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2. 

ABSTliACT 

.An account is presented of an application of the 

neutron time-of-flight technique to a study of the production 

near threshold of the 11 and S°  mesons in the reactions 

% + p—> n 
(neutrals) 

n So 

(neutrals) 

An array of neutron counters was used which had a 

high geometric efficiency for detecting neutrons of low c.m.s. 

momentum. The arrangement had an intrinsically high missing-

mass resolution and enabled cross-sections to be measured at 

values of the c.m.s. momentum down to 20 MeV/c. 

Strong S-wave production of the meson was observed and 

our results support the hypothesis that an S-wave Tin reson-

ance exists just above the 11 threshold. Our results also 

show that the 1 width is less than 0.9 geV/c2. 

No evidence for S°  production was ..rend. The upper limit 

that we place on the S°  cross-section is not inconsistent with 

the results of other experiments and in particular can be 

reconciled with the observation of S°  production reported 

by Feldman et al (5). 
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b. 
PREFACE 

The author joined the High Energy Nuclear Physics 

Group at Imperial College in October 1962 and was very 

much involved in the Imperial College/Manchester Uni-

versity experiment at the proton synchrotron "NIMROD" on 

the electron-positron decay mode of'the w meson, parti-

cular attention being paid to the neutron time-of-flight 

technique which formed the basis of the experiment. 

During the last few months of 1965 this technique 

was exploited further at NIMROD in the two experiments 

described in this thesis. The experiments were carried 

out by the Imperial College Group in collaboration with 

a small team from the Rutherford Laboratory. The author 

played a major part in the suggestion and design of these 

experiments and has been responsible for their analysis. 



CHAPTER 1 - INTRODUCTION  

1.1 Particles and Interactions  

This thesis describes an experiment in the field of 

elementary particle physics and ae such is concerned with 

an investigation into the structure and behaviour of matter 

at the level of its most basic constituents, the elementary 

particles. 

The properties of elementary particles can only be 

determined by studying their mutual interactions and their 

Interactions with external fields. In fact the concept of 

an interaction is as important in the understanding of 

experiments as is the more easily visualized concept of an 

elementary particle. 

The commonest way in which particles and their inter-

actions are studie1 is the scattering experiment. Since 

the interactions that we wish to study are of very short 

range (about 10-13cms) there is no chance of observing 

the particles during the actual scattering process and we 

must make do with determining the trajectories and momenta 

of the particles that form the initial state (target particle 

and energetic incident particle) and the final state 

(the reaction products), together with some of the parameters 

(e.g. mass, charge etc.) that characterize the different 

particles involved. 
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While it is true that the observation of a single 

scattering process or event is sometimes sufficient to 

reveal the existence of a new elementary particle (for 

example the discovery of the positron, the so called 'V' 

particles and the 2-), to investigate the properties of an 

interaction and to discover very short lived particles 

(resonances) a large number of individual events have to 

be observed and analysed. It is only by using highly 

energetic incident particles in such experiments that 

structure of small dimensions can be revealed and new 

particles created. Hence the requirement for large particle 

accelerators capable of producing intense beams of high 

energy particles. 

A large number of particles have been discovered, but 

only three types of interaction seem to be necessary to 

explain their behaviour. They are, in order of decreasing 

strength, the "strong" interactions (which are responsible 

for nuclear forces), the electromagnetic interactions 

(involving photons and the electric charges of the particles) 

and the "weak" interactions (typified by the decay pro-

cesses of the longer lived particles). 

Comparatively little is known about the strong inter-

actions and it is possible that there may be several types 
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of strong interaction. 

Recent theories based on the invarinnco properties 

of the strong interactions under the transformations of 

symmetry groups, such as SU (6), have postulated a new 

level of existence beyond the elementary particles. This 

new level is constituted by three entities called quarks. 

No quarks have yet been found and it is still uncertain 

whether they should be regarded as physical particles or 

as nere.m.wth(=Lticidabstraction.s. These theories have had 

consideiable success in associating the multiplets into 

which the elementary particles can be grouped with bound 

states of quark systems, the particular structures of the 

multiplets (singlets, octets, decuplets etc.) being con-

sequences of the properties of the symmetry group. 

To test these theories the search for further multi-

plets of particles must continue as also must more detailed 

studies of the production processes of the well established 

particles. 

1.2 Particle Detectors 

The detection of energetic particles is made possible 

only through their interaction with the material of the 

detector. The result of the interaction is to leave the 

material of the detector in the vicinity of the particle's 
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trajectory in an excited state. This localized excitation 

which is still a microscopic phenomenon, is then amplified 

to give a macroscopic signal of the particle's presence or 

trajectory. 

The four main detectors in use today, the bubble 

chamber, spark chamber, scintillation counter and 

Cerenkov counter, all rely for their operation on the elec-

tromagnetic interaction between a charged particle and 

the atomic electrons of the material of the detector. 

Thus neutral particles can only be detected when they 

interact or decay to produce charged particles. But, if 

the masses and momenta of all other particles taking part 

in an interaction are known, the presence and mass of an 

unobserved particle can be inferred from the conservation 

pr±iples of energy and momentum. 

In a bubble chamber the local heating caused by low 

energy delta rays prOduced by the particle, initiates a 

string of microscopic bubbles along the path of the particle 

in the superheated liquid that forms the detector. The 

bubbles quickly grow to observable dimensions and are then 

photographed. 

In a spark chamber the application of a powerful 

pulsed electric field immediately after the passage of a 
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charged particle through the gas of the detector causes 

an easily photograpgable spark to occur along the ioniz-

ation trail left by the particle. The amplification 

operating here is the avalanche multiplication process 

of spark formation. 

In a scintillation counter, the detecting material 

of which is a solution of a scintillating material in a 

transparent solvent (usually plastic)1  the passage od a 

charged particle releases electron-hole pairs from the 

solvent molecules. The energy of the electron-hole pair 

may be transferred to a solute molecule which then emits 

scintillation light. The frequency of light emitted in 

this way is always such that it is readily reabsorbed by 

molecules of the same type as that which emitted it and 

so the solute must be present in very small amounts in a 

solvent which is transparent to the scintillation light. 

The microscopic light flux is amplified by a photomultiplier 

to give a short macroscopic pulse of electric current. 

The Cerenkov counter uses photomultipliers to detect 

the Cerenkov light emitted when a charged particle passes 

through a transparent medium. This light is the result of 

transient polarization produced by the charged particle 

in the atoms close to its trajectory. A coherent wave-front 



is only produced when the particle/s velocity is greater 

than the velocity of light in the medium. The angle of 

the wave-front depends only on the particle's velocity and 

the refractive index of the material. Thus, Cerenkov 

counters can be designed to detect only particles with a 

velocity above a certain minimum (threshold detector) or 

within a certain range (differential detector). 

Scintillation and Cerenkov Counters, in their simplest 

forms, have no spatial resolution beyond that defined by 

the size of the detecting volume but they both give 

accurate time information and can operate at high rates and 

in intense fluxes of particles. They were the only detectors 

used in the experiments to be described. 

A comprehensive review of detectors is given in Ref.?. 

1.3 General Features of the Experiment 

We now give a short description of how scintillation 

and Cerenkov counters are used in the experiment to analyze 

the initial and final states and thus to give information 

about an interaction. 

We study the reactionT7+p ->n + neutrals. 

A schematic diagram of the apparatus is shown in 

Fig. 1.1. A beam of particles, produced by the interactions 

of the circulating protons of the synchrotion with a metal 
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target, is guided by a series-Of magnetic quadrupole 

lenses and a bending magnet into a target of liquid 

hydrogen where the reactions we wish to study take place. 

The bending magnet ensures that the particles entering 

the hydrogen target are negatively charged and posses= the 

required momentum. The beam composition is determined with 

a gas threshold Cerenkov counter. The velocity spectrum 

of the beam particles (and hence, since they all have the 

same momentum, their mass spectrum) is obtained by record-

ing the Cerenkov counting rate, in coincidence with beam 

particles defined by small scintillation counters ,.as a' 

function of tha gas pressure. In this way we determine 

the relative proportions of pions, muons and electrons in 

the beam. 

The hydrogen target is surrounded by a system of 

scintillation counters which has a high efficiency for 

detecting any charged particles that leave the target. 

These counters are put in anti-coincidence with the beam 

defining counters and hence veto all interactions in which 

one or more charged particles emerge from the target. A 

ring of six large scintillation counters is placed several 

metres down-stream of the target. Their purpose is to 

detect neutrons emitted from the target, some of which will 
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interact in the scintillator to produce charged particles. 

The time difference is measured between a pulse from 

a scintillation counter just before the hydrogen target 

and a pulse from the neutron counters, thus giving the 

velocity of the neutral particle detected in the neutron 

counters. Gamma rays as well as neutrons can give pulses 

in the neutron counters but since their velocity is always 

equal to c they can be sep4rated from neutrons. We thus 

establish the nature of the selected final state as "n 

neutrals". 

The observations we make in the experiment are not 

sufficient for us to pick out "ic7fp " as the initial state 

which leads to the selected final state and we must here 

appeal to the large body of experimental and theorectical 

knowledge of muon and electron interactions to rule out 

their contributions. 

We measure the momentum and direction of the incident 

and the velocity and direction of the outgoing neutron. 

In both cases the accuracy of the direction measurement 

is set by the dimensions of the detecting counters. The 

neutron time-of-flight spectrum leads us, via the con-

servation of energy and momentum, to a spectrum of the 

"missing-mass" recoiling from the neutron, i.e. the 
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effective-mass of the other neutral particles produced 

with the neutron. 

The time-of-flight spectrum consists of a continuum 

on which is superimposed a number of sharp peaks. The 

continuum corresponds to neutrons produced with two or 

more other particles and the peaks to neutrons produced 

with just one other particle. We find peaks corresponding 

to the production of particles with masses of 135 Me V/c2 

and 549 MeV/02 which we identify with the well known A o 

and n mesons. By counting the number of events in the 

peaks and knowing our detection efficiency we determine 

what fractions of the incident pions underwent the re- 
_ 

actions% p—> %o+  n andR74-p-oen n . Knowing the number 
of protons in the target we can then calculate the cross-

sections for these reactions. 

The cross-section for a process ifi one of the major 

meeting grounds of eXperiment and theory. The experimental 

values that we obtain can be compared with theoretical 

calculations based on various models for the production 

process and thus conclusions can be reached about the 

validity of the models and information on the interaction 

can be obtained. 
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1.4 Experimental AIMS  

This thesis describes two experiments which were 

carried out with the apparatus just described. The first 

was an experiment on 1 meson production and the second was 

a search for So meson production. 

The 11 Experiment  

This experiment was originally conceived as a cali-

bration of the neutron time-of-flight apparatus which had 

formed an important part of the previous Imperial College 

experiment on thew meson (2)  

There are strong theoretical reasons for 'believing 

that the width of the n meson is of the order 1K eV and 

is thus much smaller than our experimental missing-mass 

resolution and so measurement of the 11 width would enable 

Us to check our understanding of the apparatus and its 

mass resolution. The most favourable conditions for such 

a measurement are to be found near to the threshold for 

production and our apparatus was designed to study just 

such a region. 

In this thesis the argument is reversed and our 

knowledge of the apparatus is used to put a new upper 

limit on the 11 width which is an order of magnitude 

smaller than the previods upper limit. In addition we 
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deduce information on the production cross-section and 

angular distribution in a region close to threshold which 

has not been studied before and which is important for 

ditjtindUishing between various models for 71 production. 

The S9  Experiment  

This experiment was a search for a new resonance of 

mass 700 MeV/c2 whose production had recently been observed 

by Feldman et al, (3) using a neutron time-of-flight and 

spark chamber technique. It was decided to search for 

this resonance near threshold, i.e. under conditions different 

to thoao:of Feldman et al, so that, hopefully, new information 

on its production process would be obtained. 
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CHAPTER 2 - THEORETICAL & EXPERIMENTAL CONTEXT  

OF THE 11 EXPERIMENT  

2.1 Properties of the 11 Meson  

The'") meson was discovered by Pevsner et al,(4)  in the 

7ct melons ,in a deuterium bubble interactions of 1.23 GeV/c 

chamber. They observed a bump in the effective mass 
- o 

dist- 

ribution of the % 	% system in the reactionicd 

ppic+%—it°  and attributed this bump to the production of 

particles of mass 546 MeV/c2  which rapidly decayed into three 

pions. The current best value for the mass of the 71 is 

548.9 t .5 146V/c2 (5). The rImeson has never been observed 

to travel a measurable distance before decaying and so it 

must have a very short lifetime. However, its width, r, has 

been measured to be <10 MeV (5)  thus indicating that its 

lifetime T > 	= 6.6 x 10-23  secs. 
r 

The quantum numbers of the Aare well established. They 

are, T=0, JPG  = 0-+ C = +. A survey of the experiments 

whose results have been used to establish these quantum 

numbers is given in Ref. 6. The 11 meson fits conveniently 

into the SU (3) octet of 0-  mesons as the I = 0, Y = 0 member. 

Its mass approximately satisfies the octet mass formula 

3 m2 = 42 Mk - 	. The 1s free to mix with the SU (6) 
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singlet 0-  state but +he mixing is expected to be small 

as the singlet and the octet are in different SU (6) multi-

plets. The best candidate for the SU (6) singlet state is 

the i(959). The mixing angle which is required so that the 

observed masses of the octet members and the ii meson should 

fit the SU (6) mass formula is -10° (7) 

The branching ratios for the known ri decay modes are 

shown in Table 2.1. The values are taken from the data 

compilation of Rosenfeld et al(5). Many of the experiments 

on the branching ratios have given conflicting results and 

some of the errors shown in the Table are probably under-

estimates. In particular the neutral decay modes 7co  yr and 

37c°  are difficult to identify unambiguously and consid-

erable doubt surrounds their branching ratios. The first 

experiment to measure the relative frequencies of the decays 

yy t nyy, 	and 3,xo was reported recently by Di Giugno et 
(8) al 	. They obtained strong evidence for the existence of 

wo yy 

the nor- mode and measured the ratio R = 	 to be 
11-4* 'Y 'Y 

0.90 ± 0.10. Since then a similar value for R (but with much 

larger errors) has been reported by Strugalski (9)  and an 

upper limit for R of 0.5 (90% confidence level) has been 

obtained by Wahlig et al (10) 

Very many theoretical calculations of the relative 



branching ratios have been made (11) but with quite limited 

success. The main difficulty is that at most two or three 

modes can be calculated with any given basic model and to 

calculate the others a different model has to be used. There 

is particular difficulty in explaining the large branching 

ratio found by Di Giugno et al. for theiey'y mode. A further 

difficulty is that the total rI width is not known so that one 

cannot check that a particular model gives partial decay rates 

which are even of the right order of magnitude. 

All of the known rI decays procede via the electro-

magnetic interactions (the one strong decay mode allowed, 

4 ICC), is severely inhibited by lack of phase space and by 

angular momentum barriers) and so the total decay rate is 

expected to be roughly of the same order as the ic°  decay 

rate, 6.3 eV(5)  . However, various factors combine to in- 

crease the expected width to about 1 keV. From SU (3) 

theory we haveZ,, 	OVNT10)
3 r 	105 ir-rr 	 eV 

Allowance for rl mixing increases this figure to 240 eV(7)  , 

thus predicting a total width of 0.65 keV. 

Using the static quark model,Pietschmann & Thirring 

have predicted a valuer = 1 -- 4 keV (12) 

Such a width is much smaller than the mass resolution 

of present experiments and also implies a decay-time Which 
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is much too ghort for the diotance travelled before decay 

ever to be observed with present day detectors. To measure 

such a width, therefore, indirect methods have to be used. 

One proposed method (13) is to measure the cross-section 

for the photo-production of mesons on the Coulomb field 

of a large nucleus. This cross-section can be directly 

related to the strength of the mryvertex and hence to the 11 

width. One experimental difficulty in such an experiment 

would be the large background of T1 mesons produced by photo-

nuclear reactions. Another proposal (14) is to measure, in  
a colliding beam experiment, the reaction e+  + e-4- +y 

whose cross-section is also related to the 771 width. 

2.2 Production of the Ti  Meson in77 D Interactions  

Our experiment yielded values for the eta production 

cross-section and information on the angular distribution 

in an energy region close to the threshold for its production 

in 7c-p interactions. PreVious to our experimentldata were 

available at only two points within the range that we covered. 

At higher energies a large number of cross-section 

determinations have been made. The most important measure-

ments are those of Bulos et a1.(15), who covered a range of 

pion kinetic energy from 578 to 1151 MeV, Richards et al.(16), 

who covered the range 592 to 1300 MeV, and Guisan et a1.(17) 

who covered the range 2.8 to 18.1 GeV. All of the above 
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three groups used spark chambers to detect the 2y decay 

mode of the eta; they did not detect the neutron. The cross-

sections they obtained are shown in Fig. 2d. It can be seen 

that after a rapid rise to a peak just above threshold the 

cross-section falls steadily to a very low value (10a b) at 

18 GeV. 

It is tempting to try to explain eta production in 

terms of either a peripheral model or an isobar model. These 

two models are illustrated in Fig. 2.2. The peripheral 

,model and its extensions, the absorption model and the Regge 

pole model, have had very great success in explaining many 

of the production processes in elementary particle physics. 

