, busy) and the fifth is the RF signal.

A schematic diagram of the electronics used in this experiment is shown in
Figure 3.8. The data acquisition was done by the task DA wl-lic-h“;hé,naged the
reading of the CAMAC (Computer Automated Measurement and Cpntrol) crate,
the buffering of events and the writing of the assembled buffers, on magnetic tape.

The data acquisition system proceeded in 3 steps:

1. Identification of an event
2. Recording of the data on magnetic tape

3. On line processing of the data.

44



All TINA (MINA) signals were split into 2 portions (80% and 20% by am-
plitude) using a passive splitter. The larger portions were amplified x6 (using a
combination of a LRS 612A 10x amplifier and an attenuator) and fed into an Ana-
logue to Digital Converter (ADC). The ADC units used were the LRS CAMAC
Model 2259A. This is a high resolution (0.1%), multi-input (12-fold) peak sensing
ADC, with a dynamic range of 1024 channels. The seven smaller portions were fed
into a mixer, where they were summed to form a single pulse, which was clipped to
~ 250 ns by reflection in a delay cable. This clipped signal was sent to an ADC and
to an ORTEC 934 Constant Fraction Discriminator (CFD), both through fast 10x
amplifiers. The CFD is a quad discriminator which has a double pulse resolution <
10 ns. It splits the input signal into 2, delays one portion, and subtracts that from
a constant fraction of the undelayed signal. The resulting signal has a baseline cross
over independent of the input signal amplitude. This zero-crossing line is used to
provide a precisely timed logic pulse. If the CFD output is not vetoed by a charge
particle signal from the charged veto of TINA (MINA), the arrival of a neutral
particle in TINA (MINA) is identified. A coincidence between 2 neutral events in
the 2 arms of the spectrometer ( TINA - TV - MINA - MV ) formed the trigger for
a 7 (neutral) event.

The event definition logic was used to:
o generate a LAM (Look At Me) signal by the CAMAC module to start the

PDP 11/34 data acquisition computer cycle.

e open 500 ns gates for the ADC CAMAC modules. The ADCs recorded the
amplitude of the Nal anode pulses, as a reading of the kinetic energy deposited

in the crystal.

o start the clocks of the LRS 2228A Time to Digital Converter (TDC) CAMAC

modules. This is an octal TDC with an 11 bit (2048 channel) resolution. This
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measures the time from the leading edge of the common start pulse to the
leading edge of the individual stop pulses. It has 100, 200 and 500 ns full scale
time ranges and provides 50, 100 and 250 ps/channel resolution respectively.
During the experiment all TDCs were set at the 100 ns range. These clocks
were started by the TINA and MINA CFD signals and stopped by the RF
signal of the cyclotron. The time measured by the TDCs correspond to the
time-of-flight of the neutral particles to TINA and MINA.

set bits in the C212 coincidence buffer register to record the arrival of neutral

particles in TINA and MINA.

set bits in the LRS 2341A 16 fold logical register to record the spin of the

incident proton.

open a 1 ms gate. This was a protection against subsequent events until the
computer starts reading the CAMAC crate. While the crate is being read,
a signal from the CAMAC module, NIM Driver provides the inhibit. Once
the entire crate has been read, the modules are cleared, the inhibit signal

disappears and the system is ready for the next event.

The output of the polarimeter electronics (L, R, (L+R), (L+R)s), and the

signals from the ion chamber and the telescope were gated with the spin of the

proton, recorded on CAMAC scalers and written on tape. These were later used to

obtain the beam polarization, normalise data, etc. In addition to the above, a num-

ber of other pulses (eg. neutral events in TINA and MINA, neutral coincidences)

were recorded on scalers. Altogether there were 29 different scalers. Some of these

were monitored on-line, by visual scalers.

While data were being recorded, the task MULTI [79] was used for on line

analysis of data. MULTT is a versatile histogramming package, with access to the
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DA buffers. A number of histograms and scatterplots were defined to study the
progress of the experiment. MULTI had a lower priority as compared with the
task DA. Whenever there was an interrupt from CAMAC, data analysis would be
suspended until all the modules had been read.

One of the major problems faced during the experiment was the instability of
the RF signal. We used this pulse to determine the arrival time of the protons at our
target. However due to cyclotron instabilities, protons are sometimes extracted at
a different phase with respect to the RF. At times, the the RF signal shifted phase,
suddenly forcing the run to be ended. Very often, this shift pushed the measured
time outside the range of the TDC. This was checked using the on line analysis and
corrected by suitably adjusting the delays in the TDC stop signal, before starting a
new run. Also there were times when 2 bunches of protons appeared at 2 different
phases of the same RF cycle. Multi channel analysers were set up both in the
counting room and in the master control room to continuously monitor the RF
signal. Whenever 2 bunches appeared, the data aquisition was stopped until the

cyclotron was adjusted, returning to a single bunch.
3.7 Test Run

The test run carried out in September 1985 had an array of lead glass detectors,
instead of MINA, in the forward arm of the 7° spectrometer. It was thought
that most of the neutrons created when protons are bombarded on the target,
would swamp the forward arm of the spectrometer if it was a Nal detector. The
insensitivity of lead glass detectors to neutrons was the major advantage of using
this detector. Also lead glass has a better timing resolution. But these advantages
were outweighed by the very poor energy resolution (~ 30%) of lead glass , and the
quality of the data turned out to be quite unsatifactory. The use of Nal instead of

lead glass in the final run showed a dramatic improvement in the data.
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Chapter 4

Data Analysis and Results

The off-line analysis of the data was performed on the VAX 8600 and VAX
780 computers at TRIUMF. The first step in the analysis was to read the data
written on magnetic tape by the task DA and set up the initial histograms and
scatterplots. This was done using the TRIUMF software package MOLLI [80] with
user written subroutines. The histograms and scatterplots produced by MOLLI
were further examined and analysed using the program REPLAY. The analysis of

data consisted of the five main phases listed below:

¢ Selecting 7° events of interest by removing the background 7%, neutron and
random events. This was done by imposing “cuts” on the data and doing back-
ground subtractions. Hereafter the word “cut” refers to a condition imposed

on the data to select events.
e Determining the energy calibration and resolution of TINA and MINA.
¢ Determining the efficiency of the 7° spectrometer.
e Fitting the 7° energy spectra to obtain the total and differential cross sections.

e Calculating the analysing powers.

The experiment was run at five different incident proton energies. The energies
of the protons were slightly less when they had interacted with the target protons

because of energy losses in the liquid hydrogen, the wall of the target flask and the

49



stainless steel window of the beam pipe. These energy losses were minimal, being

only about 1 MeV.
4.1 Sources of Background

Since the cross section for the reaction studied was quite low, considerable
attention had to be given to possible sources of background. The neutral particles
detected by TINA and MINA consist of neutrons and photons. The events that are
of interest to us, the 7% events from the reaction p + p — p + p + 7%, produce 2
photons in coincidence in TINA and MINA. This coincidence condition imposed in
hardware during the experiment ensured that the very large background of single
neutrons and photons were eliminated. But in addition to the above two photon
coincidences, there are other neutral coincidences in the spectrometer, which con-

stitute the background events. These backgrounds arise from:

e v - v coincidences from 7°

events produced in the target flask by the following
reactions:

PP S ptpta

where the target proton is bound in a nucleus in the target walls or air behind
the target.

[{9ve)

p+“n” = p+n+n°
p+“n”—>d+7r0

where the neutron is bound in any nucleus. Unfortunately the cross-section
for these reactions is much larger than for p-p collisions. There are also much
rarer reactions such as :-

p+12C —-)13N+7TO

p+12C -BC +xt 4+ 7°
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All these 7° x mesons are indistinguishable from the “real” neutral pions, and
this background can be removed only by subtracting an empty target run

from a full target run.

e n - v events from the reaction
p+n—p+n+a°

where the neutron and a 7 from the decay of the n° are detected by the

spectrometer.

e n - n events from complex nuclear reactions (mainly in carbon)
Most of the neutron related background can be removed by imposing a cut

on the time of flight of the neutral particles.

4.1.1 The Time of Flight (TOF) “cut”

Figure 4.1 shows typical TOF spectra of the neutral particles. The photons have
a TOF of ~ 4.1 ns from the target to the detectors, whereas the TOF of the neutrons
is a function of their kinetic energy, for example a 140 MeV neutron will take twice
as long (8.2 ns). The two peaks seen for both neutrons and gammas (instead of one
each) in the spectra was a result of vetoing every other RF pulse. This ensures that
we see the entire RF spectrum and also gives us a way of calibrating the TDCs. The
distance between the two v (neutron) peaks is the RF period of the cyclotron, 43 ns.
Though the calibration was not necessary for the analysis, it was very useful during
the experiment to determine the delays necessary in centreing the RF spectrum,
whenever there was a change in the RF phase.
Figure 4.1(a) corresponds to the 180° geometry with both TINA and MINA
at 90° and in Figure 4.1(b) both detectors were at forward angles. Since most of

the background neutrons, tend to travel forward in the laboratory, it can be clearly
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seen that the rate of neutron related events increase as the arms of the spectrometer

are moved to forward angles.

A “cut” was imposed from the RF spectra to reject the neutron events and
select only the ~ related events. This was done by setting windows on the time
of flight of 4 events. In order to improve the efficiency of the “cuts”, a function
was fitted to all the RF spectra using the CERN function minimisation program
MINUIT [81)]. The fitting function consisted of gaussian terms for the v peaks and
an asymmetric function for the neutron peaks. The function had the form:

1= o (52 1o (58] a5 (52

1

e (=) 1=t ()]
1 1

_ _ 2
+ Agexp [—0.5 (t——%—z) ] +F (4.1)
2

where A,, By, Cy, Dy, Eq, A, B;, Cy, F and T are parameters. The parameter T
refers to the period of the RF signal. This function fitted the RF spectra very well.