Most of the bumps and shoulders observed in graphs of the 

energy dependence of total interaction cross-sections have 

been explained in terms of the isobar model. 

Eta production inwP interactions is not a good 

candidate for analysis in terms of a simple peripheral 

model as the only known meson which can be exchanged is the 

A2 of mass 1324 MeV/c2. The exchange of such a heavy meson 

implies a short radius of interaction and its effect would 

only be expected to show up at high energies. However, for 

the Regge pole model, eta production has the advantage that 

only one Regge trajectory can contribute, the R trajectory 
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associated with the A2 meson. Phillips and Rarita(18)have 

analyzed the eta production data of Guisan et al.from 5.8 

to 18.1 GeV and have shown that they are consistent with a 

single Regge trajectory which in turn is consistent with 

the A2 mass. 

The most distinctive feature of low energy eta pro-

duction is the large peak in the cross-section that occurs 

at an incident pion linetic energy of 650 MeV (80 MeV above 

threshold). There is some disagreement about the angular 

distribution in this region. Bulos et al. find isotror 

from threshold to 1003MeV (final state c.m.s. momentum, p*= 

396 MeV/c) but Richards et al. find isotropy• only below 

655 MeV (p*  = 203 MeV/c) at which energy they find a cos% 

term of magnitude comparable with the constant tern. However, 

it seems safe to assume that the angular distribution is 

approximately isotropic for p*  < 200 MeV/c. This, coupled 

with the rapid and almost linear rise of the cross-section 

up to 	= 200 MeV/c)indicates that there is a strong S- 

wave production near threshold. (That the production is in 

an S state in this region is not surprising as a simple 

impact-parameter model would predict that the effect of 

L = 1 or higher waves would not be significant below 200 MeV/0. 

Many attempts have been made to explain the behaviour 
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in terms of an S-wavelir resonance (19)(i.e. an isobar 

model) and also by an S-wave scattering length (20) The 

resonance solution of Hendry and Moorhouse (19) and the 

scattering length solution of Dobson (20)  are shown in Fig. 

2.3 (a). The resonance solution clearly fits the data better. 

The low value of the cross-section very close to threshold 

can only be fitted if an effective range term is added to 

the constant scattering length approximation, which then 

becomes essentially equivalent to a Breit-Wigner resonance 

formula. 

If there is an S-wave resonance at this energy then it 

would be expected to show up in the phase-shift analyses of 

pion nucleon elastic scattering and perhaps as a bump in the 

total cross-section. A plot of the total cross-section is 

shown in Fig. 2.3 (b). It is dominated by bumps produced by 

the e (1518), with the well established quantum numbers 
7 

I = ip JP  = 3/2-, and the Ni
7 
 (1688), with quantum numbers 

I = ip JP  = 5/2+. The e (1518) is at approximately the 
7 

right energy to explain the peak in the eta production 

cross-section but it is a 70-wave resonance and not S-wave 

as required. BLowever it is possible that the bump in the 

total cross-section contains a small component from another 

resonance at a nearby energy. However if we look at the 
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phase shift analyses (21)  and in particular at the behaviour 

of the S 11 (Notation: 12i, 2J) amplitude (i.e. the ampli-

tude for S wave eta production) with energy we do see 

evidence for a resonance at the required energy. This is 

plotted in Fig. 2.4 (a) and shows a strong inelasticity 

setting in at the eta threshold, followed by a tight loop 

which leads on to a second loop of large radius. In general, 

on such an Argand diagram, a loop indicates a resonance. 

the radius of the loop being equal to the elasticity of the 

resonance. In Fig. 2.4 (b) we show the expected behaviour 

of the scattering amplitude for an inelastic resonance 

sitting on top of a non-resonant background with the same 

quantum numbers as the resonance. The first loop in Fig.2.4(a) 

therefore indicates the presence of a highly inelastic reson-

ance at about 1510 MeV total energy (600 MeV pion laboratory 

kinetic energy). The second circular loop (strictly part of 

a loop) suggests a second Sll resonance near 1700 MeV. 

simultaneous analysis of the phase-shift results for the 

S11 amplitude and the eta production data near to threshold 

has been made by Hendry and Moorhouse (19)  using an energy 

dependent K matrix formalism. They obtain good fits to the 

data and find a resonance at 1510 with a full width- of about 

100 MeV and a partial width for decay into n  of about 0.2p*. 
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There is not yet universal agreement on whether a true 

resonance exists at these energies or whether the peak in 

the eta production cross-section is the result of strong 

interactions in the S11 and D13 states (See Minami (22)). 

The eta production cross-section very close to threshold 

is perhaps the most important information which could decide 

between the various alternatives. 

A similar peak occurs just above the threshold for the 

photoproduction of eta mesons on protons indicating that 

similar phenomena are operating in this reaction. Also the 

reaction Ki-p 11 +A has a similar behaviour near threshold.(23) 

This has led to speculation that there might be an11-baryon 

octet ,of i states with the remaining members associated 

with the T7+Z and 	thresholds(24). Such an "II octet" 

will satisfy an octet-type mass formula and so the reson-

ances would be expected to occur at roughly equal distances 

above the 71 baryon thresholdS. 

The 70-dimensional representation of SU (6) splits up 

as follows: 70 = (1,2) 	(8,4) 	(10,2) 	(8,2) 

Thus an "11 octet" would be a good candidate for the (8,2) 

member of this representation(24). It also finds a place 

in the quark model of Dalitz.(25) 
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TABLE 	2.1 

EXPERIMENTAL 
	

BRANCHING.  RATIOS 

DECAY MODE BRANCHING 	RATIO 

\( 	b' 33.5 1 	2.4 °I° 

ir-° Y ('; 14.S ± 	1-3 Vo 

3 	rr D  21 • 1 :I: 	1-9 '70 

7T 	rr —  7-r °  25 - 3 t 	1.4 0/0 

Tr' y 5.1 z 	0.7 0/0 

POSSIBLE MODELS FOR 7? PRODUCTION 
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PERIPHERAL MODEL 

(A2 EXCHANGE ) 

ISOBAR MODEL 

FIG 2.2  
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2.3 Missing-Mass Spectroscopy 

The neutron time-of-flight technique used in the 

experiment is an example of the general method of missing-

mass spectroscopy. The missing-mass, m, recoiling from 

particle (3) in the reaction M, M2  ->M3  + M4  + M5+ ... 
N 	N  is defined by the relation m2 	(E1+ E2-E3)
2 
 -k.1)1÷1) 2-P3)

2 
 .--(1) 

where El  is the total energy andxi is the 3-momentum of 

particle i. If the final state consists of just the 

particles M3  and M4  then m = M4. If there are further 

particles present in the final state then m is the effective 

mass of'the particles M4  + M5  

The great attraction of the concept of missing-mass 

is that it is defined (and can be evaluated) independently 

of the system of particles to which it refers. Thus if m 

is computed from measurements made on M1, M2  and M3  for a 

series of events, then the. existence of any reactions with 

two body final state will be shown by the occurence of peaks 

in the distribution of m at values equal to the mass of the 

4th particle. Clearly, such peaks can be distorted or even 

removed if there are biases in the detection and measure-

ment of particle 3. 

In general (conservation of charge, baryon number etc. 

permitting) anr stable or unstable particle is more likely 



33. 

to be produced in a two body final state than in a multi-

,body final state and so missing-mass spectroscopy is a 

powerful method in the search for new particles and res-

onances, The method is to be contrasted with the effective 

mass method of searching for unstable particles in which 

the mass of an unstable particle is computed from measure-

ments made on its decay products. The effective-mass method 

has been widely applied in the analysis of bubble chamber 

experiments and has the advantage of being applicable when 

the unstable particle is produced along with two or more 

other particles, but it has the following disadvantages 

(none of which apply to the missing mass method): 

(a) If more than one undetected neutral particle occurs 

in the final state the event can not be analyzed and so the 

effective mass of any system containing one or more undetected 

neutral particles can not be evaluated. 

(b) The mass of each of the decay products has to be 

known in order to compute the effective mass, but is and K's 

are often indistinguishable. 

(c) It is very difficult to devise an arrangement of 

counters and/or spark chambers which can detect and measure 

the momenta of more than two particles in a final state with 

good solid angle coverage (an exception is the large magnetic 
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spark chamber) and so for most systems of particles the 

effective-mass method can only be employed in bubble chambers, 

with a consequent forfeiture of the increase in statistical 

precision which counter and spark chamber experiments usually 

afford. 

The missing-mass method has the disadvantage that the 

kinematic condition of the initial state must be known (thus 

ruling out nucleons in heavy nuclei as targets), however the 

momentum and direction of the incident particle can be measured 

easily and accurately. It has the advantage that only one 

particle in the final state has to be detected and have its 

momentum measured. It is thus very well suited to counter 

and spark chamber systems. 

Many experiments (26)  have used the missing-mass method 

to search for and investigate N*  resonances produced in the 

reaction p+10-> p 	N*. In these experiments the recoil 

protons were momentum analyzed with bending magnets and 

scintillation counters. Only small angular ranges have been 

covered. 

Comprehensive studies of the reactioniE+p->p + X-

where X-  represents the negatively charged system recoiling 

from the proton, have been made by Maglic et al (27).  They 

measure the angle of the proton with spark chambers and its 
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momentum by the time-of-flight technique. Their proton 

detection and measurement system is mounted on a turn-table 

so that a wide range of angles can be covered. With this 

apparatus they have discovered many new particles (28) 

Feldman et al_(3) have made a missing-mass study of the 

reactiongt+ 13>n + X°. They detected the neutron in plastic 

scintillator neutron counters and measured its momentum by 

the time-of-flight technique. In their experiment only 

neutrons eMittWat 24 ± 20 to the beam axis were detected. 

They found a bump at a mass of 700 MeV/c2  in a time-of-

flight spectrum of neutrons produced with other neutral 

particles. They attributed this bump to the production of 

a resonance to which they gave the name "S°". This experiment 

will be referred to again in Chapter 6. 

A comprehensive study of the reaction it-  -1-1)-.› N 	e 

using the neutron time-of-flight technique would be compli7  

mentary to the work of Maglic et al. on the negative missing 

mass spectrum and might be even more fruitful. There are two 

favourable kinematic regions for such a study. One is the 

region near to threshold and the other is the region of the 

maximum neutron laboratory angle for a given missing-mass. 

To show how this comes about we now write down the expressions 

for m2 and its partial derivatives. When the target is a 
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proton at rest in the laboratory equation (1) becomes 
m2 = (EI 4. mp  _. E3)2 - pl2  - p32 + 2 p1p3  cos 03 ...(2) 

The partial derivatives are 
2 

aa 

	

1 	
F- — Pi (E3  — mp) 	p3  cos 6 3 	...(3) 

8P 

2 a 
= - Po  (El  4. Mp) 	 pl  cos 63 	...(4) 

an 
1 3 

	

amt 	sin 
= - 

	

ae3 	pa. 1/3  "1353 	...(5)  

where M is the proton mass, 03 
is the neutron angle to the 

beam axis andpi  is the velocity of particle i. All quantities 

are measured in the laboratory. 

For values of m greater than M1  (= Mk) there exists a 

maximum of 3 which depends only -on the incident pion 

momentum and the value of m. As this maximum angle is 

approached the Jacobian, J = a(cos 3 3*) 9 tends to infinity, 

a(cos 83  ) 
Thus a peak in the 
missing muse distribution will appear as a peak in the neutron 

anggIstr distribution if the angular resolution is sufficiently 

fine. Such a peak would be enhanced by any peripheralism in 

the production process. 

In the maximum angle region the missing mass is very 

Insensitive to the neutron momentum but accurate measure-

ments of the neutron angle are vital if good missing-mass 
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resolution is to be ahieved. This method of "Jacobian 

peaks" has been developed and extensively used by Maglic 

et al. 

From eqtvItion (5) we see that the requirement for accurate 

angle measurements becomes less important as the neutron angle 

decreases and disappears as 0340. From equation (4) 

we see that the condition for am2 to be equal to zero is 
ap 3 

(3 3 	p3.  cos e 3  

El Ilp 

when 83= 0 this condition becomes {33 = pl 	= 13 e  where ft is 

El+ Nip 

the velocity of the c.m.s. in the laboratory. 

The two conditions 0 3,0 and it, pc  are both satisfied 

near threshold thus leading to good mass resolution in 

this region. 

Thu neutron counter arrangement used in the experiments 

described in this thesis was designed to study production 

near threshold. The neutron counters were arranged in a 

ring centred on the beam axis 5 metres (in the case of the; Y') 

experiment) down-stream of the hydrogen target. The inner 
0 

and outer radii of the ring corresponded to angles of 1.7 

and 5°  respectively. A plot of the missing mass ; m , V-3 

neutron time-of-flight, tn, for this system is shown in 
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Fig 2.5(a), and a plot of the c.m.s. momentum, p*, and 

polar angle,0*, is shown in Fig 2.5(b). The curves in 

these figures are drawn for an incident pion momentum of 

690 MeV/c and for neutron angles corresponding to the 

innt,r and outer radii of the neutron counter ring. Curves 

Of neutron velocity and kinetic energy as functions of to  

are shown in Pig. 2.6. 

From the curves of p* andel* Nts to  we can deduce that 

the geometrical collection efficiency of the counters is 

very high in the region 20 MeV/c<p* < 40 MeIT/c but falls 

off rapidly at higher energies because neutrons with 0 * -Ne900  

are then not detected. There are therefore strong biases 

in the missing-mass spectrum deduced from the time-of-flight 

spectrum for a fixed incident momentum and to make a wide 

ranging rissing-mass search neutron time-of-flight spectra 

would have to be obtaihed at a large number of different 

incident momenta. Particles which are produced solely by 

a peripheral mechanism are expected to have very small 

crass-sections near threshold and so would not show up 

well in such a search. However the arrangement is very 

suitable for studying the production near threshold of well 

known particles and cross-section can be measured at values 

of P* as low as 20 MeV/c, which would be very difficult to 

do with other techniques. 
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gHAPTER 3 - THE DESIGN & PERFORMANCE OF THE APPARATUS  

3.1 The Beam and Hodoscope  

General Features 

The beam line used for both the /I and p° experiments 
was deOigned specifically for the Imperial College experiment 

to measure the branching ratio of the phi meson into an 

electron-positron pair. For this later experiment the main 

requirement of the beam was to deliver a high flux of 

negative pion8 of accurately measured momenta in the region 

of 1.6 GeV/c into a cylindrical hydrogen target. 

The internal target was situated in the middle of 

octant 6 of the Nimrod Magnet and use was made of the fringe- 

field of this magnet to bend the required particles into 

Experimental Hall No.2. This arrangement had the advantage 

that particles produced at 0o (the peak of the• angular 

distribution)wtre accepted, but had the disadvantage that 

the momentum of the accepted particles was largely set by 

the field of the Nimrod Magnet and hence by the energy at 

which Nimrod was operating, so that large alterations in 

the beam momentum necessitated changes in Nimrod energy, 

much to the inconvenience of the other users.. The beam 

was designed to accept particles of 1.6 GeV/c when Nimrod 

was operating at itb normal energy of 7 GeV. 
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The 1.1 experiment required pions of momentum 700 MeV/c and 

hence a Nimrod energy of 2 GeV. At the time . the 

experiment was performed Nimrod was restricted to 2 GeV 

operation because of the failure of the alternators and so 

the experiment could be conveniently fitted into the 

Nimrod experimental programme. 

The detailed design of the beam was carried out by 

D.C. Mason. Extensive use was made of the computer programme 

"TRAMP". A diagram of the general lay—out of the beam is 

shown in Fig. 3.1. 

A pair of Type 11 quadrupibles (29)  Q1 and Q2, were 

placed as close as possible to Nimrod. Ql focussed in the 

vertical and Q2 in the horizontal plane. The angular 

acceptance of the beam  was set by these two quadrupoles. 

Q1 and Q2 were followed by a Type 77 bending magnet, BM1, 

which bent the wanted particles through 4°. This magnet was 

included so that, by varying its current in conjunction 

with-the radial position of the internal target, we could 

make stall changes in the beam momentum. 

Ql aad Q2 produced an intermediate focus at the first 

collimator Cl. The magnification at this point was 1.4 in 

the vertical direction and 2.5 in the horizontal direction. 
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This intermediate image was focussed onto the hydrogen 

target by a quadrupole triplet combination (consisting of 

two Type 11 and one Type I quadrOpoles) and a Type 11 
bending magnet (2 metres long and bending through 22°). 

The magnificatien from the intermediate focus to the 

hydrogen target was 1.1 in both horizontal and vertical 

directions. 

This double-focus design was adopted so that the 

momenta of the bean particles could be measured accurately. 

The momentum measurement was made by two hodpscopes of 

scintillation counters, G1-6 and H1-6, situated in conjugate 

planes of the quadropole triplet - bending magnet combin-

ation. The G counters were placed just before the first 

collimator, Cl, and the H counters just before the hydrogen 

target. 

To understand the basic principle of the momentum 

measurement, consider a particle passing through one of the 

G counters in a direction roughly parallel to the beam 

axis. The H counter through which it passes is determined, 

In the case of -.perfect focussing, only by the momentum of the 

particle and not by its initial direction. There are two 

useful consequences of this. Firstly it is only neoe sax7 

to measure the horizontal position of the particle in the 
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planes of the G and H counters and secondly scattering in 

the G counters has no effect, to the 1st order, on the 

momentum measurement. The accuracy of the momentum 

measurement is thus chiefly set by the dimensions of the 

hodoscope counters and the uniformity of the field in the 

bending magnet. 

Two lead collimators were placed along the beam line 

to remove unwanted particles. Cl, at the intermediate 

focus, had an adjustable gap which determined the momentum 

bite accepted. The second collimator, C 2, was 1 metre in 

length with a 7 cm diameter hole and was situated just 

before the H counters. The purpose of this collimator was 

to prevent the "halo" of particles around the beam from 

reaching the scintillation counters around the target and 

so causing unwanted counts. 

Momentum Calibration  

A long flat coil, whose shape followed the trajectory 

of particles through the magnet, was used to measure the 

changes in lB. dl over the entrance face of the magnet, BM2. 

Shims were fixed to the pole-pieces until SB.dl'was constant 

to better than 2 parts in 104  over an area larger than that 

actually used. 

A series of floating-wire measurements were made on 
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the bending magnet and quadrupole triplet combination to 

investigate the focussing of the triplet and the relation 

between current and momentum for the bending magnet. 

The total error in the momentum calibratien was 

estimated to be 0.3% , the principle sources being 

uncertainties in the tension and the electric current in 

the wire. 

The floating wire measurements and the shimming were 

carried out by the author's colleagues A.Duane and D.C. 

Mason. 

The Hodoscope  

A diagram of one of the six identical G counters is 

shown in Fig. 3.2 (a). The H counters were very similar. 

The dimensions of the G counter scintillator were 4 ems 

(vertical)xo.8 ems (horizontal) x 0.3 ems (thickness), 

and of the H counter scintillator 6.5 cms (vertical) x 0.88 

ems (horizontal) x 0.3 ems (thickness). 

The ratio (0.9 : 1) of the widt1 of the G & H counters 

was chosen to be the same as the magnification from the G's 

to the H's so that the image of a G counter would just 

cover an H counter. For incident particles with a flat 

momentum distribution a G H coincidence selected out a 

triangular momentum distribution of full width at half 



height of 0.5%. As the shape of this momentum dist- 

ribution is an important parameter in the analysis of the 

results the effects of aberrations and other non-uniformities 

on it were considered in some detail. A full discussion 

is presented in Appendix A. 

A plan view of the G counters is shown in Fig.3.2 (b) 

The counters were grouped together as closely as possible. 

In the eta experiment only a narrow momentum bite was 

required and the collimator gap was narrowed to 3 ens 

thus making counters Gl and G6 redundant. The combinations 

between the four G and six H counters gave rise to 9 

momentum channels. The component coincidences of these 

channels and the electronic logic used are shown in Fig. 

3.2 (c). In the eta experiment only channels 5 and 6 were 

used. 

In checking the counting rates in the hodoscope it 

was found that some of the counters overlapped slightly 

so that a single beam particle could give a count in two 

of the G counters or two of the H counters. This caused 

the scalers adding the counts in each channel to give a 

number that was too high. Also if such a particle did make 

a detected eta event then two pulses would arrive simult- 

aneously at the multi-channel analyzer where the time-of- 
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flight spectra were accumulated and both would be lost. 

A proper evaluation of these effects requires knowledge of 

the electronic logic used and is presented in Appendix B. 

Because of these effects a correction factor of 0.87 had 

to be included in the cross—oeotion calculation. 

Performance of the Bean  

The beam profile at the intermediate focus was 

examined with horizontal and vertical strip counters and 

adjustments in the currents in Ql and Q2 were made to achieve 

the best focus. The vertical profile at the focus had a full 

width at half height of 3.3 ems and the horizontal profile 

had a full width at half height of 6 ems (before the first 

collimator). Similar studies were made of the focus at the 

hydrogen target. They showed that the beam profile there had 

a full width at half height of 3.0 cms in both the horizontal 

and vertical directions. 

The divergence of the bean was found to be -...81mr 

(equivalent to a standard deviation from zero of 5 mr ). 

The beam intensity summed over the central three 

hodoscope channels ( a 1.5% momentum bite) was about 30,000 

particles per 1012  circulating protons when Nimrod was 

operating at 2 G e V. 
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Beam Composition  

The bean composition was determined with a 90 cm long 

Cerenkov counter, C, filled with the gas "Arcton 13". The 

Cerenkov counter was placed between two small beam 

defining eountere, Si and S2, near the hydrogen target. The 

beam defining counGers were arranged so that their peisx 

light pipes did not overlap, thus ensuring that no 

particle could be detected via Cerenkov radiation in both 

light pipes. 

The counting rate ratio 	S1S2C/S1S2 was measured 

as a function of the gas pressure for beam momenta of 700 

MeV/c and 925 MeV/c. The curves obtained are shown in Fig. 

3.3. The maximum pressure available was 300 p.s.i so the 

plateau for pions of 700 NPV/c could not be reached. It 

could be reached, however, for pions of 925 MeV/0. 

Nimrod was operating below tha threshold for K pro—

duction so the only particles present in the beam line 

were pions, muons and electrons. Thus to find the fraction 

of pions in the beam it was only necessary to determine 

the fraction of muons and electrons and to subtract from 

unity. 

At a pressure of 260 p.s.i (i.e. below the pion 

threshold for 700 MeV/c) the contributions to the ratio 



49. 

SiS2C/S1S2  were 

(a) muons (recorded with an efficiency of 98%) 

(b) electrons( " 	if 	It 	100%) 

(c) 6 rays from pions 

(d) casual coincidences (negligible) 

The efficiency for detecting muons and electrons of 

700 MeV/c at 260 p.si. was determined from the curve for 

925 MeV/c particles. The efficincy depends only on the 

excess pressure above the threshold pressure. 

The contribution fromo rays produced by pions was 

found by inserting 2.5 radiation lengths of lead in the 

beam at'the let collimator thus effectively removing elec-

trons. The counting rate helow the muon threshold was then 

due solely to 6 rays. The probability that a pion will 

produce a detectable 6 ray is expected to be proportional 

to the gas pressure. The slope of the curve below the muon 

threshold was consistent with this, thus the contribution 

of 15 rays at 260 p.s.i. could be estimated. This number 

was 2.5%. Subtracting this from the total at 260 p.sj.. 

we find that the muons and electrons together constituted 

17.5 ± 2% of the beam at 700 MPV/c and therefore that the 

pions constitUred 82.5 ± 2% of the beam. 

Further analysis showed that muons and electrons were 
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present in the ratio 710 but this ratio is irrelevant 
to this thesis. 

3.2 The Hydrogen Target  

A diagram of the target is shown in Fig. 3.4. The 
Si 

liquid hydrogen was contained in a 0.01 thick melinex 

cylinder of length 32.3 ems and dianter 6.5 ems. This 

cylinder had slightly curved end caps. The input and boil-

off pipes were attached to the cylinder at one end via a 
1, --1  thick aluminium ring. The cylinder was contained in a 16 1" 
vacuum vessel made )±176.  thick duralumin with melinex end 

windows each 0.005" thick. The space between the inner 

(target) and outer (vacuum vessel) cylinders was filled with 

several layers of thin aluminium foil which, in conjunction 

with the high vacuum that was maintained in this space, 
thermally insulated the target. The boil-off rate was 

very low under steady condition indicating that very little 

bubbling was taking place so that no correction for an 

effective decrease in density because of bubbling was 

required. The density of the liquid hydrogen was found 

from tables compiled by Tapper (30)  

The hydrogen target was designed for the to and T 

meson experiments. If we had designed the target spec-

ifically for the eta experiment we would have made it 
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much shorter so that the ionization losS of the incident 

pions in the target would have had a less significant effect. 

3.3 Scintillation Counters  

All the scintillation counters were of conventional 

design.N2102A plastic scintillator was used as the 

scintillating material and perspex "light pipes" were used 

to guide the scintillation light to 56 A.V.P. photomulti-

pliers. The efficiences of the counters were measured in 

preliminary experiments and were found to be all above 98%. 

Diagrams of the counters and of their arrangement 

In the experiment are shown in Figs. 3.5 and 3.6. All the 

counters were 1 cm thick except S2 which wb,9 0.3 cm thick. 

52 was used in conjunction with the neutron counters to 

measure the neutron time-of-flight. It was made thinner 

than the other counters to reduce the contribution of non-

hydrogen interactions to the final counting rate. 

The purpose of the box of anti-coincidence counters, 

A8 - 13, around the target was to improve the signal to 

background ratio of the eta peaks observed in the neutron 

time-of-flight spectra. The eta has a 70% branching ratio for 

decay into neutrals and so the number detected is only 

attenuated by a factor of 0.7 by the requirement that no 
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charged particles should be present in the final state. 

However, the background under the eta peaks is attenuated 

by a. factor of 0.3 by this requirement: final states such as 

n and ic % n being completely removed. The 

coverage of the anti-counters was complete except for a 

5 cm diameter hole in A8 to let the beam into the target 

and a gap (10 ems x 10 cms) between A8 and Al2 to leave 

mom for the pipes leading to the hydrogen. target. As all 

processes other than those leading to neutral final states 

produce at least two charged particles, the probability of 

a charged decay made of the eta (or a charged background 

reaction) being detected is negligible. 

The counters Al - 6 were put in anti-coincidence with 

the neutron counters and ensured that the particle detected 

in a neutron counter was neutral. 

3.4 Neutron Counters  

As the neutron counters form the most important- part 

of the apparatus a detailed account of them will be given. 

Design Considerations  

The purpose of a neutron counter system is to detect 

neutrons emitted from a target and to measure their momenta 

and directions. The range of polar angles required to be 
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covered and the momentectional accuracy required 

vary greatly from experiment to experiment but in all 

applications it is an advantage to have a high neutron 

detection efficiency and to cover a large range of azimuthal 

angles so that events may be recorded at a high rate, with 

a consequent reduction in statistical errors. 

The accuracy of momentum measurement is set by the 

timing resolution of the counters, the dimensions of the 

target and neutron counters and by the length of flight 

path. The accuracy of direction measurements is set by the 

dimensions of the target and neutron counters and by the 

length of flight path. The relative importance of these 

errors for missing-mass determinations has been discussed 

in Chapter 2.3. 

There is a clear conflict between the requirements 

for large solid angle coverage (um L-2, L= flight path) 

and for good directional and momentum resolution (Ae9c L 1 - 

and AP m e) thus indicating that the flight path, L, is 

an important parameter of the system. 

The eneities of the neutrons to be detected fall, in 

general, within the range 30 - 500 MW. For a neutron to be 

detected (a) the neutron must interact to produce charged 

particles and (b) these charged particles must be detected. 
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Two basic neutron counter designs are shown in Fig.3.7 

One is the "sandwich" type in which thin sheets of a heavy 

metal are separated by sheets of plastic scintillator which 

are viewed perpendicularly to the incident neutron direction. 

If many thin metal plates are used (so that charged intern 

action products can escape from the metal into the scin-

tillator) such a counter would be expected to have a high 

efficiency because of the high interaction probability. 

However, the need to view the scintillator in a direction 

perpendicular to the incident neutron direction leads to 

poor light collection, poor lateral uniformity of response 

and poor timing resolution. Also it makes it mechanically 

difficult to put several such counters close together. 

This basic design can be improved enormously by viewing 

each of the sheets of scintillator seperately with four 

photomultipliers. By taking the time differences between 

the photomultiplier pulses the position of the interaction 

in the sheet can be determined and the time resolution 

improved. Such counters have been constructed by Zichichi(31) 

He estimates that they will have a timing resolution of 

- . 3 ns and a positional resolution of ±2.5 ems. 

The other type of counter illustrated in Fig.3.7 is 

the "simple" type that was used in our experiments. 

• 
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It consists of a cylinder of plastic scintillator viewed 

parallel to the incident neutron direction. Neutrons are 

detected via their interactions with the carbon nuclei and 

free protons of the plastic scintillator. The most important 
_ interactions are n + C12  _> p+ B12 and elastic neutron-

proton scattering. If the discrimination level is set low 

enough all interactions leading to the production of charged 

particles can be detected with high efficiency. Under these 

circumstances the efficiency is roughly 1% for every cm 

depth of scintillator. The light collection is good as very 

few reflections are neaded for most of the light to reach 

the photonultiplier. The timing resolution will be good 

because the scintillator is viewed along the direction of 

the incident neutrons thus giving little variation in the 

time of arrival of light from diffe-1.onigitu,Linal .poditions 

(to see this compare neutrons interacting near the front and 

back faces of the counter.. The extra time required fora 

neutron to reach the back of the scintillator is compensated 

by the shorter time required for the light to reach the 

photomultiplier. This compensation is exact for neutrons 

of velocity 0.6 c , i.e. kinetic energy 240 MeV). 

It was decided that for the present series of exper-

iments, in which neutrons with low c.m.s. momenta were to 
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be detected, the "simple" type of counter was best. The 

reasons were: 

(a) The estimated efficiency of 30% was thought to be 

sufficient. 

(b) The angular resolution and estimated timing 

resolution led to errors which, for a flight path of 3 metres, 

were of the same order ¶s the uncertainty in the incident 

pion momentum and so were acceptable. 

(c) Six such counters could be grouped into a ring to 

give almost complete azimuthal coverage for small polar 

angles. The six counters could be conveniently mounted 

on a trolley so that the length of flight path could be 

easily altered to give improved accuracy if required. 

(d) The design was simple and put little strain on our 

mechanical, eledtronic and financial capabi2ities. 

The plastic scintillator used was NE102A. The length 

of the cylinder of scintillator was chosen to be 30 ems to 

give an estimated efficiency of 30% and a timing resolution 

of ± 1 ns. The diameter was chosen to be 30 ems so that 

the uncertainty in angular measurements would be well 

matched to the uncertainty in momentum measurements pro-

duced' by a timing error of 1 ns. The convergence angle of 

the light pipe was chosen to be 17°  to give good 
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uniformity of response and so that a good fraction of the 

light would reach the photocathode after only one reflection, 

The photomultipliers used were 58 AVP's. These have a large 

photocathode area (11 ems diameter) and a fast rise time. 

The determination of the efficiency and timing reso-

lution of the counters will now be described. 

Detection Efficiency  

In the experiments the counters were treated as one 

unit so we only needed to know the overall efficiency of the 

set of six counters rather than their individual efficiencies. 

As we were concerned with neutron time-of-flight distributions 

(i.e. neutron energy distribution0 we needed to know the 

efficiency as a function of the neutron energy. 

One of the counters, N5, was taken to the Harwell 

cyclotron where there is a suitable neutron bwIra and time-

of-flight facility. Its efficiency as a function of energy 

was measured by comparing its counting rate in the neutron 

beam with that of a calibration counter of known efficiency. 

The efficiency depends on the electronic discrimination 

level and ai the discriminators at the cyclotron and at 

Nimrod were different it was necessary to find the discrim-

ination level in absolute units, such as MW, rather than 

by merely recording the setting of a bias potentiometer. 
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light would reach the photocathode after only one reflection, 

The photomultipliers used were 58 .AVP's. These have a large 

photocathode area (11 ems diameter) and a fast rise time. 

The determination of the efficiency and timing reso-

lution of the counters will now be described. 

Detection Efficiency 

In the experiments the counters were treated as one 

unit so we only needed to know the overall efficiency of the 

set of six counters rather than their individual efficiencies. 

As we were concerned with neutron time-of-flight distributions 

(i.e. neutron energy distribution0 we needed to know the 

efficiency as a function of the neutron energy. 

One of the counters, N5, was taken to the Harwell 

cyclotron where there is a suitable neutron 1b7,,?am and time-

of-flight facility. Its efficiency as a function of energy 

was measured by comparing its counting rate in the neutron 

beam with that of a calibration counter of known efficiency. 

The efficiency depends on the electronic discrimination 

level and as the discriminators at the cyclotron arid at 

Nimrod were different it was necessary to find the discrim-: 

ination level In absolute units, such as MEV rather than 

by merely recording the setting of a bias potentiometer. 
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This was done using the pulse-height spectrum produced 

in the counter by the cosmic rays. This spectrum is very 

reproducible and so enabled the discrimination level also' 

to to determined under the conditions of the main experiment 

at Nimrod. It was found that the discrimination level of 

N5 under the cyclotron conditions was 4.6 MeV and under the 

Nimrod conditions was 4.8 MeV. To correct the efficiency 

of N5 for the different bias level it was necessary to 

determine at the cyclotron the rate of change of efficiency 

with discrimination level (As /A disc). 

A detailed account of the determination at the cyclo-

tron of the efficiency, As/ Ddisc and the discrimination 

level is given in Appendix C. 

To progress from knowledge of N5's efficiency under 

the Nimrod conditions to knowledge of the gv-Tall efficiency 

of the set of six counters, two methods were used. 

Firstly the discrimination levels of the other counters 

were determined using their cosmic-ray pulse-height spectra 

and their separate efficiencies were deduced on the 

assumption that the only differences between the counters 

lay in their discrimination levels. It was found that the 

efficiences so determined' were all approximately equal to 
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N5's efficiency. The overall efficiency being a factor of 

0.98 that of N5. 