There were two types of TOF cuts in the analysis, one to extract the total
and differential cross sections and the other for the analysing powers. For the cross
section it was essential that no 7° events be lost due to the cut. A + 30 (where
o = C; is the standard deviation) window on the v peaks selected all v related
events. For a few runs, where the RF was a bit unstable the window had to be
increased slightly so as not to lose any 7° events. The efficiency of the RF cut
was always above 95%level. The inefficiencies were caused by the time walk of the
RF signal. Suitable corrections were made to account for this (see section 4.1.2).
As seen in Figure 4.1(b), the high energy tail of the neutron peak overlaps a fair
amount with the v peak. This is mostly true for the forward symmetric geometries.

Since the polarization of these overlap neutron events could influence the analysing
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powers, a narrower window (4 20) was placed on the v peaks when selecting the

7% events for the analysing powers.

4.1.2 The 7° Mass Cut

When a 7° decays into two photons of energy E; and E,, from kinematics it

can be shown that
E M 4.2)
‘B, = .
PP 4 gin2 ¥ (

where 1 is the opening angle between the two 4 rays. This is very important as it
means that E - E, is independent of the 7° energy.

For a given geometry of the 7° spectrometer (1 = constant) this represents
a hyperbola. With most of the neutrons removed using the TOF cut, a two di-
mensional plot of energy deposited in MINA against energy deposited in TINA

0 production. These pions show

(Figure 4.2) shows a very clear band due to the =
up as a peak in a spectrum of Er- Eps (Figure 4.3(a)). The width of the 7° band de-
pends on the energy and the angular resolutions of TINA and MINA. The position
of the band depends on the mass of 7° and the angle between the two detectors. The

background seen in Figure 4.2 and the low energy tail of Figure 4.3(a) correspond
to the background events underneath the v peaks of Figure 4.1.

The efficiency of the TOF cut was checked by looking at the complementary
plot of Figure 4.3(a), i.e. by looking at the events discarded by the TOF cut. This
is shown in Figure 4.3(b). In a few runs a small peak showed up in the position of
the 7° mass, showing evidence of a time walk of the RF signal. For these runs the
TOF cut was slightly loosened until this secondary peak was below the 5% level.
This was done only for the cross section analysis.

In order to impose a cut on the 7% mass to remove the random background, a
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function was fitted to the mass spectra using MINUIT. The function used was

f(z)=A-exp [(E—-—_C—B)] . [1 —erf (E—I—D—B—)] + F - exp[—(z + H)%] (4.3)

where the first term fitted the 7° peak and the second is a background term. A
window was set on the mass spectra to separate the 7° events from the background
events. This window had a lower limit at the point of intersection between the
background and the low energy tail of the peak. The upper limit was a similar
point in the high energy tail or at the point where the number of counts reached
one, whichever came first. This window effectively removed all the background
events. The background underneath the 7° mass peak was estimated to be less
than 2%.

In the analysis of the cross section data, the number of pions lost due to the
TOF cut was estimated by fitting a function to the complementary mass spectra.
This function had the same form as the one used to fit the mass spectra. These

estimates, were later used to correct the 7% energy spectra.

4.1.3 Empty Target Subtraction

The two cuts mentioned above ensure that the backgrounds related to the n-v,
n-n events and random coincidences are removed. These leave behind the much
larger background of neutral pions from substances other than the liquid hydrogen
of the target. At each geometry of the spectrometer several runs were recorded
with the target full and target empty. Here the target full refers to the target flask
filled with liquid hydrogen. When the target was empty it contained hydrogen gas
at one atmosphere. In the analysis, after applying the first two cuts, normalised
empty target runs were subtracted from the corresponding full target runs. This
ensured the removal of this 7% background, and produced the final spectra to be

used later for fitting and other calculations. Typical background subtracted ~-ray
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energy spectra are shown in Figure 4.4.
4.2 Energy Calibration

For pion beam experiments at TRIUMF the normal practice in calibrating
TINA and MINA as photon detectors is to stop a 7~ beam in H, or LiH and to
use the energy of the monoenergetic «-ray from from the radiative capture reaction
7~ +p — n + v and the edges of the “7° box” from the charge exchange reaction
7~ 4 p — 7° +n. Unfortunately these y-rays were not available in this experiment,
but as it turned out, no such calibration runs were necessary as the experiment was
self calibrating. The maximum energy of the photons produced by the decay of the
70 from p + p — p + p + 7Y, at each position of TINA and MINA were used in the
calibration.

When protons with a Lorentz factor v, are scattered on hydrogen, the maxi-

mum laboratory energy of the 7% mesons created is given by [82]
E o(0) = M. (Efré” + ,BSM . Pgéu - cos§°M) (4.4)

where

ECé\/f — (7n72ro/7np) + 2(’)’ — 1) "My
7’ 2,/2(1 + 7)

0 energy in the centre of mass.

is the maximum =

cm _ VY +1
T

. ngl is the maximum momentum of the 7% in the centre of mass.

e 3 and m represent the velocity and mass of the particle referred to in the

subscript.
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The laboratory and centre of mass angles of the 7° are related by

sinfM

C M
~CM . (COSQCM + g%—oﬁ)
T

tanf = (4.5)

These maximum energy pions when decaying at 180°, provide the maximum en-
ergy photons observed in the laboratory. The maximum energy of photons in the

laboratory is calculated from

m_o
Ejynax — 27!' . [77(0 -+ A ["y:ro -1 ] (46)

Table 4.1 shows the maximum energy of the pions and photons for each of the angles

in this experiment. Only the 180° geometry was used for the calibration as it defines
the direction of the #° fairly precisely. The cut-off points of the experimental spectra
were determined by fitting a function to the high energy part of the « spectra.

In addition to the above, information from pp elastic scattering was also used
for additional calibrations. At low energies (< 20 MeV) the light produced in a Nal
from a proton is less than the equivalent energy from an electron or y-ray. At higher
energies the difference is minimal however. Since the angles of TINA and MINA
were well defined, so were the full energy elastic peaks of the scattered protons.

Straight line fits were performed to determine the energy calibration parameter K

defined by
E=K. (VADC - pds) (47)

where
e FEis the value of the energy recorded by the ADC.
o Vapc is the digitised value produced by the ADC.

e pds is the pedestal in the ADC.
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Figure 4.5: Energy calibration of TINA. Closed circles are from ~-spectra
and the open circles are from proton scattering.

It was noticed that the gains of the phototubes had shifted slightly during the

second half of the run. Hence two sets of calibrations were obtained for the 2 parts
of the run. Figures 4.5 and 4.6 show the TINA and MINA calibration for the first
part of the run. As seen in the figures even within each set slight gain shifts in
the phototubes occurred. This was caused mainly by the large fluxes of charged
particles. Suitable corrections were made during the fitting of data to account for

this.
4.3 Energy Resolution and Response Function

Although when a monoenergetic y-ray deposits its energy in a large Nal crystal,
one would theoretically expect to see a very sharp line, the measured response

functions contain the “blurring” effects due to the finite energy resolution of the
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Table 4.1: Maximum laboratory energies of 7° mesons and photons.

Proton Energy (MeV)

Lab Angle

Maximum

7% Energy (MeV)

Maximum

v Energy (MeV)

500

450

400

350

320

157.4

114.4

66.3

40.5

31.8

125.5

90.0

50.4

29.7

22.9

92.8

64.8

33.9

18.6

13.8

38.1

16.6

7.6

5.9

275.9

229.5

175.2

143.8

132.4

241.6

202.5

156.2

129.5

119.8

205.6

173.5

135.2

113.4

105.7

140.7

110.3

94.1

- 90.6
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Figure 4.6: Energy calibration of MINA. Closed circles are from --spectra
and the open circles are from proton scattering.

detector. Among other things, the resolution of the detector contains contributions
due to variations in the detector response over its active volume, escape of the
electron and v-ray shower from the crystal due to its finite volume, and electronic
noise and drifts in operating parameters of the phototubes during the measurement.

The response of TINA and MINA to a mono-energetic «y-ray can be fairly well

described by the empirical function [83]

P(E,, A,B,C,D) = A - exp (E"]; B) : [1 —erf (E“'Cf B)] (4.8)

where A is the amplitude, B is the peak position and C and D are the half widths
related to high and low energy tails of the full energy peak respectively.

The parameters C and D which determine the energy resolution, are energy
dependent. Their energy dependence was determined from Monte Carlo simula-

tions using the EGS code [84]. This code was used to obtain the theoretical energy
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spectrum of mono-energetic photons incident on the detector. To account for any
non-uniformities in the detector, the theoretical spectrum was folded using a gaus-
sian smoothing function. This gave the “experimental” spectrum of the incident
mono-energetic photons. The empirical function 4.7 was fitted to the “experimen-
tal” spectrum to determine the values of C and D. This was repeated for a number
of energies and the function C[D] = «E® was fitted to the resulting values of C [D].

The energy dependence was obtained as

C=Cyh- E?,‘S and D= Dg- E2‘6

where Cg and Dy are parameters that define the resolution of the detector at a given

energy. This is in agreement with experimental observations [85].

The normal practice in measuring the photon energy resolution of TINA
(MINA) is to use the mono-energetic y-ray from the radiative capture of stopped
pions on protons and measure the full width at half maximum (FWHM) of the full

energy peak. The resolution is defined as

_ FWHM

R o,

where Hj is the mean pulse height corresponding to the same peak.

In this experiment, since mono-energetic 4-rays were not available, the Monte
Carlo simulation method was used to estimate the resolution of TINA and MINA. A
Monte Carlo program was written to reproduce the experimental Er - Ejs spectrum

(Figure 4.3) . The program proceeds as follows:

e Since the FEr - Ej spectrum is independent of the n° kinetic energy, the pro-
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gram randomly selects a 7% energy within the physically allowed region.

o The 7° decays into 2 photons with an opening angle of 180°. The energies of

the photons are calculated.

e The program picks randomly from a distribution function experimentally mea-
sured energies for the two photons Er and Eps. The distribution function was
the response function of Nal with the given Cy and Dgy. Since it is not neces-
sary to know the energy resolutions very precisely for the analysis, a similar
resolution was assumed for both TINA and MINA in order to simplify the pro-
cedure. This is a fair assumption because, although TINA is a larger crystal

than MINA, the smaller collimator on MINA compensates this effect.
e A histogram of Er - Ej spectrum is plotted.

The program was run a number of times varying Cp and Dy until the experimental
spectrum was reproduced. The best values 6f Co and Dy were Cy = 0.075 and
Dy = 0.39, which corresponded to an energy resolution of ~ 8.8 % at 100 MeV for
both TINA and MINA.

The spectrometer measures the energy of the 7° as the sum of the energies
deposited in TINA and MINA. Since the response of TINA and MINA is a distri-
bution, it was difficult to describe the response function of the spectrometer to «°
mesons, using an analytical function. Hence a Monte Carlo simulation was done
to determine the response of the spectrometer. Figure 4.7 shows the results of the

simulation for a 7 at rest and with 100 MeV Lkinetic energy.
4.4 The 7 Detection Efficiency

When a neutral pion is created in the target it lives about 107'¢ s, decaying into

two oppositely directed photons in its own rest frame, each of which has an energy
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7% with a kinetic energy of 100 MeV
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equal to half the pion rest mass. When viewed from a frame other than the pion
rest frame, these photons appear with Doppler-shifted energies and with the 180°
angle of emission altered by the Lorentz transformation. The spectrometer detects
the neutral pions by detecting these photons. The following factors determine the

efficiency of detecting a 7°.

1. The geometrical acceptance of TINA and MINA. This defines the solid angle

available for detecting the individual v-rays by the detectors.

2. The angle between the 2 arms of the spectrometer. The probability of ob-
serving the 2 photons in the laboratory with an opening angle between ¢ and
¥ + dv is given by [86]

1 cos-’éﬂ dvy

P(y) = .
4By sin? 32{4\/’)/"31'712 32/1— 1

(4.9)

where v and 3 are the usual relativistic constants of the 7°. This distribution
is illustrated in Figure 4.8. As seen in the figure, the probability decreases

with the increase of the angle between the two detectors.

3. The energy of the 7°, since the opening angle distribution is a function of the

7% energy (Figure 4.8).

4. The efficiency of detecting photons by Nal. This is effectively 100 % if a v-ray

enters the aperture of the collimator.

The determination of the overall detection efficiency of the spectrometer was
accomplished using the Monte Carlo method in the following manner. The only
assumption made in the program was that the pions created in the reaction p+p —
p+p+7° have an isotropic angular distribution in the centre of mass. In the energy

region of this experiment this is nearly so (see [15] and chapter 5). In the program
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function of 7° kinetic energy.
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e 7° mesons of given energy are generated isotropically in the centre of mass.

e The energy and angles of the 7° are transformed from centre of mass to the

laboratory frame.
e The position of the 7° decay in the target is determined randomly.

e The 7° is forced to decay into two photons with an opening angle given by

the distribution of equation 4.8.

e The directions of motion and the energies of the two photons are calculated

and it is checked if they hit both TINA and MINA.

The results of the Monte Carlo program were checked against the analytical
calculations using the method of intersecting cones [87] for a point target, and
the agreement was very good. Figure 4.9 shows the 7% detection efficiency as a
function of the 7° kinetic energy. The efficiencies shown are for TINA and MINA
at distances 120.8 cm and 125.5 cm respectively from the target. The collimators
in front of TINA and MINA were of diameters 30 cm and 25 cm. The line is a fit
to the Monte Carlo data points. In the course of the experiment, when the angles
were changed, difficulties were experienced in keeping the distance of MINA from
the target unchanged. The variance of this distance was always within 4 cm (but
measured to ~ 1 cm), which corresponds to a maximum of a 5% change in the
efficiency. Instead of running the Monte Carlo program with all these distances,
suitable corrections were made during the fitting process to account for this small

variation in the efficiency.
4.5 7° Energy Spectra for Cross Section Analysis

The 7° energy spectra were produced by defining the energy of the 7° as the

sum of the energies deposited in TINA and MINA. Since only the 180°geometry
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data were used for cross section analysis, the direction of the 7% was either the
direction of TINA or MINA, whichever had the higher energy deposited. Since the
number of incident protons with spin up and down were not identical, and also
since the polarisation of the beam for the two spin states was slightly different, in
order to obtain the unpolarised cross sections, the data were normalised as follows
to produce the 7% energy spectra.

If a polarised proton beam is incident upon an unpolarised target, the differ-

ential cross section ‘E% can be written as

=

j—g-—-%-i—?-ﬁ% (4.10)
where
. %‘1 is the unpolarised differential cross section
° ‘fi—‘;zl is the polarised differential cross section
e P is the polarisation of the incident proton beam

® 7 is a unit vector normal to the scattering plane, in the direction k; x k;.

From 4.10 the differential cross sections for spin up and down states can be written

as
dot  dog +doy
o m T ;m (4.11)
do~ _ dog _do,
dQ T dQ T T 4R (4.12)

where P+ (P~) is the average beam polarisation for spin UP (DOWN) state during
a run. Equation 4.11 and 4.12 give

dog 1 |dot do~ Pt — P\ [dot do~
T‘i[d9+d9“(P++P—><dQ_dﬂ)] (4.13)
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Hence the total cross section can be written as

0 = ']—. 0'++0'—— P+ (0’ —0') (414)
2 P++P
~ U+'%+O‘_
N:r_o E N,;O
Nir P+ Npp
Ny, P~
+ LR = -
~ N Ner'p+Jr 70

(4.15)

where

o N;o (N;r'o) is the number of pions with spin UP (DOWN)
o Nip.(Nzg) is the number of incident protons with spin UP (DOWN)

The spectra with spin UP, which had the higher number of counts, were normalised
by the factor %—’;ﬂ . ’—;%. The number of incident protons were also normalised ac-
LR

cordingly.
4.6 Fitting the 7° Energy Spectra

After producing the 7° energy spectra for each run as mentioned above runs
with low statistics were combined to increase the statistics of the spectra. Table 4.2
lists the information on the 7° energy spectra used for the fits.

When protons are bombarded by protons, the energy distribution of the 7°
mesons created depends on the final states of the scattered protons and the 7° (see
chapter 1). The relative angular momentum of the nucleons aud the pion serve as a
convenient classification. For the three categories that are of interest in the energy

region of this experiment the center of mass energy distributions have the form

dO’ll (TO —T)%
s g 4.16
(dT)SSO(nTO—T—B' (4.16)
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Table 4.2: Statistics of 7° spectra.

Proton Energy | Lab Angle | Number of | Total number of
(MeV) 7% events 7% events
496 40° 5013
60° 4758
80° 3495
90° 23114
100° 3364
120° 3535
140° 4096
47375
450 40° 6413
60° 8010
80° 9445
90° 22334
100° 8417
120° 5820
140° 3948
64387
402 40° 6349
60° 7874
80° 6018
90° 11910
100° 5600
120° 4513
140° 2601
44865
349 60° 3196
80° 5445
90° 8252
100° 3716
120° 797
17413
319 90° 10139
10139
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doyy 2
( IT )Pa o n(To —T) (4.17)

doyy 3 s
Ty — T)3 4.1
(%) «rm-m (418)

where 71 is the momentum of the 7°

in the center of mass, Tq is the maximum
kinetic energy of the 7° in the center of mass and B’ is the energy of the two
nucleons in a virtual 1S, state which is nearly zero (=~ 60 keV). Although there is
an additional contribution due to the interference between Ps and Pp classes, this
was not considered in the fit as this term will be approximately cancelled out when
integrated over all angles.

The Ss and Ps class distributions are isotropic in the center of mass whereas
the Pp class has an additional cos?8 term in the angular distribution. The differ-
ential and total cross sections as well as the angular distribution parameter were
determined by fitting the above distributions to the experimental spectra. The fit-
ting procedure consisted of a combination of the Monte Carlo method and a x2
minimisation.

The first step in the fitting was to create “theoretical” laboratory energy
spectra for each of the above three centre of mass distributions. This was done using
the Monte Carlo method. For each distribution 7° mesons were randomly generated
isotropically in the centre of mass. For the Pp class in addition to the isotropic
~ distribution a cos?d angular distribution was added. The energy and the direction of
the mesons were transformed from the centre of mass frame to the laboratory frame
and the energy spectra at the experimental laboratory angles were determined.
These laboratory spectra had to be corrected for the detection efficiency and the
response function of the spectrometer. These were accomplished by multiplying
the spectra by the detection efficiency and then folding the resulting spectra with
the response function of the spectrometer. This produced four “theoretical” energy

spectra for each laboratory angle at a given proton energy.

74



The next step was to fit the “theoretical” energy spectra along with back-
ground terms to the experimental energy spectra, using MINUIT. Altogether two
types of fits were performed. The first was a simultaneous fit of all angles at a given
proton energy. Figure 3.7 shows how the laboratory energy spectra are related to
the centre of mass ones. Each laboratory angle covers a unique area of a 8o vs.
Ecar plot. Therefore in order to get an overall picture of the centre of mass and
to obtain the angular distribution of the differential cross section, it was essential
to fit all the spectra simultaneously. Furthermore an added advantage in fitting all
angles simultaneously is that the interference terms will average out approximately.