Secondly their efficiencies were deduced by comparing 

their seperate counting rates in coincidence with a 

selection that ensured that only neutrons in the required 

energy range were counted. This gave results consistent 

with those obtained by the first method and a correction 

factor of 1.03 t 0.08. 

The second figure should be more reliable as it is only 

limited by statistics. we therefore take this figure. 

The overall efficiency of the set of six counters as 

a function of neutron kinetic energy is shown in Fig.3.8. 

Timing; Resolution  

The charge exchange reaction x - + p gr° + n at 

e* = 180°  yields neutrons with a very well defined time-

of-flight. For an incident 7c-  momentum of 700 MeV/c the 

neutron momentum is 950 MeV/c and the neutron energy 400 

MeV. These neutrons will produce a sharp peak in a time-

of-flight spectrum whose natural width, D14 the absence of 

timing errors, is negligibly small. Thus, observation of 

the experimental width of the peak gives a good measure of 

the timing resolution. 
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The accuracy with which this width can be determined 

depends ong 

The channel widths of the time-of-flight spectrum 

The statistics of the number of events in the peak. 

Uncertainties of subtracting the background under 

the peak. 

The channel width was .38ns and had only a very small 

effect on the accuracy of the determination. The biggest 

uncertainty lay in the background subtraction. The charge-

exchange peak is fairly clealay separated from the y ray 

peak and from the bi:lad spectrum of phase space events but 

the tails of these distributions spill over into the charge-

exchange region. This can be seen in Fig. 4.1 (page82). 

The shape and magnitude of the tails that lie under the peak 

can be estimated and in fact because of the good ratio of 

signal g background (= 6:1) this effect is not too serious. 

To improve the statistics several peaks taken at differ-

ent incident pion momenta were added together after correcting 

for the slight change in the peak centre with momentum. After 

subtracting background the result obtainer, expressed as the 

standard deviation of the timing error, was a t= 0.83 .1 ns. 

The shape was approximately Gaussian. 
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This determination is only valid for neutrons of energy 

400 MeV but it can be checked at energies corresponding to 

the forward 1 peaks ( 130 MeV) produced at the higher beam 

momenta (See Fig. 4.2). The natural widths of these peaks 

are also very small and their observed widths agree well 

with the widths of the it°  peaks. For still lower neutron 

energies one might expect the timing resolutions to become 

gradually worse but there does not seem to be a convenient 

way of determining it experimentally. The backward 	peaks 

(See Fig. 4.2) seem to be a little widerthan we expect but as 

they have a consider-ble natural width they do not provide 

an accurate measurement of the timing error. 

3.5 Electronics 

A block diagrm of the electronic system 4s shown in 

Fig. 3.9. The system had the following duties : 

(a) To record the number of beam particles of the 

required momentum which entered the target. 

(b) To accumulate the time-of-flight spectrum of 

those neutrons, detected in the neutron counters, 

which were produced by beam particles of the 

required momentum and which were not accompanied 

by any pulses from any of the veto-counters. 
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The system may be split into several logically distinct 
parts. 

1) The momentum hodoscope and beam defining counter 

logic: A coincidence S2  p 1A8 	(i = 5 or 6) indicates 

that a particle in the i hodoscope channel has entered the 

target. 

2) The neutral final state selection system: The 
signature of an event leading to a neutral final state is 
the coincidence S2p wi  X8  X9_13. 

3) The neutron detection logic: The coincidence N 

Nd  A1_6 indicates thn.t a neutron (or yray) has been detected 

in one of the neutron counters. All six neutron counters are 

kinematically equivalent and so they are treated as one unit, 

their pulses being "mixed" at an early stage. 1L refers to 

the pulse from the collector of a neutron lorrter photomultiplie 

and Nd to the pulse from the last dynode. The two pulses 

are used in different ways as will shortly be described. 

4) The neutron time-of-flight measuring system: The 

time difference between the S2  pulse and the I pulse is 

measured by a time-to-amplitude converter which is gated by a 

coincidence S- D 105 or 6 A8 A9_13  ItNd  A1_6. One of these S- -   

devices was used for each momentum channel and their outputs 

passed to a multichannel pulse-height analyser ('kick-sorter') 
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where the time-of-flight spectra were accumulated. 

Standard Rutherford Laboratory discriminators, co-

incidence unit4 "(C)h" and "AND" gates, "FAN" units and 

scalers were used throughout. 

Most of the system can be readily understood from an 

inspection of the block diagram. However, some of the less 

trivial aspects of it will now be described. 

It was expected that the wide range of pulse heights 

produced by neutrons ineracting in the neutron counters 

would limit the resolution of the time-of-flight measure-

ments because small pulses would trigger the discriminator 

considerably later than large pulses. This is illustrated 

In Fig. 3.10 (a). To lessen this effect the pulses from 

the last dynode of the neutron counters were discriminated 

at a bias level higher than that at which the collecttr 

pulses were discriminated and both pulses were demanded to 

be present at 001. The clip lines and timing of the pulses 

at CO1 were set so that the time of the 001 output was 

determined by the time of the output of the Ne discriminator. 

However, because of its higher bias level, the Na. dis-

criminator determined the minimum amplitude of neutron 

counter pulse which was accepted. Thus all accepted pulses 

triggered the No discriminator while they were still rising 
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and so the time-spread of the output of C01 was reduced. 

This is illustrated in Fig.3.10 (b). The price that is 

paid for this improvement is a slight decrease in the neutron 

counter efficiency. 

The time-to-pulse-height converters were designed by 

A.J. Wynroe of Manchester University and were built at 

Imperial College. The kick-sorter was a 512 channel Laben 

analyser. The first of the channels was used to accumulate 

the number (4- by 104) of beam particles entering the target 

so that, by compering this number with that on an external 

independent scaler, allowance could be made for the kick-

sorter dead-time. The contents of the memory were printed 

out by an I.B.M. typewriter. 

The standard Rutherford Laboratory discriminators 

have a dead-time equal to twice the length of the output 

pulse. At high rates this can lead to a serious inefficiency 

in an anti-coincidence channel. To remove the inefficiency 

in the main anti-coincidence channel, A8-13, we used a system 

of three parallel discriminators each with minimum pulse 

length (lOns) as shown in Fig. 3.10 (c). The inputs to the 

second and third members of this triad were delayed by lOns 

and 2Ons respectively. All three outputs were added so that 

a single particle would give an output pulse 3Ons long. 
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Thus, no matter what the time distribution of input pulses 

an output voltage level was always present when required. 

3.6 Data Taking  

The experiment was performed in October, 1965 during 

the period when Nimrod was restricted to a maximum energy 

of 2 GeV and a pulse repetition rate 10 pulses per minute. 

For most of the data taking the Nimrod intensity was 1.7 

x 1012 protons per pulse, our share of this being about 50%. 

The internal target was of aluminium and had the. di-

mensions 10 cms x lcm x lcm with a.8mm lip. A "flat-top" 

targeting arrangement with the R.P. field left on was used. 

Unfortunately no accurate measurements of the spill-time 

were;made during the experiment. However, the time structure 

of the spill was continuously monitored on a slow-sweep 

oscilloscope and from this the spill time wab estimated to 

be 100 ms. As the beam intensity was comparutively low 

(about 10,000 particles/pulse in each of the two momentum 

channels used) the uncertainty'in our knowledge of the spill-

time did not have serious consequences. 

Neutron time-of-flight spectra -::ere accumulated at nine 

different settings of the currents in the bending magnet 

BM2 and the other beam line elements, thus yielding spectra 

for 18 values of incident momentum spanning 
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the range from 19 MeV/c below the 71 threshold to 30 MeV/c 

above it. The time-of-flight spectra were confined to this 

range (a) because of lack of further 1,achin.; tae and (b) 

because at the time of data taking the sole aim of the 

experiment was to measure the rjwidth. Each spectrum was 

produced by about 3.0 x 107  incident beam  particles and took 

about 6 hours to accumulate. 

It was important to have an accurate relative measure-

ment of the incident beam momentum because of the very 

rapid changes of the time-of-flight spectra with momentum.. 

To this end, the magnetic field in the bending magnet BM2 

was measured and monitored with a nuclear-magnetic-resonance 

(N.M.R.) device. For most of the runs several measurements 

of the field were made and from the spread in values obtained 

it was estimated that the accuracy of relative momentum, 

measurements was ±.2 MeV/c. Two runs were ignored in the 

data analysis because they were taken before the N.M.R. 

device was working properly. A third run which also did 

not have an N.M.R. reading was retrieved because both spectra 

showed clearly separated peaks, which,in ecnatzric tion with 

the other spectra, enabled the incident momentum to be 

determined with an accuracy comparable with that obtained 

with the N.M.R. (See Chapter 4.3). 
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Table 3.1 shows a list of the important parameters 

of the data runs. 

To check that the time-of-flight measuring system 

was linear and in particularhitano4Dro-nonlinearity (which 

could produce spurious bumps), "white" spectra, produced by 

noise pulses and pulses from a pulse generator, were 

accumulated between several of the data runs. 

As a check on the stability of the apparatus (and as 

a safeguard) several intermediate print-outs of the kick-

sorter memory were made during the accumulation of eaci 

spectrum. These print-outs were checked for consistency 

with each other. 



TABLE . 3.1 
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RUN NUMBER CHANNEL MOMENTUM 
M eV/c 

COMMENTS 

5 698,3 No N.M.R., but retrieved 
1 

6 701.9 

5 6780 „ 	„ 	Below )7  threshold 
2 

6 681 .6 II 	It 

5 684.5 „ 	'4 
3 

6 688.1 ,, 	„ 

5 691.7 O.K. 
4 

6 695.3 " 

5 
5 678.0 .. 	Below li threshold .  
6 681.6 

6 5 689.8 l• 

6 693.4 .• 

5 6 83.2 Below - 	Ithrezhold 
7 

6 6 86.8 .. 	.. 	am 	 • 1- 

5 6 67.8 .• 	Below 	Yi threshold 
8 

6 671.4 •, 	t. 	.. 	„ 

5 713.4  
9 

6 717.0 .. 

Each spectrum was produced by about 3x107 beam particles. 

The momentum values are taken from the final, adjusted 

momentum scale. (See Chapter 4.3.) 
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CHAPTER 4 - ANALYSIS OP THE r EXPERMENT  

4.1 General Features of the Time-of-Flight Spectra  

Four of the time-of-flight spectra obtained are 

shown in Figures 4.1 and 4.2 The abscissa on each 

spectrum is the time delay of the neutron with respect 

to a particle travelling with the velocity of light. 

The spectrum at the lowest momentum has just 

three components, viz; 

1) A large sharp peak at p= 1 produced by the 

detection of gamiaa rays in the neutron counters. 

2) A peak at a time-of--flight corresponding to a 

missing_mass of 135 MeV/c2 produced by events from 

the charge exchange reaction it on for which the 
o goes almost directly backwards in the c.m.s. 

3) A continuum of events beyond the ch.„,e exchange 

peak produced by the reaction 9C*  + p->m o n where m>2. 

The continuum is consistent with only m 
	

2 being 

present and with the events being uniformly distributed 

in phase space. 

The spectra at higher beam momenta all show the above 

features practically unchanged but also have one or two 

(Literally) extra peaKs which we associate with the 
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production of 11 mesons. 

Very close to threshold both the and the neutron 

move forwards within a narrow cone in the laboratory and 

at a velocity near to the velocity of the c.m.s. in the 

laboratory. Almost all of these neutrons will be 

collected by the neutron counters and will produce a 

single peak in the neutron time-of-flight spectrum. xt 

higher beam momenta neutrons produced at 90°  in the c.m.s. 

pass outside the ring of neutron counters in the laboratory 

and only those produced near 0o and 180° in the c.m.s. 

will be detected (see Fig 2.5 (b) ). Thus, as the beam 

momentum is increased the single peak in the time-of-flight 

spectrum splits into two peaks corresponding to neutrons 

emitted in the forward and backward directions in the c.m.s. 

The forward neutrons have a higher velocity in the laboratory 

and also have a larger solid angle for collection by the 

neutron counters. Thus the peak at shorter times of flight 

is the larger of the two if the production angular dis-

tribution is isotropic. 

With the neutron counters at 5 metres and at an 

incident momentum of 700 MeV/c neutrons emitted at 90° 



81. 

in the c.m.s. with a momentum of 40 MeV/c just pass out-

side the ring of neutron counters. Thus we can expect 

very rapid changes in the time-of-flight spectra near 

threshold. Because of the spread in the momentum of the 

incident pions each spectrum contains events distributed 

throughout a wide range of c.t.s. momentum,' p*, and so 

the transition from a single peek to a double peak is 

smooth. 

4.3 shows the relationships between to (neutron 

time-of-flight), pic  (incident pion momentum) , p* and 6 * 

(c.m.s. production angle) for the maximum and minimum tngles 

defined by the neutron counters (5°  and 1.7°). The curves 

involving p* are drawn for a beam momentum of 700 MeV/c 

and those involving p for an eta mass of 548.9 MeV/c2. 

From the curves the expected shapes of the time-of-flight 

spectra can be roughly estimated. 

4.2 Data Reduction  

The initial steps in the data, analysis were as 

follows. 

1) The "raw" time-of-flight spectra printed out by 

the kick-sorter were transferred directly onto punched 

cards so that all computations on the spectra could be 



8 2 . 

SLASID \OP 	 EG 2. • 	 U L 

Co- 

60 = 	M oVic 
••• 

4 0 - 

r 
"LI 20 

0 
ii 	I 

500 
	

550 • 
	

540 	MM 

60 

          

     

= 668 M V/c  

    

    

1 

   

       

      

-11rs  
LrL AJ  

  

        

        

20 

       

       

        

 

r I 
ri 	

1 

   

     

      

0 
	

5 	10 	15 	20 	25 	30  Time ; n n s 
Fig. 4.1 



N r`,_112 F—R ^gin  q 

0 
0 	 10 	15 	20 	25 	30 	35 

Time in ns 

83. 

0 

00 — • 

Pyr  = 713.4 MeVic 

FORWARD 
NEUTRONS 

G,d —. 

BACKWARD 
NEUTRONS N 

20 	25 	30 	35 

Prr  = 693.4 MeVic 

-11- 

L 

40 

60 — 

0 

0 

60 — 

40 — 

20 — -L. 

20 — dir-s 
1 

FIG. 4 . 2 



18 20 22 24 26 28 30 
s) 

60 	120° 
 a

.x 180 

20 	24. 	28 
fin - t 	(s) 

24 	28 
fryt 	(ns) 

erected time spectra 
for monwiturn bands 

12,2 above 

7001 

PT;  

695- 

690- 

84. 

IATIC REDATIONSI-liPS DE-TINED  
Pi V r E NEUTRON COUNTERS 



85, 

carried out on the Imperial College I.B.M. 7090 computer. 

2) Each spectrum was normalized to a constant number 

(3 x 107) of incident beam particles. 

3) The counts in each spectrum were rearranged into 

new histograms each with the same time-of-flight scale 

and with bia-widths of 0.5 n sec. 

4) They were then multiplied by the inverse of the 

neutron counter efficiency as a function of the time-of-

flight thus yielding spectra which would have been pro-

duced if the neutron counter efficiency had been constant. 

5) The background under the eta peaks was subtracted 

using information obtained from runs below the eta threshold. 

6) New cards were punched to carry the subtracted 

spectra; 	
• 

7) Using the known value of g 	and the positions 

of the 1peaks at various momenta (the momenta being 

determined by the floating wire calibration and the N.M.R. 

readings) the absolute incident momentum scale was estab-

lished. 

Most of the above items are self explanatory, however 

item (5) will now be described in more detail and item (7) 
will be described in Chapter 4.3. 
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Background Subtraction 

The cross-section for the reaction %-p-> neutrals has 

been measured to be 13.2 0.6 m b. at an energy just 
073) 

below the eta threshold. 	At the same energy the cross- 

sections for the reactions 7c p4-7Pn and 7E-114942 9E°  n 

have been measured to be 9.2 
(33) 

respectively. 	There have 

0.9 m.b. and 4.0 	0.8 m-b. 

been no measurements of the 

cross-section for the reaction /C+ p--> 	n in this 

energy range but from the above figures we may deduce 

that it is less than about 1.0 m.b. and is consistent with 

being zero. 

Thus we conclude that practically all the background 

under the eta peaks should come from the reaction 

p-/t°  /On (the instrumental background from casual 

coincidences and non-hydrogen events was neg7.igible). 

_ No resonances in the 	/L o  system have been observed at 

these energies so it is reasonable to assume that the 
o o n events are distributed uniformly in phase space. 

On this assumption Monte-Carlo 7t°  70n events were generated 

and their neutron time-of-flight spectrum obtained. In 

the Monte-Carlo calculations all known experimental effects 

were included. The resultant spectrum was compared with 
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the spectra obtained below the eta threshold (after removal 

of the gamma ray and charge exchange peaks) and good agree-

ment was obtained. 

In thu background subtraction process the below-

threshold spectra were not subtracted directly from the 

above-threshold spectra but instead:the known shape of 

the background spectrum was used to interpolate the back-

ground curve underneath the eta.peaks. In other words a 

spectrum of the same shape as the below-threshold spectra 

was fitted to the parts of the above-threshold spectra 

away from the eta peaks and thus the background under the 

peaks was estimated. As all the peaks were either narrow 

or had a very high signal to background ratio this proce-

dure could always be carried out reliably and avoided any 

assumptions about the background cross7section remaining 

constant. The only assumption made was that the shape of 

the background spectrum in the region of the eta peaks did 

not alter as the momentum was raisp4. 

Three of the eleven subtraCted spectra are shown in 

Fig: 4.4. The smooth curves drawn through the spectra 

'represent the results of Monte-Carlo calculations assuming 

S-wave production, (These calculations will be discussed 

later). 



S L. Th 
(71 	FIZ 	 I 

L., 

P -702 Mt-Vic 

60 

40 

20 

0 

n 
C Vi  • C 

di) 

20 25 3 0 0 

n ns 
Fig.  4.4 

8 8 . 

633 
0 

G 

40 



It 11 	 • 

690 71
0 Piff(M ,.QVic) 

690 	 700 
F 0. ------- 

89. 

Number of 77  Events Detected vs 

Beam Momentum 
1000- 

800- 

600- 

400 

MONTE-CARLO CALCULATION FOR 
71 - 

1" 	2 MeV 200 



90. 

Fig. 4.5 shows the total number of events in each 

spectrum plotted as a function of the b'eam momentum at 

the centre of the hydrogen target. The errors ahown in 

the numbers of events include the statistical uncertainties 

Introduced by the background subtraction. The momentum 

errors are only the relative errors between different 

points. Also the whole momentum scale has been shifted 

by 0.5 MeV/c for reasons that will now be described. The 

curves on the Figure represdnt the results of Monte-

Carlo calculations for different assumed widths of the 

eta. 

4.3 Measurement of Mn  

The separation of the forward and backward eta peaks 

on a time-of-flight spectrum is a sensitive function of the 

mean value of the c.m.s. momentum, p* of the events and 

hence, if the beam momentum is known, of the mass of the 

eta. 

By shifting the zero of the floating wire momentum 

scale the experimental peak positions were fitted to the 

curves of pic  versus to defined by the neutron counters 

for a missing-mass of 548.9 MeV/c2  (see Fig.4.3). After 
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making allowance for the decrease in beam momentum caused 

by ionization in the matter between the bending magnet and 

the centre of the hydrogen target it was found that a shift 

of 0.5 	0.5 MeV/e was required. The shifted experimental 

points and the theoretical curves for M- 548.9 MeV/c2 and 

Mito = 135.0 MeV/c2 are shown in Fig. 4.6. The "error" 

bars represent the widths of the peaks and not the errors in 

determining their positions. 

70 may express this result alternatively by saying 

that the best agreement would have been obtained if the 

theoretical curves had been calculated for a missing-maEs 

of 549.2 MeV/c2. We therefore derive 549.2 I. 1.2 MeV/c2  

as the result of our measurement of Mn  . The error comes 

mainly from the estimated 0.3% error in our floating wire 

measurements. The value listed in the data compilation 

of Rosenfeld et al.(5)  is 548.9 0.5 Maio?  and the 

most accurate single measurement is that of Foelshe et a1.
(34) 

who obtained 549.0 0.7 MeV/c2. Our value is therefore 

in good agreement with previous experiments. 

The good agreement of the experimental and theoretical 

o peak positions is a check on the accua:acy of out time-

of-flight scale but our missing-mass resolution in this 

region is not sufficient fqt us to make a sensible deter-

mination of the 1e mass. 
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Since the error in our determination of Mil  wa$ 2.4 

times the. error in the accepted value , we retained the, 

shifted momentum scale so that the results obtained from 

the subsequent analysis would be applicable to eta mesons 

having the accepted mass. 

4.4 Techniques of Analysis  

Having shown that the time-of-flight spectra clearly 

Indicate the production of the meson, we wish now to 

deduce its production cross-section and angular distribution 

as functions of p* and to place an upper limit on its 

width. 

The most straight-forward approach to this task is 

to calculate for each event the values of p*, 6* (c.m.s. 

production angle) and the missing-mass, to make histograms 

of these quantities and to correct the histograms for the 

effects of geometric biases. The experimental information 

which is available for use in the calculations is as 

follows: 

(a) the neutron time-of-flight, which is measured 

separately for each event, 

(b) the neutron angle, which, for lack cf further 

information, we must take as being (for every event) the 

angle defined by the centres of the neutron counters, and 
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(c) the incident pion momentum, per , thenbestuvalue of 

which is the mean of the incident momentum spectrum (at the 

centre of the target), which is the same for all events in 

a given run. 

In addition, to calculate eross-sections, it is 

necessary to know the number of incident pions of the 

required momentum which were available for producing the 

detected events. 

However, there are objections to the use of this 

approadh in the analysis of our experiment because our 

geometric biases are very severe and because our proximity 

to threshold introduces special difficulties. Near to 

threshold, small changes in pic produce large changes in p*, 

e.g. at p* = 40 MeV/c, dp*/dpk = 5.3. Thus, because the 

detection efficiency of our apparatus is large only in the 

region 12 < p* < 50 MeV/c, and because of the ionization 

loss in the target (pions which traverse the whole length 

of the target lose 9 MeV/c of momentum), some parts of the 

target will be much more effective than others in producing 

detectable events. In fact, for the two lowest momentum 

runs in which 1 mesons were detected, only the first 

few ems of the target were effectiv. Thus, to analyze 

each event on the assumption that the momentum of the 
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incident pion was equal to the value at the centre of the 

target of the mean momentum of the hodoscope channel being 

used introduces serious systematic errors in the missing 

mass calculation and also in the calculation of cross-

sections. 

Because of the difficulty of allowing for such effects, 

a different method of data analysis was adopted. This was 

based on a comparison of the experimental spectra with 

theoretical spectra calculated on the basis of various 

assumptions about the width, the cross-section and the 

angular distribution. The advantages of this approach, are 

that the experimental spectra are used in a very direct 

way without intermediate quantities having to be derived 

from them and that all the experimental factors, such as 

ionization loss in the target and the beam mcm,mtum 

spread, which have large effects on the data, can be 

reliably taken into account in calculating the theoretical 

spedtra. 

In general terms, the data is grouped into sets (bins) 

of experimentally identical events. Let the number of 

events in bin i be Nei and let the predicted number of events 

be Nti. 

Then Nti: 	n 	m
) where Al t...,An  are 
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parameters that define the width, cross-section and 

angular distribution, and B1,...,Bin  are parameters that 

describe the properties of the detection system, e.g. the 

timing resolution, beam momentum spectrum etc. 

The quantity X = 2 	(Nei  - Nti)2 

0  .2 

where ai  is the error in the difference of Nei  and Nti, 

measures the goodness of the agreement between the experi-

mental and theoretical numbers of events; the smaller the 

value of x2, the better the agreement. Thus the set of 

best values of the parameters is that set which gives the 

minimum value of x2. In general the values of the para-

metersmay be constrained becauae of inter-relations 

between them or because we have other information on them 

which we wish to take into account. In the 7- 1ysis of 

the eta experiment there were no constraints on the 

parameters AL ,...,An  , but the parameters 	n were 

not allowed to vary to improve the value of x2as we already 

had reliable information on them. They were regarded as 

fixed quantities and from now on we will write NtiE 

An). .Of course, in determining the errors in our deduced 

values of Al,...,An  our uncertainties in the values of 

B 	Bm were taken into account. 
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If theNti  's can be expressed as analytic functions 

of the A parameters, then x
2 
can be minimized and the 

best values of the parameters determined by differentiating 

x2 with respect to the A's and solving the resulting n 

simultaneous equations. Where the dependence of the N 's 
tt 

on the parameters can not be expressed analytically, the 

minimization can be achieved graphically or by using 

numerical methods. 

If the mathematical model used to calculate the Nti's 

is a correct description of the processes that lead to 

the production and detection of the real events, then - he 

final minimized value of x2  hasa calculable probability 

distribution which attains a standard form if the errors 

0 are Gaussian. Thus we can test the validity of the 

parameterization and put confidence limits on our deter-

minations of the bust values of the pavane-6ers. This is 

an example of the standard x2 
2
test of Least-Squares theory. 

The accuracy with which the parameters can be determined 

depends on the sensitivity of x2 to variations in them; or 

more precisely, on the sensitivity of the X 2 

probability i.e. the probability of obtaining a value of X2 

greater than or equal to the obsey7ed value. 

There is a preference for keeping the number of para- 
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meters to the minimum required for obtaining adequate 

agreement with the data, because then, not only can they 

be determined more precisely, but also we can then claim 

to have demonstrated an underlying simplicity in the data 

and to have progressed towards an understanding of the 

processes involved. 

In the analysis it was found that a good fit was. 

obtained to all of the data, except the absolute magnitudes 

of the two highest momentum spectra, with the following 

simple assumptions, (1)rn . o 	, (2) a = Ap*, and (3) 

isotropic angular distribution. 

The success of the method depends on howvell the 

experimental factors and conditions can be taken into 

account when calculating the Nti. Stride, in the eta 

experiment, the effects of these factors wer- large and 

complicated, the N
ti 

were calculated by a Monte-Carlo 

computer programme that-attempted to simulate all the 

processes involved in the production and detection of the 

events. This programme will now be described. 

4.5 The Monte Carlo Simulation Programme 

The programme produces mathematical descriptions of 

a series of events, each of which is exactly defined both 



99. 

in its production and in its interaction with the detection 

system. The description of the production and subsequent 

history of an event is calculated according to a mathemati-

cal model, which - since individual events have to be exactly 

specified cannot average ovur unknown parathetere but must 

give exact vali.es to them. This it does by means of a mathe-

matical sequence which generates pseudo-random numbers. 

Thus at each point in the calculation where an exact descri-

ption depends on an intrinsically unknown parameter, this 

parameter is given a value by means of a pseudo-random 

number. Each intrinsically unknown parameter has a 

statistical distribution which is a consequence of the 

model assumed for the interaction in which it plays a part, 

and so the random number used must have the same statisti-

cal'distribution. 

The major assumptions made about the 1,,eractiansof 

the particles with the apparatus are as follows: 

(a) The momentum spectrum of the pions incident 

on the target is taken to be triangular with a full-width 

at half-height of 4.2 MeV/c, as calculated in Appendix A. 

(b) The incident particles are taken to be moving 

along the axis of the target. (The known spreads of 

oy, 6 z = + 2 ems and 60 = 4. 5 mr have no significant effect 
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on the data). 

(c) No allowance is made for the attenuation of the 

intensity of the beam in traversing the target.(This small 

effect was allowed for at a later stage of the analysis). 

(d) An event is regarded as detected if the trajectory 

of the neutram intersects a section through the centre of a 

neutron counter perpendicular to the bean axis. Thus the 

efficiency of the neutron counters is taken to be a constant 

for all neutron energies and to be uniform over their faces. 

The experimental, rather than the Monte-Carlo, spectra are 

corrected for the variation of efficiency with neutron 

energy, but the small variation of efficiency °ler the 

face of the counter is neglected except in so far as it 

affects the overall efficiency. 

(e) For all events, a random timing error with a 

Gaussian distribution of standard deviation 0.83 ns is 

added to the true time-of-flight. 

The main assumptions about the nature of the production 

process were r o, a m p* and cos 0 * uniformly distributed. 

These assumptions were very successful in explaining nearly 

every aspect of.the'data but, in addition, events were also 

generated for r > o and amp*2and i)*3. 

A simplified flow diagram of the programme is shown in 



101. 

Fig. 4:4 In the diagram the methods by which events are 

generated indth cross-sections proportional to p*2and p*3 

are not shown, but they are simple extensions 'the method 

shown for a cross-section proportional to p*. 

Some of the steps in the flow diagram, although they 

produce' the required numbers, do not strictly correspond to 

our model of the production process. The "real model" is 

replaced by a "Monte-Carlo model". To illustrate this, 

let us consider a set of Ni  pions, all with the same momentum 

Pi , on entering the target and let us calculate how many 

of them produce T1 's in a slice of the target of thickness 

dx distant x cmsftom the front. The momentum of the pions 

after traversing x ems of the target is p = pi  -ax 

where a = dp/dx = constant. For a fixed eta mass we have 

a value of p* which is a function only of x, p* = p* (x). 

Near threshold p* (x) = k(pi-pt  - 	a :dc.).1" where k is 

constant and pt  is the threshold momentum. 

If o = Ap* = Ap*(x) and there are N prx)tons/cms3 

in the target then the number of pions which interact to 

produce n's within a slice of the target of thickness dx 

is 
dN 	= N.N

P 
 Ap* (x) dx 

This is the answer given by the "real model". 
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The "Monte,Carlo model" requires two random choices 

to be made. An incident pion is said to produce arlrimeson 

within the slice dx if both 

	

(a)x < (RN) xo  <x + dx 	, where RN is a random 

number uniformly distributed between 0 and 1, and xo  is 

the total length of the target, 

and(b) (RN') < p*(x)/ p max 	where RN' is a different 

random number and p max is a constant greater than the larg- 

est value of p* that can occur in the experiment. 

The joint probability of steps (a) and (b) is 

p*(x) dx/ x p max and so the number of Monte-Carlo events 

is 
dNm  = N. 	p* (x) dx im 

xop max 

wheTeN . is the initial number of Monte-Carlo pions im  

If we put Ni  = Nim  

xo p max N A 

Thus the Mon-Ge-Carlo number differs only by a normalization 

constant from the number calculated according to the "real 

model". 

The way in which a finite width, r
1 
 , is taken into 

account in the programme perhaps requires justification 

then dN = dNm 



103. 

as it is achieved by the apparently teleological sequence 

of fixing the :4166 ;before deciding whether or not the r 

will be produced. 

For a production cross-section proportional to p* 

and a Breit-Wigner resonance then the "real model" predicts 

for the mass distribution of r 's produced x ems from the 

front of the target 

dN AP*_(x,M) 2  
drip 	(M-M0 + 

The "Monte Carlo model" produces events that satisfy 

this. distribution by first taking for M a random numbe:. 

satisfying a Breit-Wigner distribution, calculating p* 

for this mass and then, as before, demanding that (RN) < 

p* /p max. 

If we wished to calculate the consequenos of the 

"real model" directly, we would have to integrate over the 

beam momentum spectrum, the length of the target, the 

Breit-Wigner distribution for MI 	.the production angular 

distribution and the geometry of the neutron counters. and 

to include the effect of the timing • error. Such integra-

tions could be carried out by standard numerical methods. 

The Monte-Carlo calculation can be regarded either as a 
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technique for performing these integrations or as a direct 

simulation of the experiment according to an equivalent 

model. 

In addition to the processes so far described, the 

programme can also simulate the decay of the meson into 

two or three bodies and calculate their directions and 

energies in the laboratory, thus enabling the effects of the 

interactions of the decay products with the apparatus to 

be investigated. Uses of this facility will be descritled 

subsequently. Also three-body phase space events can be 

generated so that, for example, the process 7cpain ° n °n 

can be simulated. This was done in the investigation of the 

background under the 71 peaks. 

There are many processes involved in the real 

experiment which are not included in the Monte-Carlo 

simulation because they are the same (or have the same 

statistical distribution) for every event and so can be 

included in an overall normalization factor at the end. 

These processes will now be described and the corresponding 

factors evaluated. 
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4.6 Normalisation and  Correction Factors 

The two principal numbers which must be known for the 

calculation of a cross-section are the number of effective 

beam particles and the number of events produced. To 

determine these numbers various correction factors have to 

be allowed for, some affecting the number of effective beam 

particles and others the number of events. As all these 

factors are multiplicative they can all be combined into a 

single factor which we shall arbitrarily regard as affecting 

the number of effective beam particles. 

The experimental spectra were normalized to 3 x 107  

incident beam particles as recorded on the scalers. We 

therefore write for each spectrum: 

Number of effective beam particles = N = 3 x 107x F 

where F = n fi 

The factors are listed below. 

f1 = 0.825 - 0.02 = Proportion of beam particles that are 

pions. 

f2 = 0.87 ± 0.03 = Hodoseope overlap factor (See Appendix B) 

f3 
= 0.30 ± 0.033 = Nominal neutron counter efficiency. The . 

experimental spectra were converted to correspond to a 

constant efficiency of 30%. 
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f4- - 0.96 - 0.01 = Neutron interaction factor. 

A neutron produced at the centre of the target has to 

pass through 16 ems of liquid hydrogen, 1 cm of plastic 

scintillator and 5 metres of air before reaching the anti-

counters in front of the neutron counters. If in passing 

through this amount of material the neutron undergoes any 

interaction then the event will be lost. Also if it inter-

acts in the first 0.6 ems or so of one of the anti-counters 

A1-6 a veto signal will be produced and the event lost. 

The total effect was estimated to be 4%. 

f5= 
1.01 ± 0.01 = Increase of efficiency because of neutron 

interactions in Al-b which do not give a signal in A1-6 but 

which de give a signal in a neutron counter. This is 

equivalent to an increase of a few mm's in the length of a 

neutron counter. 

f6= 0.97 ± 0.02 = Decrease in efficiency because of charged 

products from neutron interactions in the neutron counters 

going back into one of the anti-counters A1-6. The neutron 

interactions with free protons in the neutron counters which 

lead to neutron detection are mainly elastic and so cannot 

contribute to this effect. The neutron interactions with 

carbon nuclei can in principles contribute since they can 
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send particles backwards in the laboratory. The reaction 

C12 (n,n' 3a ) producttparticles of very short range and 

should have a negligible contribution to this effect, but 

the C12 (n,p ) B12 reaction can send an energetic proton 

backwards in the laboratory. Kurz(32) estimates that this 

latter reaction contributes about 1/3  of the neutron 

detection efficiency. Monte-Carlo calculations based on 

simple assumptions predicted an effect of 4%. Experimental 

attempts to detect tha recoil particles in A1-6 were not 

very conclusive but indicated that the effect was 3± 2%. 