The fitting function had the form:

BG;(E)

fi(B) =3 A4;9:4(E+ Ci) + 7

j=1

(4.19)

where
e ¢ refers to a particular spectrum.

® g:;, j=1,2,3 are the “theoretical” spectra in the laboratory system correspond-
ing to the isotropic centre of mass energy spectra of Ss, Ps and Pp classes for

the +** experimental spectrum.

® ¢4 is the "theoretical” laboratory energy spectrum of the Pp class with a cos?4
angular distribution. All the g;; spectra were normalised to the total counts of
the polarimeter(Nzr). Since the detection efficiencies were calculated for only
one distance of MINA, suitable corrections were made in the normalisation to
account for any deviation from the above value. This correction amounted to

a maximum of 5%.

o A;,j=1,2,3 4 are the amplitudes associated with each “theoretical” spectrum.
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o C;; are parameters to make adjustments in the energy calibration. These pa-

rameters always turned out to be very small ( <3MeV).

e The term %ESQ was a background term. Various different forms were tried for
the background, but this produced the best x2. The cross sections obtained

were not sensitive to the shape of the background term.

The x? was defined as:
2 _ ok (hik) = fik)\
X'=3 ( AE) ) (4.20)

where

e hi(k) is the number of counts in the k™ bin of the i** experimental energy

spectrum.

o A;(k) is the statistical error associated with h;(k). N; is the maximum number

of bins in ¢** experimental spectrum.

For each proton energy, the number of spectra, number of parameters, number of
data points and the values of x? are listed in Table 4.3 where x? is the x? per degree
of freedom. The parameter values obtained from the fit are listed in Table 4.4. The
errors quoted are those calculated by the MINOS routine of MINUIT. This routine
finds the true confidence interval (errors) on the parameters of the fit by examining
the exact behaviour of the x? function. In all analysis presented here, 1o errors (68%

confidence limit) have been used. Typical fits to the data are shown in Figure 4.10

The second type of fit, a global fit which contained spectra at all measured
angles and energies was performed to study the energy dependence of the contribu-
tions from each class reactions towards the total cross section. This will be discussed

in section 4.7.
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Table 4.3: Statistics of the fits to individual energies.

Proton Energy Angles Number of | Number of | Number of | x? x2
(MeV) spectra | parameters | data points
496 40°,60°,30°, 12 28 1764 1668 | 0.96
90°,100°,
1200,1400
450 40°,60°,80°, 16 36 2080 2058 | 1.01
90°,100°,
120°,140°
402 40°,60°,30°, 14 32 1596 1647 | 1.05
90°,100°,
120°,140°
349 60°,80°,90° 10 24 800 756 | 0.97
100°,120°
319 90° 6 16 376 314 | 0.88

Table 4.4: Parameter values from the fits to individual energies.

Proton Energy A, Ao Az Ay
(MeV)
496 96.0 + 55.0 | 0.0 £23 1727 + 48 | 197.21+20.6
450 0.0 +28 0.0 53 857 + 18 | 123.5 + 8.8
402 0.0 £3§ 38.7+ 491833+ 68| 358+2.6
349 16.2 £ 43 |19.2 £11.3 | 31.7+ 13.0| 3.7+ 2.7
319 9.4+ 1.8 | 21.9 £57 0.0 £3%° 0.3 £59
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4.7 Total and Differential Cross Sections

When fitting, all the “theoretical” spectra were individually normalised to the total
number of polarimeter counts Nygr of the experimental spectra. This means that
if A; (i=1,2,3,4) are the fitted parameters then AiNLé is the total number of 7°
mesons needed in the centre of mass to produce the experimental spectra. Hence
the differential cross section can be expressed in the form:
3
(%) . = 4—7;.—]]\\;?—]2:—1\7—}1 LE:; A; + A4c0329] (4.21)

where

e Np= 9’—625]’;—1010- - N g is the total number of incident protons.

K is the polarimeter calibration factor (see section 3.2.1).

e Ny = 42 is the number of protons in the target with A = 6.022 x 10% is
Avogadro’s number.
p = 0.0708g/cm? is the density of liquid hydrogen at 20.27 K.
m = 1.0078 is the atomic mass of hydrogen.

t = 5cm 1s the thickness of the target.

Hence:

d K x0.8x107¢ [&
(E%) ==X 47:( [ZA,-+A4cos20} mb/sr (4.22)

i=1

cM
The angular distribution of p + p — p 4+ p + 7° reaction in the centre of mass

system can be expanded as a series of Legendre polynomials:

(%) o éa,p i(cos6) (4.23)

Since the two protons are indistinguishable in the centre of mass frame all pion

angular distributions must have symmetry about a plane perpendicular to the line
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joining the incoming protons. Thus the observations (in the CM system) at # must
be equivalent to those at 180-8, therefore in the above expansion of the angular
distribution only even powers of cosf can appear. Also, there is experimentél evi-
dence [17] that powers of four and above are not required to describe the angular
distribution in the energy region of this experiment. Hence the above equation can

be written as:

da) 9 1
— = ap + 6az{cos”0 — =) (4.24)
(dQ oM 3

Equation 4.21 can be written as:

do K x 0.8 x 107¢
a0 4

[ZA + 4 A4(cos 6 — —)] mb/sr (4.25)

From 4.23 and 4.24:

0,0:

0.8 10 x K [EA + ]mb/sr (4.26)

=1

The total cross section is calculated from:

or = 4dwag (4.27)
Hence:
-6 A4
or =08 %107 x K ZA+3 mb (4.28)
1=1
It is normal practice [15] to express the differential cross section as
do ) 1
— = a(= + b_ocos*d) (4.29)
(dQ oM 3 T

Hence from equations 4.21 and 4.28 the angular distribution parameter'bwo can be

calculated by
Ay

3
3" 4,
i=1

Results of the values obtained for o7 and bﬂ_o calculated from the above formulae

b o=

us

(4.30)

are listed in Table 4.5. The errors quoted for the total cross section are due to
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Table 4.5: Values of total cross section and the angular dis-
tribution parameter.

Proton Energy (MeV) | o7 (ub) b0
496 656 + 34 | 0.036 £ 0.013
450 285 £ 13 | 0.048 £+ 0.013
402 69 £4 |0.054 £ 0.015
349 18.1 + 5.0 | 0.018 £ 0.016
319 7.8 30 | 0.003 + 0.055

statistics and the uncertainty in the calibration of the polarimeter. For the errors
of b an uncertainty due to the choice of the fitting function was added to those of

the statistics (see section 4.9).

4.8 Contributions from Ss, Ps and Pp classes to the total
cross section

Since the centre of mass energy spectra of Ss, Ps and Pp classes were used to fit
the experimental spectra, the amplitudes 4;(: = 1, 2, 3,4) are directly related to the
contributions of each class towards the total cross section. Each of the contributions
are given by

= AlI{,, O'T = AgIX and O'T = (A3 + —)I{, (431)

where K/ = 0.8 x 107% x K.
Tables 4.6 and 4.7 list the contributions of each class to the total cross section.

An attempt was made to study the excitation function of the total cross section
ou = Bing + Bang + Bang (4.32)
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Table 4.6: Contributions from the three classes to or.

Proton Energy ose okbs ok?
(MeV) (ub) (nb) (pb)
496 33.3+£19.1| 00437 | 622+ 17
450 0.0 £33 00428 | 285+6
402 00422 |11.4+1.4|57.5+ 2.0
349 43+11 | 51+30 | 87+3.5
319 23+04 | 54414 | 00339

Table 4.7: Contributions from the three classes to or.

Proton Energy | no o2 /nd of* /5 or” ng
(MeV)
496 1.333 | 187+ 10.7| 0.0 +£91 |62.4 + 1.7
450 1.157 | 0.0 & 28 0.0 11 |88.6+ 1.8
402 0.957| 0.0£92 | 148418 |81.7+ 28
349 0.609 | 8.8+ 23 |43.7+25.7| 153 & 61
319 0517 | 86+ 15 | 283+%, 6 +388
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by performing a global fit to all angles and energies simultaneously. For the fitting
purposes the term due to the Pp class was separated into its two components due

to the two angular distributions. Then the function takes the form
2 6 s, D1 g
on = Bing + Bang + Bang + 3 o (4.33)

where B3n8 and Byn$ are the contrbutions from the isotropic and cos?f angular

distributions of the Pp class. The fitting function and the x? were defined as

BGy(E)

4
Fa(E) =Y Ajgi(E + Ca) + B3

=1

(4.34)

and

m 2N (ha(k) — fa(k)\?
-3y (ME L) (455)

1=1 = 1

where A, f,g,h,C, BG and A all have the same meanings as in equations 4.11 and
4.12. The additional index ! accounts for the proton energy.

For this fit the theoretical spectra g;;; were normalised as follows:

Since from equation 4.32 the total cross section for the Ss class is Byn}, for a given

proton energy,

2
- 7
AK' =B, , A =B- 7371
Similarly for other classes
6 8 8
Mo, _ Mo, Mo,
A2=B2'F, A3—B3‘}(T, and A4 B4 'E,‘

Hence, the g¢;j; spectra were first normalised to the total number of polarimeter
counts Npg and then multiplying the three classes by 1§, 7§, and 1§, respectively.
This fit turned out to be fairly complicated since it contained 96 parameters and

~6000 data points. In order to simplify the fit and to obtain an unambiguous
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Table 4.8: Statistics of the global fits.

Energy Region | Number of | Number of | x? | x?
(MeV) spectra | data points
319 - 450 46 5980 6155 | 1.03
319 -402 30 3900 3893 | 1.00

_Table 4.9: Parameter values of the global fits.

Energy Region B, B, B By
(MeV)

319 - 450 152+ 04114 +£1.2|69.7+1.6 |14.0 £ 0.7

319 - 402 152+ 0.4 | 22.8 £ 1.8 | 51.0 £ 2.7 | 18.0 + 1.0

result, all the C(energy calibration) and BG(background) parameters were fixed at
the values obtained from the earlier fits. This left only the four A; parameters to
be fitted. Since the excitation function is valid only at low energies, the range of
which cannot be clearly defined, two fits were performed one for the region 320 to
400 MeV and the other from 320 to 450 MeV. The number of spectra, number of
data points used for the fit and the resulting x? values are listed in Table 4.8. The
results of the fit are shown in Table 4.9.

An alternative approach for estimating the contributions of the three classes is
to fit the excitation function (equation 4.32) directly to the total cross sections alone.
This had been the practice in the past. Although this is an easy and quite straight
forward method, it lacks the information available in the energy spectra. This

method was used in the past because the pion energy spectra were not available. In
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order to be able to compare our results consistently with the previous measurements,
a fit was performed to only the total cross sections, using the excitation function.
The results of this fit along with the global fit are shown below:

From the total cross sections fit: 319 MeV - 450 MeV

011 = (15.6 £ 6.1)n2 + (0.0£3%5)78 + (79.815)75 (4.36)
From the Global fit: 319 MeV - 450 MeV
011 = (15.2 £ 0.4)n2 + (11.4 + 1.2)n8 + (74.4 + 1.6)n3 (4.37)
From Global fit: 319 MeV - 402 MeV
o113 = (15.2 £ 0.4)n2 + (22.8 + 1.8)78 + (57.0 £ 2.7)8 (4.38)

Since the polarimeter calibration has a reproducible uncertainty of about 4%,
the effect of this uncertainty on the fits were checked as follows. The calibration
directly affects the number of incident protons. Hence all the above fits were redone
varying the number of incident protons randomly up to 4%. The resulting values
of the parameters were within the errors of the original parameters.

In order to check the sensitivity of the results to the FWHM of the resolution
of the spectrometer, the resolution was changed arbitrarily and the data were re-
analysed. Use of a 20% better resolution produced a total cross section of about 4%
less than the values obtained earlier. Hence a small uncertainty in the resolution of

the spectrometer will not affect the final result.
4.9 Fitting 7° Energy Spectra with General Functions

Instead of fitting the experimental spectra with the centre of mass energy
distributions of Ss, Ps and Pp classes given by Gell Mann, an attempt was made

to fit the experimental data with a general function. Using the results obtained by

85



Cence et al. [17] at 735 MeV as a guide, the centre of mass energy distributions

were defined by
- f(T) = A TP(T, — T)O + A, TP(T, — T)® (4.39)

where T, is the maximum kinetic energy of the 7% in the centre of mass, B;, C;
are parameters that define the shape of the centre of mass spectrum and A; are
normalisation parameters. The function has two terms, both of them going naturally
to zero at lower and higher energies. The lower energy part of the n° spectrum is
described mainly by the first term and the higher energy part mainly by the second
term. Although fitting a general function of this form is difficult to perform, it
fitted the experimental spectra quite well and gave total cross sections identical
to the ones obtained from the fits discussed earlier. For the parameter b,although
the values obtained were very similar, the numbers were about 50-60% different.
Hence an additional uncertainty of 50-60% due to the choice of the fitting function
was added to the statistical errors of b in determining the total errors quoted in
Table 4.5. No global fit was attempted, only spectra from individual energies were

fitted. The parameters typically had the values
B1 ~ 10, Cl ~ 15

B; ~3.0, C;~20
A phasé space term was also introduced to the fit, but was rejected by the fitting
routine.

4.10 Analysis of the Analysing Power Data

As mentioned earlier, in order ensure that the neutrons do not affect the
analysing powers of the 7% a 20 cut was imposed on the time of flight of the neutral

particles in selecting the photon events in TINA and MINA. Except for this, in
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producing the final spectra for analysis of the analysing powers the other cuts and
background subtractions were done in the same way as for the cross section data.

In the experiment two types of geometries were used, one with TINA and
MINA at 180° to each other and the other at symmetric angles. The 180° geometry
has the advantage that the direction of the #° can be clearly defined. Except at
very low 7° energies, the pion detected are those that move either towards TINA or
MINA. The symmetrical geometry has the advantage that the left-right asymmetry
can be observed in a clear and simple way. When a 7° decays into two photons,
conservation of energy and momentum requires that the higher energy photon has
a smaller angle with respect to the 7° than the low energy photon. Hence the sign
of Ey — Er defines the direction (left or right with respect to the beam) of the #°.
Figure 4.11 shows typical Ey — Er spectra when the spin of the incident proton
was up and down. This clearly shows that more pions are going to the right when
the spin is up and to the left when the spin is do§vn.

A major disadvantage of the symmetric geometry is that at these geometries
the laboratory angle of the detected 7° is not single-valued, but is a function of its
kinetic energy. This dependehce can be calculated from kinematics. In Figure 4.12
is shown a two dimensional Monte Carlo simulated energy spectrum of the 7° from

the reaction p + p — p + p + 7° assuming an isotropic 7°

angular distribution in
the centre of mass. The solid lines show the #° lab angle as a function of the 7°
laboratory kinetic energy for the geometries used in thisn experiment. This plot was
used to define the angle of the 7° for symmetric geometries.

As stated in chapter 3, bits were set in thg Camac module C212 coincidence
buffer to identify the spin of the incident proton. These were used to produce the

7% energy spectra separately for the spin up and down states in order to calculate

the analysing powers. The analysing power is defined as the ratio of the polarised
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to unpolarised differential cross sections, i.e.

d0'1 dO’o
=—/— 4.4
From equations 4.11, 4.12 and 4.40 it can be shown that
ANO.T) = —2 = (4.41)
N 2n) = p-ot+ 4+ Pto- '

where P* and P~ are the beam polarisations for spin up and spin down states
respectively, according to Madison convention [88]. These were calculated using the

formula 3.1.

The differential cross sections ot and o~ were defined as

N7ro N7r0-K
" Np-Np-AQ-eff  0.625x101°- Nyp-Ny-AQ-ef f

g

(4.42)

Since the number of protons in the target Ny, the solid angle A2 and the detection
efficiency ef f are independent of the spin of the proton, for a given measurement

equation 4.41 simplifies to

N'o N
¥ I I~
An(6,Ty) = —gin—te (4.43)
p—ﬁq_ + P+Io
LR jYR

where Ng}({) refer to the number of polarimeter counts with spin up(down). The
analysing powers obtained are listed in appendix A. The same are plotted in Fig-

ures 4.13 to 4.17.
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Chapter 5

Discussion and Conclusions

5.1 Total Cross sections

5.1.1 Comparison with previous measurements

The results of the total cross section measurements for the reaction p +p — .
p+ p + 7° of this investigation are shown in Figures 5.1 and 5.2 along with those
of Dunaitsev-and Prokoshkin [15], Stallwood et al. [14], Cence et al. [17], Shimizu
et al. [16] and Marshall et al. [89]. Figure 5.1 shows the results in a logarithmic
scale whereas Figure 5.2 shows the same in a linear scale. As seen in the figures our
results are in very good agreement with the pre;fious measurements. The results
of Dunaitsev and Prokoshkin are slightly higher than ours at lower energies while
our results tend to be a bit higher at higher energies. The data set of Stallwood
et al. are closer to our results, whereas the recent measurements of Shimizu et al.
are systematically larger than all the others in our energy region. Our results are
of much higher accuracy compared to the earlier measurements at higher energies
(> 400 MeV). At lower energies (319 and 350 MeV) they are still better than
the previous measurements, but our error bars are slightly larger due to the poor
statistics and insufficient information on the #° angular distribution. Data for
these energies were taken during the last two days of the assigned beam time and
hence complete measurements were not possible. The major problem is that the
data taking rate is low, and limited by pile-up due to elastic protons. At these low
cross sections the large background #°® production from carbon also contributes

to the large error bars. An experiment devoted entirely to the low energy range
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(< 350 MeV) is required to make a very precise measurement of the total cross
section. However such a measurement is not essential as a fair amount of important
information for the energy region can be extracted from the higher energy data
(section 5.1.2).

In the analysis, .although fits were performed using the predicted energy dis-
tributions of Gell-Mann (8], our total cross section results are not model dependent
because alternate fits with general functions produced identical results.

The main differences between this investigation and the previous ones are: In

the present experiment

1. The energy of the decay vy-rays were fairly precisely measured whereas in
previous measurements in this energy range the energy was not measured at
all. Only Cence et al.[17] measured the v-ray energy but this was at a higher
energy of 735 MeV.

2. Both the decay y-rays were detected whereby the direction and the energy of
the 7° mesons were precisely determined. In the previous experiments the
energy and the direction of the 7° were not both measured but were obtained

by fairly complicated fitting procedures.

These improvements of the technique are clearly demonstrated in Figures 5.1 and

5.2.