As this figure is consistent with the Monte-Carlo calcu-

lations we take 0.97 ± 0.02 as the correction factor. 

f7 = 0.91 - 0.04 = Electronic live time correction. 

The largest contribution to this factor is caused by 

the 180 ns dead times of the discriminators feeding the time-

to - height converters with c2 pulses. Th3c1 leads to a 22% 

occupancy of the discriminators. But since the 82 dead-

time is 120 ns no pulses can proceed to the scalers during 

the first 120 ns of the 180 ns and so the effect on the 

cross-section is equivalent to a 60 ns dead time and a 7.3% 

occupancy. This effect comes about because of beam particles 

preceding the particle that produced an eta event. 
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In addition there is an effect due to particles that follow 

on behind a good event by less than 10 ns since they give 

a count in A9 which vetoes the event. This is a 1% effect. 

There is also a 1% effect because of A9 occupancy produced 

by pulses which are not associated with S2 pulses. This is 

again a 1% effect. thus the total effect is equivalent to 

a factor of 0.91 + 0.04 , where the error comes mainly from 

uncertainties in our knowledge of the spill-time. 

f8 = 1.015 - 0.005 = "Hydrogen-out" correction. 

A "hydrogen-out" run showed some counts on a time-of-

flight spectrum which were attributable to eta production on 

free protons. The number of counts observed was consistent 

with the amount of hylogen in the melinex end-caps of the 

hydrogen flask and in the plastic scintillator of the 

hodoscope and A9 counters. 

= 0.94 ± 0.01 = Fraction of neutral etas which do not 

give a veto signal in A8-13. 

An event is lost if one of the gamma rays from a neutral 

decay mode of the eta converts into an electron-positron 

pair before or in the box of anti-counters A8-13 that surround 

the target. The amount of material throvgh which a gamma 

ray must pass depends on its direction and its point of 
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production in the target but it is typically 4% of a 

radiation length. The effect was calculated by Monte-Carlo 

methods for the three decay modesty, 3e and eyy. For the 

try mode the correlations between the two 'r rays was taken 

Into account but for the other decay modes the yrays were 

assumed, for simplicity, to be produced isotropically in 

the eta rest system. As the effect is different for the 

different decay modes the total effect depends on the 

relative branching ratios between them. We take the ratios 

given by Di Giugno et al.(8) (r(= 42%, 3e = 21% and erl= 

37%) and calculate a total effect of 6%. (If we assume that 

the '°yymode is negligible then the total effect is 7.5%). 

flO = 0.98 t 0.01 = Loss factor for y rays from eta decays 

converting in the neutron counters. The neutron counters 

have an estimated 40% efficiency for detecting gamma rays. 

If a gamma ray from an eta decay is detect Eau in any of them 

then the time-of-flight recorded will be that of the yray 

and so the eynt will be lost. A Monte-Carlo calculation 

was made of this effect. 

f11 = 0.98 t 0.01 = Loss of beam particles owing to their 

interactions in the liquid hydrogen. The beam intensity 

is attenuated by a total of 4% in passing through the full 



length of the hydrogen. Thus the mean attenuation is 2%. 

This factor was not applied to the two lowest momentum 

spectra since it was clear that they were produced by 

pions interacting in the first few cms of the target. 

The product, F, of the above eleven factors is 

0.169 ± 0.021 and so the number of effective beam; 

particles is 5.07 ± 0.64 x106. 

4.7 Comparison_oferimental & Theoretical; Spectra 
Sets of Monte-Carlo time-of-flight spectra were 

generated for the eleven beam momenta above the eta thresh-

old at which data were taken. The Monte-Carlo spectra were 

based on models in which the cross-section was proportional 

top*, p *2  andp *3  and for the widths r_= 0 0.5, 1.0 and 

2.0 M6V/c2 For each spectrum the number of events produced 

was equivalent to a coastal'it number of effective beam 

particles. This number was such that for the r.n. 0 and as 

p * set of spectra the number of generated events was 

about three times the number of observed events. 

The expression for x2 for the hypothesis a= A p* + 
*2 B p 	Gp*3  and a width r, can be written 

x2 	2 (Nei - Autli Cr) -.Bilt2i (r) - cNt3i(r))2/0i2 

where Ntli ( r) is the number of .vents in bin i produced 

by a cross-section proportional to p * and a width r, Nt 
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is the same for a cross-section proportional to p *2  and 

N
t3i (r) is for a cross-section proportional to p:3  

Thus, the best values for A, B & C can be found by 

differentiating x2 but the best value of I' can only be found 

by repeated evaluation of %2 for different widths. Clearly 

the same method can be used for testing the hypotheses 0=Ap*  

and a= A p* B p*2 

Comparisons were first made at the level of the yield 

of T1 events as a function of beam momentum i.e. the total 

number of events in each of the eleven background subtracted 

spectra. The yield (see fig. 4.5) depends on the production 

process in an easily understood way and has the advantage of 

being insensitive to assumptlions about the error in the time-

of-flight measurements. 

The expression for x2  given above and the x 2minimiza-

tion procedure ignore the known errors la u.evalue of the 

central beam  momentum. They were not taken into account at 

that stage because their effects were typically much smaller 

than the statistical uncertainties in the N, and also 
ei 

because the dependance of Nti  on 1:),K  can not be expressed 

analytically so that to have taken account of these errors 

directly would have required a very large number of Monte- 



113. 

Carlo calculations. 

Instead the following procedure was adopted. x 2 was 

minimized ignoring the p7c  errors but the fits obtained were 

examined to see if allowance for these errors would have 

altered the fitted values. In no cases could any effect be 

found. Finally the minimized value of x2  wascorrected to 

allow for the p7t  errors. All such corrections were small. 

The results of the fits to various sets of assumptions 

are summarized in Table 4.1. Some of the entries in this 

Table will only be discussed when we come to deduce an upper 

limit for r 

The simplest set of assumptions is that the production 

process occurs in a pure S — state (implying o = A p*  and 

isotropy) and that zo. 0. Ilith these assumptions and with 

a single overall normalization constant as the only free 

parameter, a x2 of 17.7 was obtained for bib:3iit to all 

eleven points: The corresponding x 2  probability is only 6%. 

When the two highest momentum points were omitted from the 

fit a X2 of 5.0 was obtained. The X 2 probability of 76% 

indicates that the model is adequate for explaining the first 

nine points. 

The continuous curve in figure 4.5 shows the results of 
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this fit and was obtained by drawing a smooth line through 

the fitted theoretical values. 	can see that both of the 

last two points are about 20% higher than the values pre-

dicted from the fit to the first nine points. The most 

natural explanation of this is that, at these momenta, the 

production cross-section is higher than proportionality with 

leads one to expect. Another explanation could be that 

there is a cos2i3* term present in the angular distribution 

at these momenta. A third possible explanation, that this 

is a manifestation of a finite width, is ruled out since the 

fit quickly worsens as r is increased. 

It can be seen from Table 4.1 that x2  is very sens.Ltive 

to the value of rTi . The results of the fits to the first 

nine points points for ci = 0 and r1  = 2 MeV/c2 are shown in 

Fig. 4.5. 
Good fits to all eleven points were obi - :aed for models 

with r,1= 0 and the production cross-sections a= A p+ B 
* and 0= A p 	2 Bp 	+Cp *3. Details of the fits are shown in 

Table 4.1, and the yields for cross-sections proportional 

to Pf, t2  and 11(3  are shown in Fig. 4.E4 

Having shown that the yields could be adequately 

explained by simple models, the time-of-flight spectra 

themselves were compared channel by' channel with the Monte- 
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Carlo spectra and again good agreement was found. In 

particular, the first nine spectra, when fitted with a single 

normalization constant to the hypothesis of S-wave produc-

tion and a zero width, gave a value of x2 of 188 on 187 

degrees of freedom. Fig. 4J shows three of the experimental 

spectra compared with the Monte-Carlo predictions. 

The general excellence of the agreement indicates not 

only that the production process is well described by the 

S--wave, zero width model but also that all the relevant 

experimental factors have been correctly taken into account 

in the Monte-Carlo calculations. 

More detailed Qomparisions and some alternative me4hods 

of analysis will be described in the next chapter. 

To end this chapter we present some of the properties 

of the Monte-Carlo events generated on the S-wave, zero width 

hypothesis. As these assumptions are adecilla..- for explaining 

nearly all aspects of the data the properties of the real 

events are expected to be very similar. Fig. 4.9 shows the 

p * and 0) distributions of the Monte-Carlo events for various 

beam momenta. These distributions illustrate the difficulties 

a straightforward analysis is faced with and in particular 

the cos 8*  distributions show that statements about cross-

sections and angular distribution are necessarily interrelated. 
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HYPOTHESIS  Number

Points 
x 2 prx2] 

A B C 

o=App 0 
11 10 17.7 0.06 12.0 

9 8 5.0 0.76 11.8 

7 6 4 . 6 0.59 11.8 

0.5 
11 10 

9 S. 12.4 0.14 12.5 

7 6 11.7 0.07 12.5 

1.0 
11 10 26.7 0.003 12.8 

9 S 20.7 0.008 12. 6 

7 6 19.9 0.003 12. 6 

2.0 
11 10 96.7 2x10 -14 13.0 

9 8 83.8 .8x10 -14  12.8 

7 6 80.8 .2x10 -14 12.9 
,- 	s- cr--=A P"-:- B p" 2 0 11 9 7-66 0.57 10.6 0. 0 27 

,=a(Ap34+B pX  2) 
A t B 	fixed 
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CHeiPTER - THE RESULTS AND THEIR SIGNIFICANCE  

5.1 Tntroduction 

We have seen that the time-of-flight spectra are 

consistent with a simple set of assumptions about the 

production process. The tests we can make of the validity 

of these assumptions are in many ways interrelated. For 

instance the measurements we make on the events are not 

sufficient for us to clearly separate irregularities in the 

angular distribution from irregularities in the cross-section. 

However, we could not have obtaineda good fit to an 

S-wave production hypothesis for the first nine spectra if 

there had been precient any significant arlisotrppy or 

departure from linearity in the production cross-section. 

If both had been present then we could conceive of a 

fortuitous cancellation of their effects so that both 

appeared to be absent, but unreasonable "collusion" is 

required to a very high degree since the ,,mgular distribution 

would have to vary in just the right way to match any cross-

section aberration. Even greater "collusion" is required if 

we invoke cancellation of the effect of a finite eta width 

with g44Ptri2E7and/or non-linearity of the cross-section 

behaviour, and in fact this can be ruled out because of the 
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considerable overlapping of the p*  ranges of the events in 

different spectra. 

5.2 Angular Distributions  
Since our best estimate of the neutron laboratory 

angle is the same for all events it is clear that any 

information on the angular distributions that we might derive 

is very limited. In fact the only information we can present 

which is truly independr-mt of any assumptions about the 

behaviour of the production cross-section with P is the 

forward:backward ratio of the angular distribution at various 

energies. We can only determine this for the four highest 

momentum spectra WI ere the time-of-flight spectra are split 

into two distinct peaks. By comparing the ratio of the 

number of events in the forward and backward peaks with the 

same ratio for isotropic Monte-Carlo events we can determine 

o / d 2 )  0o for the mean P value of the events. The 
d O 	d2 )180°  

results of such determinations are shown in Fig.5.1. On the 

same Figure are plotted the results obtained for this ratio 

by Richards et al. (16)  and Bulos et al (15). Our results 

are consistent with a value of unity for the ratio and hence 

with isotropy . Deviations from unity in this ratio are, of 

course, only sensitive to the presence of 0:13-powers of 0060* 
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in the angular distribution. 

If we postulate an angular distribution of the form 

a + b cos A + c cost * 6 	, which we can feel confident 

is an adequate parameterization at these energies, then the 

forward:backward ratio isF=a+b+c 
B 

from our results the following 

and we can deduce 
a - b+ c 
90% confidence limits on 	b 

a+c 
p* = 68 MeV/c -0.20 <R < 0.015 

p*= 79 MeV/c -0.18 <R< 0.04 

p* 	=105 MeV/c -0.08 <R < 0.12 

p* 	=113 MeV/c -0.15 <It< 0.07 

thus showing that any cosh*  term is very small. Similar 

but less restrictive limits on the magnitude of a cos 

term can be derived from the data of Bulos (15)  at 82MeV/c 

and Richards (16)  at 117 MeV/c. 

A cos° term can only come from interference of a 

P-wave amplitude with S- or D-wave amplitudes (assuming that 

F-waves andallhititgarwaves are absent). Our results there- 

fore show that this interference is very small in this energy 

region and suggest that the P-wave amplitude itself is very 

small since if present it would certainly be expected to 

interfere with S- or D-waves. 
minami  (22) has suggested that the large eta cross- 
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section near threshold may be attributable'to the Pi, 

resonant state found at 1485 MeV (3 MeV below the eta thres-

hold) in the phase-shift analy:,ms(21) and has further 

suggested that there may be an approximate cancellation 

between the SP and DP interferences to preserve isotropy . 
But 	other authors (19)  discount the effect of P-waves. 

Both Bulos and Richards measure the entire angular 

distribution. Bulos finds that the angular distribution 

is isotropic up to 1003 MeV (p*  = 396 MeV/c). Richards, 

however, finds a significant cos2  0*  term at 655 MeV 

( p*  = 203 MeV/c). 

Their angular distributions indicate that S and D-waves 

dominate throughout the region of the peak in the eta 

production cross-section. 
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5.3 Upper Limit for r  

There are basically two ways of using the data to 

measure the eta width. These are: 

(a) by deriving missing-mass spectra from the time-

of-►flight spectra. 

(b) by looking for the effect a finite width might 

have on the "basic" data. 

With method (a) we have to deduce an intermediate 

quantity, the missing-mass, for each event, The width of 

a missing-mass distribution is a direct Indication of the 

eta width. But, as has been remarked in Chapter 4.4, un-

avoidable systematic errors in our measurement of the inci-

dent momentum have a large effect on the deduced missing-

mass spectrum. Severe biases t,re also imposed by the geo-

metry of the neutron counters (fa7ouring low p* and hence 

high missing-mass events) and by the non-linearity of the 

relation between missing-mass and tn(See Fig. 2.5). The 

missing-mass spectra shown in. Fig. 4., which are computed, 

for Monte-Carlo events, from simulated measurements of the 

quantities that are available in the experiment, show how 

severe these effects are. Because of these difficult:'3s 

this method was not used. 

With method (b) we can use the data directly without 
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having to calculate intermediate quantities aid so the 

systematic errors and biasds do not appear. The disadvant-

age is that the measurement is indirect and is only possible 

because we believe we can predict accurately what effect a 

finite width would have on the basic experimental data. 

The method is dependent to some extent on assumptions about 

the cross section behaviour, but, since we use the yield 

curve, we do not need to know the timing error at all 

accurately. 

Its main advantage lies in the fact that the width 

has a greater effect on the total number of events In a 

time-of-flight spectrum than it has on the shape of the 

spectrum. 

The lower momentum part of the yield curve is parti-

cularly sensitive to a finite width as in this region p* 

(which controls the yield) is small and is a rapidly 

varying function of the mass for a fixed p,x  . The points 

at the highest momenta are insensitive to the width and 

depend almost entirely on the angular distribution and 

cross-section. In deducing our Upper limit to the width 

we therefore only used the first seven points. By so doing 

we included very few events with p* > 70 MeV/0 thus making 

our assumption of S-wave behaviour very reasonable. 



126. 

The fit of these seven points to the S-wave zero 

width hypothesis gave a X2  of4.6 on 6 degrees of freedom 
, (a x2  probability of 59%). The fits obtained for various 

values of r are listed in Table 4.1 and from them we deduce 
a 95% confidence level upper limit of 0.7 MeV/c2for r • 

To check if departure from S-wave behaviour could 

alter this upper limit we found the best fits to the seven 

points with various eta widths and with the cross-section 

formulae a = a2  p*(1 b2  p*) and a = a3p*(11-b3p*+c3p*2) 

where a2  and a3  were allowed to vary in the fits but b2, 

b
3 and c3 were determined by fits to all eleven points with 

a zero-width hypo-6hesis. The coefficients b2, b3, any. c3  

allow for the joint effects of cross-section and angular 

distribution. The fits obtained are listed in Table 4.1 

and plots of x2 
versus r for 0=Ap* and X

2
probobility 

versus r1  for a = Ap* and o = a2p*(14-bp*) are shown in 

Fig. 5.2. We use the formula is = a2p*(14-b2p*) to deduce 

the upper limit since this is the one that allows most free- 

dom to r
1
. We find the 95% confidence level 	. upper 

limit to be 0.8 MeV/c2. 