5.1.2 S-wave total cross sections

As mentioned in chapter 4 two types of fits were performed, individual
energy fits and global fits. In all the fits there were parameters that would decide
the contribution from each intensity class to the total cross section. The resulting
contributions obtained from individual energy fits have been listed in table 4.7

and the results from global fits given in equations 4.36 and 4.37. The two sets of
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results appear to show slight differences. Although the s-wave transitions should be
dominant at lower energies, the s-wave total cross sections given by the individual
energy fits to 319 and 349 MeV data seem to give a lower cross section than the value
obtained from the global fits. The reason for this is clear from tables 4.6 or 4.7. The
errors given in these tables are an indication of the sensitivity of our data (or the
sensitivity of a particular energy) to the three classes of transitions. Low energies
are insensitive to p-waves whereas the high energies are very sensitive to p-waves,
as expected. Thus at these low energies there is very little information on p-wave
transitions and the fitting program cannot determine them. This is demonstrated
by the large error bars on p-wave cross sections seen in table 4.7. The inability to
determine the p-wave cross sections has affected the s-wave results of the low energy
individual energy fits. This was checked by refitting the 319 and 349 MeV data, but
this time constraining the p-waves to the values obtained from the global fits. The
s-wave total cross sections obtained from the resulting fits are in good agreement
with those obtained fro'm global fits. The two fits had reduced x? values of 0.90 and
0.98 respectively which are not worse than the ones given in table 4.3. The results

obtained were:

319 MeV :  02%(ub) = (14.8 + 0.6)n? (5.1)
349 MeV :  05°(ub) = (14.1 & 1.4)n? (5.2)

Hence it is very clear that the contribution from the Ss class to the total cross
section is (15.2 & 0.4)n2 (ub). This is confirmed by the results of the fit to total
cross sections (equation 4.35) which gives this contribution as (15.6 & 6.1)n2 (ub).
The very small error bars on the result of the global fit as compared to the total
cross section fit is an indication of the large amount of information available to the
global fit which is not available to the total cross section fit. The errors quoted

here are purely the statistical errors given by MINUIT. In addition to this there are
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the errors due to the choice of the functions (see section 4.9), constraints from the
high energy data and the uncertainty of the resolution of the detectors. Of these,
the constraints from high energy data make the largest contributions to the errors.
In order to study this effect the 319 MeV and 349 MeV individual energy fits were
redone by constraining the Ps and Pp parameters as follows. These two energies

were chosen as they are the most sensitive to the Ss transition.

1. The excitation function o1 = By 17(2,+Bg778 + B3n§ was fitted to all the available
pp — ppn° data for the total cross section from threshold up to 500 MeV. B,

and B; were then constrained to the values;obtained from this fit.
2. (1) was repeated using world data up to 550 MeV.
3. (1) and (2) were repeated for 349 MeV, with only Bj constrained.

The value of the B; parameter obtained along with those obtained from the global fit
and the individual energy fits with all three parameters free, are given in Table 5.1.
As mentioned earlier, the low value of B; in individual energy fits with all B;
parameters free is due to the unavailability of sufficient information on P-waves at
these low energies. In the other fits, at 319 MeV, the value of B; does not seem to
be too sensitive to B, and Bj as long as they are reasonable, but at 349 MeV B, is
fairly sensitive. This of course is expected as B, and Bj are significant relative to
B; as seen in Tables 4.6 or 4.7. Now the values at which we have fixed By and B3
may not be quite valid, as these were obtained from fits to higher energies at which
the predictions of Gell Mann may not be valid any more. Yet the wander of B; in
the 349 MeV fit is an indication that it is fairly sensitive to the values of B, and Bs.
But notice that when B, is let free in the 349 MeV fit, B; settles back to around
15.0. Because of the variations between the different fits we have assigned an error

of 3.0 ub for these systematic problems. This gives the s-wave total cross section
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Table 5.1: Variations of B; with B, and B;

Type of fit B, from 319 MeV fit | B; from 349 MeV fit
All B; free 86+ 1.5 8.8 + 2.3
Global fit 152 £ 0.4 15.2 + 0.4
By and B3 14.0 £ 0.5 25.6 £ 1.0
from 300-510 MeV fit
B, and Bj 13.5 + 0.6 221+ 1.0
from 300-560 MeV fit
B3 from 146+ 14
from 300-500 MeV fit
B, free

as (15.2 £ 3.0)n2 (ub). For a model independent result the uncertainty should be
about 6.0 pb.

In order to compare our fits with the results of the previous measurements total
cross section fits were performed to the measurements of Dunaitsev and Prokoshkin
and also Stallwood et al. in the energy region below 450 MeV, and the results

obtained were:
Dunaitsev :0y1(d) = (23.945%" )02 + (82%15)n8 + (0378 (5.3)

Stallwood :04;(ud) = (22.6+153)n2 + (214205 + (3843218 (5.4)

The Ss contributions given by these fits, though of very poor quality, are in agree-
ment with our measurements. Although our fit to the data of Dunaitsev and
Prokoshkin gives the Ss parameter as (23.9+3%*), the number given by the au-
thors is 32 + 7. They obtained this parameter by assuming the Mandelstam model

and fixing the p-wave parameters at the values given by the model. Hence the
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value given by them clearly depends on the validity of Mandelstam’s model and
cannot be compared with our result. The reason for this approach, we believe is
that their data below 450 MeV were not accurate enough to determine the s and
p-wave contributions as seen by the results of our fits to their data. In Figure 5.3
the excitation function obtained from the three fits to our data as well as from the
fits to the data of Dunaitsev and Prokoshkin and of Stallwood et al. are shown.
The three lines fitted to our data do not deviate significantly from ealch other,and
so are fairly consistent. The fits obtained from earlier experiments appear to devi-
ate significantly from ours, but it should be remembered that their ﬁts have large
uncertainties, both statistical and systematic. i

Although both global fits give identical values for the parameter IBI, the values
obtained for B, and Bj are outside their errors in the two fits. This is an indication
that our data are unable to completely distinguish between Ps and Pp classes. Hence.
using the two sets of values given in equations 4.37 and 4.38 we have obtained an
average set for B, and B;. They have been aésigned a larger error to cover the
results from both fits. With these the overall result obtained from our experiment

is estimated to be:
o1 (ub) = (15.6 £ 6.0)n2 + (17 + 8)n + (66 £ 11)n° . (5.5)

The energy dependence of the total cross sections of the three classes obtained from
the above excitation function is shown in Figure 5.4. In Figure 5.5 the same is
shown as a fraction of the total cross section. It is clear that near threshold the Ss
transition is the dominant cross section, but as thé energy increases its contribution
becomes less important due to the rapid increase of Pp. The contribﬁtion from Ps
is less important and is around 20%.

Our results for the s-wave total cross sections are very sensitive to the assump-

tion that the 7° energy distributions are those given by Gell-Mann. Near threshold

103



10

N

o

—

Total Cross section (ub)
o

| | |

|

|

Global fit (320—450 MeV)
Global fit (320—400 MeV)

Total cross section fit

Dunaitsev

Stallwood

| | |
350 400 450

Proton Energy (MeV)

Figure 5.3: The excitation function for the reaction p+p — p + p + 7°.

104

S00



250

N

Q

-
|

150

100

o)
O
I

Partial cross section (ub)

250 300 350 400 450
Proton Energy (MeV)

Figure 5.4: The energy dependence of the Ss, Ps and Pp partial ¢ross sec-
tions. The shaded areas represent the uncertainties

105



1.0

0.2 -

0.0

'

230

Figure 5.5:

300 350 400 450
Proton Energy (MeV)

The energy dependence of the Ss, Ps and Pp partial cross sec-
tions.

106



the relations derived by Gell-Mann will be accurate, but it is not clear how good
the assumption is at 400 or 500 MeV.

It is interesting to compare the S-wave production of pions in the reaction pp —
ppr® with other reactions. For the reaction pp — ntd the equivalent parameter fits
the relation o(pp — 7td) = an+ 7%, with « being the S-wave contribution, which
has the value of ~ 250 pb [90] much higher than in our reaction. Unfortunately for

np — 7~ pp there is only evidence from Handler, but it is clearly small.

5.1.3 Comparison with theory

As stated in chapter 2 only a few of the theoretical calculations make specific
predictions of the reaction pp — ppr®. The S-wave calculations done by Efrosinin
et al.[56] predict By to be in the range 11-18 pb. The calculations of Koltun and
Reitan for S-wave pion production near threshold found B; to be 17 ub. These
calculations are in good agreement with our measurements. Unfortunately none of
the other recent calculations that have worked fairly well for the reaction pp — wtd
make any predictions for the reaction pp — ppr®, hence no comparisons can be

made at the moment.
5.2 Angular Distribution of the 7°

In Figure 5.6 are shown our measurements of the 7° angular distribution
parameter b along with the results of Dunaitsev and Prokoshkin [15], Cence et
al.[17] and Guzhavin et al.[18]. The two solid lines represent the values of the
parameter obtained from the two global fits. The dotted lines are an extrapolation
of the same to higher energies. As seen in the figure our results are consistent
with the earlier measurements but of much higher precision. In their measurements
Dunaitsev and Prokoshkin obtained the angular distribution of the n#° mesons

from measurements of the angular distribution of the y-rays from the decay of the
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7°. The angular distributions of the y-rays and the #® mesons are connected by
relations, the analysis of which has shown that even at very high energies and with
an anisotropic distribution of the #° mesons, the v-ray angufar distribution differs
comparatively little from isotropic [13]. Only at 7% meson energies above 200 MeV
does the angular distribution of the y-rays approach that of the 7#° mesons. This
uncertainty is clearly demonstrated by the large error bars seen in their results.
An accurate measurement of the y-ray energy along with the angular distribution
would have minimised these uncertainties. Cence et al.[17] in their measurements
at 735 MeV did measure both energy and angular distribution of the ~-rays and
were able to obtain a very precise measurement of the b parameter. In the present
measurement the results have very small uncertainties because we improved the
technique significantly by measuring both the angular and energy distributions of
the m° mesons instead of those of the y-rays. The improvement is very clearly
seen in Figure 5.6. Unfortunately the maximum energy available at TRIUMF is
500 MeV. It would be valuable to determine the b parameter from 500 to 750 MeV
to map out the change in the character of the angular distribution. Although it is
not clear how far we can extrapolate the results from our global fits due to the non
validity of Gell Mann and Watson’s functions, the extrapolated values of b (dotted
lines) are consistent with the experimental results of Dunaitsev and Prokoshkin and

of Guzhavin et al.
5.3 Comparison with np - NNr¥

As mentioned in chapter 1 there has been an ongoing interest concerning the
value of 0g;. The n_ormal 'practice in determining 001 has been to use the total cross

sections of the reactions pp — ppn® and np —» NNz,
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Since:-

o(pp — ppr°®) = on
and o(np = NN7%) = (o0 + 011)

thus o, = 20(np — NN7%) — o(pp — ppr°) (5.6)

In Figure 5.7 all the available data on o(pp — ppn°®) and 20(np — NN7*) are

plotted. The following observations can be made from the plot.

1. Between 400 and ~600 MeV o¢; is small but non-zero.

2. Between ~600 and 700 MeV oy, appears to be consistent with zero, but it

seems reasonable to assume that it is larger than in the lower energy region.

3. Above 700 MeV oy; is non-zero and increases with energy.

Apart from the above no other conclusions can be made due to the unavailability
of data in certain energy regions and the inconsistency of data in other energy
regions. An obvious way to determine og; would be to fit both sets of data and do
the subtraction. Such an approach was taken recently by Bystricky et al. [91] who
used all the available inelastic nucleon-nucleon data and did a consistent fit. They
found that above 3 GeV the I=1 and I=0 inelastic cross sections are of the same
magnitude. Below 600 MeV og; was found to be small, but they have stated that this
still plays an important role and cannot be neglected. They have estimated the I=0
cross sections in two different approaches ((A) using the np — npn®, np — ppr~,
pp — ppr°, and pp — pnnt data and (B) using only pp — ppm® and np — ppr~
data). The two estimates obtained by them axié shown in Figure 5.8. The two
results are not consistent. The inconsistencies are attributed to the uncertainties in
different experimental measurements.

Since the indications are that oo, is relatively small in our energy region one

0

might expect the two reactions pp — ppm® and np — NN=* to be similar. One
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way of comparing the two reactions is to look at the angular distribution parameter
b. We obtained b ~0.04. However Kleinschmidt et al.[21] obtained b ~0.6 for the
np reaction. Later analysis by the same group indicates that they need to include a
cosf term in their fit but the cos?8 term is likely to remain substantially larger than
the same term for pp — ppn®. We await the results of their new analysis to compare
in detail with ppn®, but their measurements are similar to earlier results of Nikitin’s
group at Dubna [23],as well as Handler, so there is little doubt that significant cosf
and cos?6 terms are needed to describe the 7% angular distribution. Thus there
must be an important contribution in these reactions from pion production in the
I=0 channel. (Note that at 800 MeV the cosf term is insignificant [24].)

Yet another way of comparing the two reactions is to look at the energy spectra
of the pion. In Figure 5.9 the centre of mass 7% energy spectrum of Kleinschmidt
et al. at 500 MeV is plotted along with the centre of mass energy spectrum of
7° mesons obtained from the fit to our data. The actual numbers were not available
for Kleinschmidt’s spectrum, so they were read off their figure. Since the maximum
kinetic energy of the pions is different for the two reactions, mainly (iue to the

small mass differences between #°

and 7*, and between the neutron and proton,
our spectrum was scaled and normalised to their spectrum in order to be able to
compare the shapes of the two spectra. Now, if there is a difference between the
two reactions (due to og;) the two spectra could be different, but clearly they are
very similar apart from the very small bump seen in the pp — ppw® spectrum at
the highest energy due to the Ss transition. Similarly Thomas et al. [24] found that
the 77 and 7~ spectra from np collisions were almost identical at 800 MeV. As no
significant difference is seen in such comparisons, og; is probably small relative to
Oo1-

In Figure 5.10 the centre of mass 7~ momentum spectrum of Handler [20] from

the reaction np — ppw~ is compared with that obtained from our global fit. The
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two spectra look very different. Assuming that Handler’s data are correct, some of

the differences may be attributed to the following;:

1. The np — ppr~ reaction has a Sp transition (from oo;) which is not available
to the pp — ppn® reaction. This term enhances the peak at the highest pion

momentum.

2. The spectrum obtained by Handler was for an incident neutron energy spec-
trum ranging from threshold to 440 MeV. The spectrum plotted from our

results is for 409 Mev, the mean energy of his neutron spectrum.

But these alone cannot explain the large differences seen. A comparison of the
results from the two experiments show noticeable differences. First the cosf term
observed by Handler requires that the ¢, contribution is important. Furthermore,
in the analysis of the np data Handler found that the contribution from the Ps
transition was negligible (~ 1%). In our analysis a fairly significant Ps term was
observed, though it decreases in favour of the Pp transitions as the energy increases.
The fairly large asymmetries observed by us are also in favour of a non negligible
Ps term. Handler also found that the Ss contribution to the total cross section
was fairly large; i.e. By ~ 38ub. For the Pp transition he suggested that the
contribution from o¢; was larger than that from o,;. Overall his estimate was that
001 Was comparable to oy, if not larger. The fairly significant differences seen in
the two spectra suggest a large oo, (compared to oy;). Thus there seem to be two
effects, one is the large o, term, the other is that the individual contribution to
011 do not tie in with our results. Is it possible that the information available
from Handler’s results was not sufficient to avoid ambiguities 7 At 500 MeV the
differences between the spectra are minimal. This suggests that by 500 MeV oy,

has risen much faster than oyg;.
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There is also evidence from the total cross sections, see Figure 5.7. The cross
sections observed in the reaction np — 7 NN are only slightly greater than oy;/2,
thus og; can be only a few percent of o1;. Some caution should be exercised however.
First the comparison relies on absolute cross sections which are notoriously difficult
to obtain (especially if measured in pd collisions which is often the case). Secondly
it is not clear at what energy to make the comparison, as has been discussed by
Kleinschmidt.

In Figure 5.11 are shown the centre of mass 7°

energy spectra obtained from
the global fit parameters [from equation 5.5]. Since the Ss transition gives a sharp
spike at the highest pion energy, the spectra shown are folded with a gaussian of
2% resolution. These energy spectra are very similar to the ones obtained by Cence
et al. [17] at 735 MeV, but are far from the phase space predictions. This is
probably because phase space distributions assume an infinite number of angular

momentum states which are really not available near threshold. For low 7°

energy
the spectra are nearly linear in kinetic energy, a feature which is observed in many
pion production reactions, but our experiment is particularly sensitive to this energy

region, because the detection efficiency becomes quite large at low 7° energy.
5.4 Analysing Power

The asymmetry measurements of this investigation are the first such measure-
ments for the reaction pp — ppm® . The asymmetry observed is principally a result
of the interference between the Ps and Pp transitions; because all other terms are
relatively small. The large asymmetry observed is consistent with the fairly similar
cross sections for the Ps and Pp transitions. The sign of the asymmetry is nega-
tive, the same as observed in the pp — n*d and pp — pnwr* [92] reactions. In an
experiment at Indiana Korkmaz et al. [93] have found that there is evidence from

the 1*C(p, 77) reaction at 200 MeV suggesting that the asymmetry for pn — 7~ pp
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might be positive. This is not found in our measurements, so we need ¥ asym-
metries from free np collisions to settle this puzzle. Since Handler found o¢; to be
important at 400 MeV, it would not be strange if the asymmetries for np — NNzt
and pp — ppn° were quite different in our energy range. Unfortunately at the
present moment there are no theoretical predictions for this observable and hence
no comparisons can be made.

Since the asymmetry seen is a result of interference, it is possible to use the
analysing power results to restrict the uncertainties of 03° discussed earlier. In order
to do this, theoretical calculations are necessary as guidance in showing how the
analysing power is related to the various amplitudes of the Ps and Pp transitions.
Once this is available they could be fitted to analysing power results to determine
the Ps and Pp amplitudes which could be incorporated into the earlier fits to obtain

a more dependable value for the B, parameter.
5.5 Summary and Conclusions

We have measured the total and differentiail cross sections and the analysing
powers of the 7° energy spectra for the reaction pp — ppw? for five incident proton
energies between 319 and 496 MeV. This was done by detecting the «-rays from
the decay of the 7°. The scattered protons were not detected. The cross sections
were determined by fitting to the experimental measurements the centre of mass

0

7° energy functions which were derived by Gell-Mann . Two types of fits were

performed :

1. Individual energy fits, where all 7° energy spectra at different angles for a

given proton energy were fitted simultaneously and

2. Global fits, where spectra at all angles and all proton energies were fitted

simultaneously.
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Our results for the total cross sections are consistent with the earlier measurements
but are of a much higher precision.

0 energy and angular distributions we have been able to improve

Using the 7

previous measurements and determine accurately the S-wave total cross section.

The S-wave total cross section is given by o5°(ub) = (15.2 + 3.0)n2 where 5 is

0 0

the maximum momentum of the 7° in the centre of mass in units of the 7° mass.
Because Gell-Mann’s relations are valid only near threshold, our model independent
result was assessed to be o5*(ub) = (15.246.0)nZ. This result is lower than the fits to
previous measurements but in good agreement with the predictions of the soft pion
calculations of Efrosinin et al.[56] and the non 1"elativistic calculations of Koltun
and Reitan [65]. This result should be a very good test for theoretical calculations.
Recently there have been a number of fairly successful theoretical cailculations on
wd elastic scattering and on pion production in proton proton collisions, but none
of them has made detailed predictions for the reaction pp — ppn®. It is interesting
that recent results for yp — 7% also find a lower S-wave contribution [94].

We have also estimated the partial cross sections from Ps and Pp transitions.