So far we have ignored the uncertainties in the pro-

perties of the apparatus. The only uncertainty that is at 

all significant is the shape of the beam Momentum spectrum.. 
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This affects the first few points of the yield curve. For 

a finite wf.dth to be hidden by a deviation from the calcu-

lated spectrum the true spectrum would have to be narrower 

than the calculated spectrum. It is hard to see how this 

could be. Our uncertainties in this spectrum are discussed 

in Appendix A. Allowance for this effect, at the 95% con-

fidence level, increases our upper limit from D.8 to 0.9 MeV/& 

Foelsche et alt 34)  and Alff et a1.(35)1141via both put an 

upper limit of 10 MeV/c2 on r and Baltay et a1.056) have said 

that they can deduce from their data that the width of the 

ic -ic ° mode is less than about 4 MeV/c2. It is not clear 
what they mean by this but presumably this is a one stand-

ard deviation limit on r 

Our figure is therefore about oue order of magnitude 

better than the previous best figure. 

All theoretical estimates of the eta width are less 

than about 4keV so our limit has little -:,11::oretical signi-

ficance. It may be helpful though ill the analysis of other 

experiments (e.g. experiments to detect C violation inn de-

cays), since our lirait.thol-7 ,3 that -the n lives long enough to 

decay as a free particle. 
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5.4 Production Cross-Section 

First Method 

We first evaluate the mean production cross-section 

for each of the eleven time-of-flight spectra. To do this 

we need to know for each spectrum not only the number of 

-on events detected and the number of incident pions, but 

also two other factors. These are: fg'  the mean geometric 

detection efficiency (found by Monte-,lrlo calculations), 

and ft , the mean fraction of the target length which 

incident pionE can . traverse while remaining above the eta 

threshold. ft is only well defined for a zero eta width 

in which case it is given by 

ft = 	(P)PdP  
0,LIF (1°)dP 

where P= 	Pt  = amount by which the pion momentum 

exceeds the eta threshold when entering the target, a is 

the ionization loss per cm of target, L is line target 

length in ems and F (P) is the P distribution of incident 

pions. The integrals are taken from zero up to the value 

at which F (P) becomes zero. 

The cross-section is thus given by 

0 N A  
i NNAV. Pfg  f t  L 

where N is the number of 1  . events detected, Ni is the 
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number of effective incident pions (as defined in Chapter 

4.6), Niiv  is Avogadros number, p is the density of liquid 

hydrogen and A-  isthe atomic weight of hydrogen. 

Graphs of fg  & ft  are shown in Fig, 5.3 plotted as 

functions of beam momentum. 

The cross-sections obtained are plotted against the 

mean P*  values for the spectra in Fig. 5.4. The mean. 

values of p* have been obtained from the Monte-Carlo 

calculations. The horizontal bars do not represent errors 

in the mean p*  values but instead represent the widths of 

the p*  distributions of the events which the points rep-

resent. Because of the considerable overlap and poor p 

resolution this is not a very satisfactory way of pre-

senting the cross-section. 

Second Method  

To improve the pf resolution a more co.,4hcated analysis 

was made in which the time-of-flight information for each 

event was used. The aim of the method was to deduce the 

1) distribution of the events detected in a run so that 

the cross-section for the production of the real events 

at specific values of P*  could be deduced by comparing this 

p*  distribution with one derived flor Monte-Carlo events 

generated with a known cross-section. 
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To a very good approximation, p
* 
for the detected 

events is independent of p (i.e. the curves of p*  vstn 

defined by the geometrical limits of the neutron counters 

vary only very slowly with p) and we write p*  = p*(tn,812). 
7 

Thus the p*  range of events detected at a time-of-flight 

tn, is from pa
* 

p
* 
(tn, ea) to pt  = p

* 
(tn, Ob) where 

ea and eb are the minimu0 and maximum angles defined by 

the neutron counters. We have no direct information on 

how the events are distributed within the range of p 
 but 

we assume that the distribution is dominated by the 

geometry of the neutron counters, i.e. that the events are 

distributed uniformly over the area of the neutron counters. 

This is a good approximation when the parent p*  distrib- 

ution of the produced events is wider than the limits 

defined by the neutron counters Because of the spread 

in beam momentum this is almost always true;. This was 

confirmed by Monte-Carlo calculations. 

On the basis of this assumption we can assign-the 

events in a particular - channel in a time-of-flight spectrum 
* 

to the bins of a p-histogram, each tn  channel contributing 

in general to several bins of the p histogram. This is 

illustrated in Fig. 5.5 (a). By doing this for each tn 

channel we can build up our best estimate of the p* 
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distribution of the events in the spectrum. 

In this way we produced p*  histograms with 5 MeV/c 

bin widths for all eleven time-of-flight spectra. However, 

because of tn errors, these distributions are wider than 

distributions and so cannot be used directly to 

cross-sections at the ir values of the centres of 
the true 

find the 

the bins. 

To remove the effect of tn errors we processed the 

Monte-Carlo time-of--Flight spectra (which included the 

effects of timing errors) in exactly the same way as the 

experimental spectra and so obtained a set of derived 

Monte-Carlo p distributions to be compared with the 

experimental ones. Comparison of these distributions bin 

by bin therefore gave the cross-section at the central p * 
• valun of the bin. 

The whole process is just a way of iiting those 

parts of the data which are dependent on the cross-section 

at specific values of p *. Its results are only accurate 

if all experimental factors have been properly taken into 

account and if the true cross-section does not change 

violently for small changes of p *. But even if it does 

this method will show up such changes with much higher 

resolution than will the straight-forward method. 
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To test this, Monte-Carlo events were generated for a 

cross-section that was zero everywhere except from p = 20 

to 22 MeWe and from 70 to 72 MeV/c. The time-of-flight 

spectra of these events were analyzed in the same way as the 

experimental spectra by both the first and the second 

methods. The results for both methods are shown in Fig.5.5(b) 

and clearly demonstrate the great improiement in resolution 

obtained by the second method. 

Results  

Each time-of-flight spectrum provides a cross-section 

measurement at several values of p*  and conversely the 

cross-section for a particular value of p*  is determinea 

from several time-of-flight spectra. The values obtained 

from the different spectra were found to be consistent with 

each other. This was a check of, the validity of the 

method of analysis. The final value of the c_Jss-section 

at a particular value p
* was taken to be the weighted mean 

of the values derived from the contributing time-of-flight 

spectra. 

The values obtained are shown in Fig.5.6. The cross-

section measurements are only plotted at intervals of 

typically 20 MeV/c so that each point should be largely 

independent of the others. We present below a Table of the 
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cross-sections obtained along with their statistical and 

total errors i.e. including the systematic errors of norm-

alization estimated in Chapter 4.6. 

Cross-section in ub 
* P 

MeV/c 
for it-P 4  71 nutrals Ine  Statistical 

Error 
Total 
Error 

20 0.244 .017 .036 

40 0.480 .026 .067 

60 0.685 .031 .094 

75 0.925 .055 .13 

105 1.49 .065 .20 

113 1.54 .065 .20 
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Fig. 5.6 also shows the best fit to the first nine 

yield points with the hypothesise., A p * (solid line) and 

the best fit to all eleven yield points with the hypothesis 

c= A p* B p*2 (dashed line) i.e. the hypothesis used in 

the establishment of the upper limit for 	The agreement 

between the lines and the cross-section points is very good 

This is encouraging since they are derived largely inde-

pendently of each other. 

Our procedure for calculating the cross-section at 

specific values of p* involves the assumption that r1= 0 

Since our toe-3t estimate of r is zero and since there is only 

one minimum in the space defined by r ,x2  andthe croF.S-

section parameters, this assumption is justified. 

A more serious objection is that we have also 

assumed an isotropic angular distribution. The cross-

section points at p* = 20 and 40 MeV/c are very in-

sensitive to a deviation from isotropy since in this 

region almost all events are collected by the neutron 

counters, but the points at 60 MeV/c and higher 

become increasingly sensitive to it. 	We have 
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good evidence from the forward:backward ratio that no cos0 

term is present in the energy range we cover but we can make 

no statement about the magnitude of any cos% term. However, 

since we have such a good fit for S-wave production in the 

region less than 80 MeV/c, if a cos28 term were present 

there would have to be fortuitous cancellation of its effects 

by equivalent variations in the cross-section and this is 

unlikely. Our results therefore allow us to say that the 

cross-section rises linearly with P*  up to 80 M6V/c at a 

rate of 11.?811b / MeV/c (this is the slope •f the straight 

line in Fig. 5.6). 

For the two pcints at 105 and 113 MeV/c, where the 

results indicate a departure from S-wave behaviour, it is 

not possible from our experiment alone to distinguish 

between a true departure from a linear rise of cross-section 

and an anistropic angular distribution. An angular'dist-

ribution of the form 1+ 0.32 cost   is required in the 

region of 100 MeV/c to render the results there compatible 

with the linear rise of cross-section found at lower 

momenta. 

We may look for evidence of such an angular distri-

bution in the data of Bulos et al (15)  at 1-1'.= 82 and 158 

MeV/c and in the data of Richards et al. (16)at 	= 117 MeV/c. 
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All three angular distributions are best fitted by isotropy 

and show no evidence for a cos2g term. While none of them 

is incompatible with an angular distribution of the form 

1 + 0.32 cost   they do suggest that such a distribution 

is unlikely. 

It is therefore likely that our results indicate a true 

increase in the cross-section near P*  = 110 MeV/c, above 

that implied by a linear rise withP * 

Interpretation of the Results  

The linear rise in the cross-section up to 80 MeV/c 

implies S-wave dominance in this region. Our results provide 

a much more conclusive demonstration of this than do tY.,,? 

results of Bulos et al and Richards et al. The linear 

rise rules out any significant contribution to eta pro-

duction from the P-wave N*  (1485) resonance, since that 

would produce a cross-section proportional tr 10. 

The increasing rate of rise with 11 that we find for 

the cross-section is not compatible with a constant S-wave 

scattering length since that requires a decreasing rate of 

rise (See Dobson (20)  and TUan(38)). It is however quite 

compatible with (and even suggests) the existence of an ln 

resonance close to the threshold. But we must bear in mind 

here the possible interpretation of this increasing rate of 
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rise by a cos26 term in the angular distribution. Also, 

since our measurements only Cover a small energy range 

they are not in themselves sufficient to determine the para-

meters of such a resonance or indeed to show that it exists. 

In Pig. 5.7 we plot our cross-section values along 

with those obtained by Bulos et al. and Richards et al. Since 

they detect only those 7-)s which decay via the 2y decay mode 

our results cannot be combined directly with theirs. In the 

Figure we have converted both our and their measurements to 

total eta production cross-sections using the branching 

ratios 33.5% for the 2 Y decay mode and 69.5% for the all 

neutral decay (5) 	It can be seen that the agreement uetween. 

our results and the others is only fair. It seems probable 

that eithethere is an error of normalization in our ex-

periment or else that the branching ratios quoted above are 

in error. 

Taking the latter view and comparing our cross-sections 

with that of Bulos et al. at 82 MeV/c and that of Richards 

et al. at 117 MeV/c, we derive the value 0.39 ± 0.06 for the 

relative branching ratio of yy to all neutrals. This is 

in good agreement with the value 0.42 ± 0.04 obtained in a 

direct experiment by Di Giugno et al. (8) and so gives 

added weight to their determination in the same experiment 
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of the ic'yy branching ratio. There seems to be a general 

uncertainty about the w branching ratio (See,for instance, 

Ball(37)) and also about the yy to neutrals ratio. The 

figure deduced from Ref. (5) for the yy to neutrals ratio 

is 0.47 but it is not clear how to assign errors to this 

number. 

Most of the evidence for an S-wave TIN resonance close 

to the ri threshold comes from the pion-nucleon phase shift 

analyses and from the cross-section measurements of Bulos et 

al. and Richards et al. Our cross-section measurements provide 

extra information which should enable the resonance to be 

more firmly established and its parameters to be better. 

determined. 

It is not clear how best to use our measurements to do 

this, but in view of the uncertainty in the yy branching 

ratio it seems appropriate to allow freedom to a scaling 

parameter when combining our measurements with the others. 

If this is done, then analyses which fix the mass of the 

resonance below the'eta threshold become incompatible with 

the cross-section measurements very close to threshold (See, 

for instance, the analysis of Ball (37)). 

Any complete analysis of eta production and the question 

of an 11N resonance must link the production cross-section 
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with the phase-shifts and elesticities found in pion 

nucleon elastic scattering and for this the total eta pro-

duction cross-section must be known. This can be better 

deduced from measurements of the neutral eta production 

than it can from measurements of the 2Y production since 

use of the latter measurements is subject to greater errors 

because of branching ratio uncertainties. 

In this context it is a pity that we did not make a 

careful measurement of the branching ratio for the eta to 

decay into neutrals, which we could have done by removing 

the requirement for no charged particles to be present in 

the final state. In fact we were able to deduce the value 

66 ± 7% for this branching ratio from short preliminary 

experiments carried out while we were "setting up'4 This 

is to be compared with the accepted value of 69.5 ± 3% (5)  

To sum up, our cross-section measuremP1+9 provide a 

value for the yy to neutrals branching ratio and in addition 

rule out some possible models for eta production while 

supporting the hypothesis of an 3-wave 1 N resonance and 

helping to fix its parameters. 



f = mean geometric detection 
efficiency 

-f = mean fraction of the 
5 	 targ et available 

1.0 

680 	690 	700 	710 	720 
P77.-= MOMENTUM AT CENTRE OF TARGET (vWc) 

Fig. 5.3 

141. 



1-6 

1.4 

1.2 

1.0 

142. 

CROSS-SECTION BY 1st METHOD  

(mb) Tr-+ P. 7?+n 
neutronLi  

•6 

-4 

.2 

0 
20 	40 	60 	80 	100 	120 

P (MeVic 

Fig. 5.4  



18 24 20 	22 26 	28 
to  - t (ns ) 

80 	100 
P*  

20 	40 	60 

Fig. 5.5 

GENERATION OF P*  HISTOGRAMS  
80- 

40 

20 

0 

(a ) 

P*  RESOLUTION 

(b) 

- - 1st Method 

--- 2nd Method 

80- 

60- 

40 

20 

143. 

P* 

60 - 



144, 

n 
L neutrals 

50 .100 P:e(MeV/c) 
Fig. 5.6 



CROSS-SECTION FOR 	TT 	P --> 	n 

145 . 

(m b) 

3.0 

9•5 

0.5  

BULOS et al. 

RICHARDS & CHIU (Ref.16 ) 

THIS EXPERIMENT 

V 

4 

0 	  
0 	100 	200 	300 	400 	500 	edo 

(MeV/c) 

Fig. 5. 7 



146. 

Chapter 6 - The S°  Ex)Jeriment 

6.1 Introduction  

Very soon after the performance of the 1k experiment we 

used the same apparatus to make a search for a neutrally.  

decaying meson of mass in the region of 700 MeV/02. This 

search was prompted by reports of the discovery of such a 

.mea:;on , the S°, by Feldman et a1.(3)  using a neutron time- 

of-flight techhique similar to our own. 

To minimize the disruption to the Nimrod experimental 

programme and in particular to our own long planned experi- 

ment on the phi meson, we designed the experiment so that 

it could be performed with the minimum number of changes in 

the apparatus and without requiring much "setting-up" or 

data-taking time on Nimrod. In fact the only changes made 

were in the electronics and in the neutron counter distance. 

Thus we restricted ourselves to looking for S°  production at 

small neutron angles and hence effectively to the threshold 

region. (i.t high energies above threshold an array of neutron 

counters at a small angle has a very low geometrical efficiency). 

Feldman et al. had calculated that their conditions 

(a neutron angle of 24°  and a beam momentum of 1.52 GeV/c) 

were particularly favourable for the observation of SI°  pro- 

duction. Conditions near threshold were expected to be far 
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less favourable but our working there had the advantage that 

any information on S°  production that we might obtain would 

be extra to that obtained by Feldman et al. and would be 

more than just a confirmation of their work. 

As the possible existence of the S°  was of great theore-

tical interest we considered that it was worthwhile to spend 

some time looking for it even though we were not able to per-

form the experiment under the most favourable conditions. 

6.2 Evidence for and against the 30  meson 

The existence of an I = 0, JPG = 0++ meson, with mass 

and width similar to that of the p , has been postulated 

40) by several authors (39, 	as an explanation of the forward 

backwardsymmetry found in the decay of the p°  meson. The 

fact that no asymmetry in found in the decays of 	and p-

mesons suggests that the A)  decay asymmetry might be caused 

by an interference between the p and an 1=0, JP=O+  or 2+  

amplitude in the fe system. 

Durand and Chia(39)  have calculated, using a one-pion 

exchange model with inclusion of absorption effects, 

that an 1=0, 04-  particle should have a mass of 770 MeV and 

a width of 140 MeV and be produced with a cross-section of 

about 10% of the p cross-section, if it is to be the cause 
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of the p asymmetry. Derado et a1.(40) in a similar calcu-

lation, find that a mass of 730 MeV and a width of 90 MeV 

are required. 