Using the partial cross sections from Ss, Ps and Pp transitions the total cross section

can be expressed as:
o11(pb) = (15.6 & 6.0)n3 + (17 + 8)ng + (66 £ 11)ng . .. (5.7)

The measured 7° angular measurements sﬁow that in the energy region 319
to 496 MeV, more than 95% of the pions are distributed isotropically in the centre
of mass. | i

The shape of the centre of mass energy spectrum of the 7° mesons from the
reaction pp — ppn® is very similar to that of the 7+ mesons from the reaction

np — nnrt at 500 MeV, but at 409 MeV the 7~ energy spectrum from the reaction

np — ppr™ is quite different from that of the 7° mesons. Now the og; ;term is likely
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to be mainly an Sp transition which increases as 73 so that at 409 MeV it could be
important, but at higher energies it could become relatively smaller bgcause the Ps
and Pp terms increase even faster with energy. The total cross sections are also in
favour of a small oo, at higher energies, but the 7t angular distributions from the
SIN and Dubna data indicate large cosf and cos?6 térms, so the 0¢; term is clearly
non zero. A o¢ term with an amplitude of ~ 30% of o3, (~10% intensity ratio)
could explain all of these results.

Our results for the analysing powers are the first measurements of this ob-

0. The values are fairly indepenaent of angle

servable for the reaction pp — ppm
and energy and are all significantly negative. These values, along with the Ss total
cross sections should prove to be useful in testing theoretical calculations of pion

production in nucleon-nucleon collisions.
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Appendix A

The Analysing Powers

Table A.1: #° Analysing powers for the reaction p+p — p+p+7°

obtained from the 180° geometry at 496 MeV.

7° Laboratory 79 Laboratory Analysing Power
Angle Kinetic Energy (MeV)
40° 2.5 0.18 & 0.16
10 -0.37 £ 0.31
20 -0.54 £+ 0.33
30 _ -0.53 £ 0.33
40 ‘ -0.21 £+ 0.33
50 -0.563 £ 0.27
60 -0.27 £ 0.34
70 -0.64 + 0.30
80 -0.62 £+ 0.29
90 -0.36 £ 0.31
100 -0.58 £+ 0.44
110 -0.37 £ 0.32
60° 2.5 -0.52 £ 0.15
10 -0.14 £ 0.18
20 -0.33 £ 0.19
30 -0.37 &£ 0.23
40 -0.17 £+ 0.23
50 -0.76 £+ 0.26
60 -0.61 £+ 0.26
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Table A.2: #° Analysing powers for the reaction p+p — p+p+«°
obtained from the 180° geometry at 496 MeV.

7% Laboratory 7% Laboratory Analysing Power

Angle Kinetic Energy (MeV)

80° 2.5 -0.38 £ 0.14

10 -0.01 £ 0.16

20 -0.67 &+ 0.20

30 -0.93 £ 0.29

40 -0.51 + 0.27

50 -0.93 + 0.43

60 -0.72 + 0.50

90° 2.5 -0.22 + 0.05

10 -0.30 £+ 0.07

20 -0.26 £+ 0.08

30 -0.37 + 0.09

40 -0.43 + 0.14

50 -0.53 + 0.24

100° 2.5 -0.02 £+ 0.11

10 -0.26 + 0.13

20 -0.40 + 0.15

30 -0.68 & 0.24

120° 2.5 0.11 £ 0.11

10 -0.35 £ 0.16

20 -0.70 £+ 0.47

140° 2.5 -0.09 + 0.09

10 -0.44 £ 0.17

20 -0.15 + 0.66
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Table A.3: #° Analysing powers for the reaction p+p — p+p+ 7°
obtained from the 180° geometry at 450 MeV.

7% Laboratory 79 Laboratory Analysing Power
Angle Kinetic Energy (MeV)
40° 2.5 -0.10 £ 0.08
10 -0.10 £ 0.15
20 0.01 £ 0.17
30 -0.60 £ 0.15
40 -0.01 £ 0.15
50 -0.28 + 0.14
60 -0.15 £ 0.16
70 -0.25 £ 0.16
80 -0.25 £ 0.26
90 ~ -0.39 £ 0.25
100 -0.56 £ 0.50
60° 2.5 -0.33 £ 0.09
10 -0.39 £ 0.11
20 -0.39 £ 0.11
30 -0.39 £ 0.15
40 -0.18 £ 0.13
50 -0.52 £ 0.22
60 -0.56 + 0.34
80° 2.5 -0.18 £ 0.06
10 -0.30 + 0.08
20 -0.40 £ 0.11
30 -0.35 £ 0.20
40 -0.30 £ 0.40
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Table A.4: #° Analysing powers for the reaction p+p — p+p+ 7°
obtained from the 180° geometry at 450 MeV.

79 Laboratory 79 Laboratory Analysing Power

Angle Kinetic Energy (MeV)

90° 2.5 -0.31 £ 0.04

10 -0.28 £ 0.06

20 -0.34 £ 0.07

30 -0.64 £ 0.13

40 -0.25 + 0.27

100° 2.5 -0.13 £ 0.06

10 -0.21 £+ 0.09

20 -0.43 £ 0.13

30 -0.20 £ 0.28

120° 2.5 -0.35 £ 0.07

10 -0.16 + 0.14

20 0.27 £+ 1.47

140° 2.5 -0.27 £ 0.08

10 -0.27 £ 0.13
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Table A.5: 7° Analysing powers for the reaction p+p — p+p+n°
obtained from the 180° geometry at 402, 349 and 319

MeV.
7° Laboratory 7% Laboratory Analysing Power
Angle Kinetic Energy (MeV)
40° 2.5 -0.11 £ 0.13
10 -0.24 + 0.14
20 -0.41 £ 0.15
30 -0.40 + 0.16
40 -0.52 + 0.18
50 -0.17 £ 0.21
60 0.45 + 0.54
70 0.25 £1.13
60° 2.5 -0.14 + 0.07
10 -0.30 £ 0.08
20 -0.32 £ 0.10
30 -0.22 £+ 0.13
40 -0.36 £ 0.15
50 -0.49 £ 0.40
80° 2.5 -0.17 £ 0.07
10 -0.25 £ 0.13
20 -0.11 £ 0.22
90° 2.5 -0.08 £ 0.05
10 -0.35 £ 0.10
20 -0.33 £ 0.18
30 -0.38 4+ 0.57
100° 2.5 -0.17 £ 0.07
10 -0.35 £ 0.12
120° 2.5 -0.15 £ 0.08
10 -0.12 £+ 0.56
140° 2.5 -0.13 £ 0.17
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Table A.6: 7° Analysing powers for the reaction p+p — p+p+7°

obtained from the 180° geometry at 349 and 319 MeV.

Proton Energy

7° Laboratory

7° Laboratory

Analysing Power

(MeV) Angle Kinetic Energy (MeV)

349 60° 2.5 0.19 £ 0.27
10 -0.16 &+ 0.35

20 -0.06 £ 0.49

80° 2.5 -0.20 + 0.08

10 -0.24 £+ 0.15

90° 2.5 -0.14 £ 0.07

10 -0.20 + 0.17

100° 2.5 -0.12 £ 0.12

10 -0.63 £ 0.81

120° 2.5 -0.49 + 0.86

10 -0.50 + 0.90

320 90° 2.5 -0.04 £ 0.08




Table A.7: #° Analysing powers for the reaction p+p — p+p +
7° obtained from the symmetric geometry at 450 and

402 MeV.
Proton Energy | Geometry | #° Laboratory | 7° Laboratory | Analysing Power
(MeV) Angle Kinetic Energy
» (MeV)
450 40°-40° 0 70 -0.22 4+ 0.09
10 80 -0.27 £+ 0.08
17 90 -0.47 £ 0.08
21 100 -0.28 &+ 0.09
23 110 -0.42 + 0.13
25 120 -0.20 + 0.17
27 130 -0.11 + 0.26
28 140 -0.29 + 0.45
60°-60° 1 20 -0.31 + 0.10
30 30 -0.47 £ 0.10
38 40 -0.47 4 0.10
43 50 -0.64 £+ 0.11
46 60 -0.39 & 0.14
48 70 -0.77 + 0.15
50 80 -0.26 + 0.34
402 40°-40° 0 70 -0.19 + 0.10
10 80 -0.25 4+ 0.11
17 90 -0.18 + 0.26
60°-60° 1 20 -0.49 £+ 0.07
30 30 -0.22 £ 0.08
38 40 -0.40 + 0.09
43 50 -0.37 + 0.13
46 60 -0.41 + 0.27
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Table A.8: #° Analysing powers for the reaction p+p — p+p+7°
obtained from the symmetric geometry at 496 MeV.

Geometry | 7° Laboratory Laboratory Analysing Power
Angle Kinetic Energy (MeV)
60°-60° 1 20 -0.14 £ 0.16
30 30 -0.38 £ 0.14
38 40 -0.55 £+ 0.14
43 50 -0.75 £ 0.14
46 60 -0.41 £ 0.13
48 70 -0.49 £ 0.16
50 80 -0.30 £ 0.16
51 90 -0.68 £+ 0.25
52 100 -0.47 £ 0.38
700-70° 0 2.5 -0.81 + 0.27
20 10 0.17 £ 0.17
46 20 -0.48 4+ 0.16
53 30 -0.23 £ 0.16
o7 40 -0.52 £ 0.15
60 50 -0.19 + 0.16
62 60 -0.60 £ 0.17
80°-80° 4 2.5 -0.21 + 0.09
61 10 -0.36 £ 0.12
69 20 -0.35 £ 0.13
72 30 -0.53 £ 0.15
74 40 -0.47 £ 0.15
75 50 -0.57 £ 0.22
76 60 -0.44 £ 0.43
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