Hagopian et a1.(41)  have examined their data for the 

reaction w.-+ p -* 	+qt+ ÷ n in such a way as to sep,arate 

out the effects of a 0+  particle from the dominating effects 

of the p. In patticular they plot the 	mass distribution 

of events with small values of cos° , where 0 is the scattering 

angle in the 7C7 rest frame. In this region the strong P-wave 

decay of the p should give little contribution and the con-

tribution from a 04-  particle could dominate. They found that 

this mass spectrum had a peak of width about 50 MeV whose 

position was shifted away from the centre of the p to 720 MeV/c 

The size of the bump indicated a production cross-se6tion'Of 

about 1/7of the peross section 

Jacobs et al(42) havemade a similar analysis but with 

considerably higher statistical accuracy. They find that 

events with a small yalue of cose have a mass distribution 

wlAbh is very similar to the total mass distribution. This 

suggests that either there is no 01-  boson in this general 

region or else that if it does exist then its mass is very 

close to that of the p . 

1=0 , JPG  = 04-/-  mesoh would. be expected to decay 1/3 
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of the time into 7t°70)and so might be seen as a peak in the 

neutral missing-mass spectrum in the reaction +p >n + MM 

or in the reaction le + dap + p + MM. The great advantage 

of looking at these spectra is that the P does not appear on 

them since it is forbid:len to decay into 2/c°  or 3 lz"). 

Cohn et al.(  '3)  have searched for pf)akn in-ithe neutral 

missing-mass spectrum of the reaction %.4-+P.p+p+MM at an 

incident pion momentum of 3.29 GeV/e. The spectrum they 

obtained is shown in Fig.6.1(c). Peaks are seen corresponding 

to the neutral decays of the 1103 and fo mesons but there 

is no evidence for a peak in the region of 700 MeV. They are 

able to place an upper limit on th,, cross-section for such a 

resonance of 35 of that of the P and conclude that this limit 

precludes the explanation of the p decay asymmetry by a 

04-  resonance. 

The only strong evidence for a 0+ meson in this mass range 

comes from the experiment of Feldman et al. cited at the 

beginning of this Chapter. They studied the reactionic7+p;-n + 

neutrals using the.apparatus shown in Fig. 6.1(a). Their 

hydrogen target was surrounded by a veto-counter to exclude 

charged final states and by lead plate spark chambers to detect 

gamma rays emitted from the target. Neutrons were detected 

in a ring of 20 small neutron counters making an angle of 240 
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to the beam axis. They collected most of their data at an 

incident pion momentum of 1.52 GeV/c at which they covered 

a range of missing-mass from 600 to 900 MeV/c2. 

Their neutron time-of-flight spectrum is shown in Fig.6.l(b) 

It has some structure at a missing-mass of 780 MeV/c2 which it 

is mof.5t natural to associate with some neutral decay made of 

the w meson. It also has' a pronounced peak corresponding to 

the production of 	object of mass 700 MeV/c2. They attribute 

this peak to a particle of width about 40 MeV to which they 

give the names 0. A peak occurs at the same time-of-flight for 

events where four gamma rays were detected in the spark chambers 

suggesting that the S.°  delays into 27°. In this case it would 

presumably also decay int47F and so might be the particle 

postulated by Durand and Chiu(39)  as an explanation of the p°  

decay asymmetry. The "simplest" assignment of quantum numbers 

to a particle decaying strongly into 2e is I=0, PG=0++ 

Feldman et al. calculate, using the one-pion  exchange 

model including absorption and assuming an S-waveim interaction 

that at an incident energy of 1.52 GeV/c the angular distribu-

tion of a particle with the obsefved S°  mass of 700 MeV/c
2 

should be peaked at 24°  in the laboratory (corresponding to 

170°  in the c.m.s.). Thus it would seem that their neutron 

counters were particularly well placed for observation of the 
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So meson. They give no information in their paper on the S°  

production cross-section. 

Corbett et al,(44)in an experiment using copper plate spark 

chambers to detect yrays but with no neutron counters, make an 

effective-mass plot of 2A° eventsand are able to place an upper 

limit for the S°  cross-section of about 10% of the ,p cross-

section. 

If the S°  exists and has the quantum numbers listed above 

then it would 'oe riturl to assign it to a nonet of 0+  bosons. 

The only firmly established meson whose quantum numbers are 

known to be 0+  is the S*(1060) which has I-spin = 0 -trid decays 

into K1X1
(45) Other possible 0+  states are the K± K1  (1000) 

with I=t and the K*(720). 

6.3 Modifications to the  Apparatus 

Our method differed from that of Feldman et al. in that, 

at a given beam momentum, we covered a small mass-range with 

high resolution rather than a wide mass range with somewhat 

coarser resolution. This meant the Lt we had to accumulate tiMe-

of-flight spectra at a series of incident momenta in order to 

cover a wide mass-range. To do this efficiently eight of the 

nine available hodoscope channels were grouped into four compo-

site momentum channels (refered to as i, j, k and 1), each 

consisting of two adjacent hodoscope channels, so that time-of- 
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flight spectra could be accumulated at fcur mnmenta sim- 

ultaneously. This made very efficient use of the beam. 

The full width of each of the four channels was 1% i.e. 

typically 10 MeV/c. Since the S was not expected to be 

a very narrow resonance the time-of-flight spectra were 

not expected to change rapidly with momentum as they did 

In the 11 experiment and so there was no call for the highest 

resolution. 

For similar reasons the neutron counter distance was 

reduced from 5 metres to 3 metres, the increase in the rate 

of taking data being considered to out-weigh the loss of 

missing-mass resolution. 

To enable the time-of-flight spectra for the four 

different momentum channels to be accumulated simultaneously 

the electronic logic was modified from that of the 1 

experiment. The four momentum channels were added together 

at an early stage and the main selection and neutron time-

of-flight measurement was made independently of the momentum 

channel in which the particular incident beam particle was. 

When the pulse carrying the time-of-flight information was 

analyzed.in the kick-sorter it was directed, depending on 

which momentum channel was responsible for the event, into 

one of four 128-channel blocks of the memory. The direction 

was controlled by a "routing -box" which, when a wanted event 
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occurred, generated a coded set of pulses which distinguished 

one momentum channel from .another. A simplified block 

diagram of the whole electonic system is shown in Fig.6.2. 

A further modification was the inclusion of a circuit 

to produce a veto pule when a count occurred simultaneously 

in two or more momentum channels. To accomplish this the 

four momentum channels were added together with an 

"analogue-adder" so that if there were two simultaneous 

input pulses the output voltage level would be twice that 

for a single input pulse. The analogue adder was followed 

by a discriminator (labelled "D99" in Fig.6.2) whose thresh- 

old was set so that only input pulses of twice the standard 

height or greater would trigger it, This discriminator's 

output was included as a veto in the coincidence units 

feeding the routing box. This was very important since 

two pulses arriving at the routing -box at the same time 

produce an output which could be interpreted by the kick-

sorter as signifying the presence of a beam particle in a 

completely different momentum channel. 

in oversight here was our failure to include this veto 

also in the circuits which scaled the number of beam 

particles in each momentum channel. Thus the normalization 

of the S°  time-of-flight spectra was subject to correction 
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factors similar to that described in kppendix B for the 11 

experiment. This effect was not serious for the 1 exper-

iment since only two momentum channels were used and these 

had approximately equal intensities. Also the beam inten-

sity was low and fairly constant. In the S°  experiment 

however this effect was more serious since four channels with 
quite different intensities were used and the beam intensity 

. was high and not very constant. This meant that there were 

uncertainties in the relative normalization within each set 

of four time-of-flight spectra. 

All other features of the apparatus were the same as 

for the T1 experiment. 

6.4 Data Taking  

The S°  experiment was carried out in December 1965 

immediately after Nimrod started work again after the re-

placement of the alternators. Nimrod was operating at 4 GeV 

and at an intensity of about 1012  protons per pulse. Our 

share of the beam was about 30%. 

The plan adopted for the data taking was as follows. 

The first aim was to look for the production of the a 

meson in time-of-flight spectra with no restriction imposed 
on whether or not there were charged particles present in 

the final state, so that all w decays would be seen. This 
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was accomplished by switching off A10-13 and served as a 

quick check on the operation of the apparatus since we knew 

from our experiment on the V. meson(2)  just what to expect. 

The second aim was to look for the production of 

neutrally decaying 4.1 mesons. Since the branching ratio for 

the ;.o to decay into neutrals is only 10.6% (5)  this formed 

a good test of our ability to detect a small cross-section. 

The third aim was to search the mass region 680 - 740 

MeV/c2 for any neutrally decaying resonance. 

The principal experimental runs are listed in Table 6.1. 

It was intended that we should establish ( or otherwise) 

the existence of a resonance by looking for b.Alps or 

shoulders in time-of-flight spectra. The run at 880 Melqc 

was intended to help reveal such structure by providing the 

shape of the background to be subtracted from the higher 

momentum runs. 

A few experimental runs were also made with the neutron 

counters at 4 instead of 3 metres, but, owing to lack of 

time, the spectra obtained were incomplete and of low 

statistical accuracy. 

6.5 Analysis  

Bight of the time-of-flight spectra obtained are shown 

in Figs. 6.3 and 6.4. The lower two spectra in Fig. 6.3 
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Central Beam 
Momentum (MeV/c) 

1120 

1120 
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960 
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i  

TABLE 6.1 

r  

L 

Number of 
Incidenties1 

0.8x10 
1.2 
1.0 
0.3 
2.0 
3.4 
2.8 
1.1 
2.1 
5.1 
5.1 
2.2 
2.2 
5.0 
4.8 
2.2 
4.0 
5.5 
5.0 
1.9 
2.0 
5.5 
5.7 
2.9 

i 	Peaks 
Seen 

charged 

neutral 
w 

It°(?0 

1  	 

Channel 
Momentum (M6Vc) 

1105 
1115 
1125 
1135 
1105 
1115 
1125 
1135 

875 
885 
895 
905 
945 
955 
965 
975 
995 

1005 
1015 
1025 

	1 1015 
1025 
1035 
1045 
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show the production of omega mesons decaying via charged 

or neutral modes and the upper two spectra are for neutral 

decays alone. The total omega production shows up very 

clearly and the time-of-flight spectra show the character-

istic behaviour of a single peak splitting into two peaks 

as the momentum is raised. On the other hand the neutral 

omegas show up only weakly. It would have been useful to 

have time-of-flight spectra just below the omega threshold 

so that the numbers of counts in the omega peaks and 

shoulders could be more reliably estimated. In the absence 

of these we had to draw smooth lines under the peaks to 

represent the background. In this way we obtained the value 

9 ±4% for the branching ratio of the neutral decay mode of 

the omega. The accepted value for this branching ratio is 

10.6 ± 1 %. 

There is a large peak on all four spectra between the 

omega and gamma peaks. This is produced by phase space 

and charge exchange reactions which peak very close to-

gether at these energies. 

Fig. 6.4 shows four of the spectra obtained during 

the S°  search proper. The spectrum at 885 MeV/c was one 

of those intended to be used for background subtraction. 

It has a large peak corresponding to the production of eta 
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mesons. Since the S°  was expected to be wide, the background 

runs had to be made considerably below the threshold for the 

central mass of the resonance with the resulting complication 

that the eta meson produced a peak not far from the region 

of interest. 

None of the time-of-flight spectra on which the S 

might have appeared had any statistically significant bumps 

or shoulders and there was certainly no evidence for the 

characteristic changes from one momentum to another that are 

produced by resonances. However, the steeply falling back-

ground in the time-of-flight region near the c.m.s. velocity 

makes the observation of a wide bump in this region very 

difficult. Thus, the upper limits we can put on the S°  

cross-sectim are not very restrictive even though our 

statistical precision is high. Our ability to detect a 

resonance depends on its width; the wider the resonance 

the broader the time-of-flight distribution it produces 

and the more slowly this distribution changes with momentum 

and hence the more difficult it is to recognize. 

Underneath the experimental spectra in Fig. 6.4 we have 

shown Monte-Carlo spectra for a resonance of central mass 

700 MeV/c2 and width 40 MeV produced with a cross-section = 
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0.5 p
*
µb (i.e. approximately the spore as the neutral omega 

cross-section). In the spectrum for 1005 MeV/c we have shown 

the same thing for a width of 20 MeV as well. This shows 

the difficulties produced by wide resonances. 

To help show up any possible shoulders in the time-

of-flight spectra we plotted the difference in the counts in 

neighbouring time-of-flight channels i.e. effectively 

differentiating the spectra and so going a long way to 

removing the effect of the steeply failing background. The 

results of this are shown in Fig. 6.5 for three of the spectra 

displayed in the previous Figure and also for one of the 

neutral omega spectra. These spectra will be referred to 

as "differential spectra". The omega differential spectrum 

shows the presence of neutrally decaying omega mesons fairly 

clearly, but smooth lines can be drawn through all the other 

differential spectra. A resonance would appear on such a 

spectrum as a dip followed by a rise. 

Since these differential spectra are approximately 

flat in the region where a resonance might appear we have 

used them in preference to the ordinary time-of-flight 

spectra to set an upper limit on the S°  cross-section. This 

was done by considering what cross-section is implied by 

the hypothesis that a statistical fluctuation of 2 standard 

deviations has removed the indications of the resonance to 
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produce the obmerved difforontial spectrum. It is difficult 

to be precise here since both the form of the crou-eention 

behaviour with p and the width of the resonance have to be 

assumed. Also the confidence level of the upper limit can 

not be precisely defined; we can only. say that it is about 90,0. 

We have assumed a cross-section proportional top *  and 

have evaluated the upper limit on the cross-section for 

various assumed widtns. The results are presented below. 

Width 	Cross-Section Upper Limit 	Mass Range 

10 MeV 	0.25 P*gb 	685-740 MeV/c2  

20 	 0.3 p 31b 

40 	0.5 1 µb 

This method of finding the upper limit does not exploit 

the correlation which should exist between spectra at various 

momenta for a real resonance and so the upper limits found 

are likely to be a little conservative. 

Attempts were also made to subtract the time-of-flight 

spectrum at 885 MeV/c from the higher spectra but because of 

the uncertainties in the normalization of the spectra and 

because of the peak in the 885 MeV/c spectrum the sub-

traction did not give results which were easily interpretable. 

6.6 Conclusions  

The upper limit which we find for the production near 

Threshold of a 40 MeV wide 3°  meson is about 1/8th of the total 

w production near 



3.63. 

threshold. Since the p in such a wide resonance its pro-

duction has not been studied close to threshold and so we 

cannot give an upper limit for the ratio, of S°  to p pro-

duction and thus cannot contribute to an understanding of 

the p decay asymmetry. 

Since Feldman et al. give no cross-section information 

neither can our results be compared directly with theirs. 

They see an S°  bump which is larger than their neutral W 

bump and under conditions where the.c.m.s. solid angle for 

wdetection is greater than that for S°  detection. Thus to 

reconcile their result with ours it is necessary to assume 

either that the S°  and w cross-sections have very different 

energy dependences or that the Si°  production angular dist-

ribution is so peaked that the counters of Feldman et al. 

were sensitive to a very large fraction of all S°  mesons 

produced at their energy. They themselves have performed 

calculations which suggest that the second possibility holds. 

Thus although it cannot be said that our experiment confirms 

the results of Feldman et al. our results are consistent 

with theirs if the S°  is produced in a highly peripheral 

interaction. 

The final conclusion of the experiment is that while 

our technique of small angle neutron time-of-flight 
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spectroscopy is extrerely useful for studying a narrow 

resonance such as the y it meets serious difficulties when 

applied to a wide resonance such as the S. 
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Appendix A - Momentum Distribution in a single Hodoscope  

Channel  

Consider just two counters Gi  and Hj.Let the width of Hj 

be 2g and the width of Gi  be 2g/M where M is the magnification 

from Gi  to Hi. We calculate the momentum spectrum of particles 

which give GiHi  coincidences on the basis of the following 

assumptions : 

(1)Ga.  . emits particles uniformly over its area 

(2) with a flat momentum distribution 

(3) of a given momentum isotropically 

(4) The triplet lens acts as a thin lens. 

Let N(P) be a number proportional to the number of 

particles of momentum P which give a Gi  Hi count, and define 

a function f(x,p) as the fraction ofparticles of momentum p, 

emitted from a point distant x/m from the centre of Gi  , which 

give a Gi  Hj count; f(x,p) is normalized to unity for x = o, 

p = pip  = central momentum and correct focussing. 

g/m.  
Then N (p) =f 	f(x, p)dx/ 	dx 

-g/m 	-g/m 

The form of f(x, p) is calculated with the help of the 

relation 62. 	PO 	A change in momentum Sp is equivalent 
P - a 

to a change in x of oxp= bqa. = -b00(1) Po)/10,0 
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The symbols are defined in Fig. Al(a) 

(a) Correct Focussing :Nb= 0  

p>p, : f( x,p) = 0, for x< -be°  (p-p0  )/A, 

= 1, for x>-b00(p-p0)/po  

• 
• M 

g/M 
= f 	dx 

g-b00( p-p0)/p0)/M 

= (2g-Nao( P--P0 V Po )/M 

p<po: f(x,p) = 0, for x>-00(P-1,0)/P0 

= 1, for x5.-b00( p-po)/p 0  

2 	(g+ b 	P-1:13 )/13, 
P 	N( P) = f 	 dx 

• • 

= (2g + beo(P-Po )/Po 

Thus we have the expected triangular distribution. It 

is shown in Fig. Al (b) 
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(b) Misfocussing g Pb 0  

If the triplet Tens is nisfocussed so that the image of 

G. . is fommed a distance A 	H. b from 	then , for certain 
0 

values of momenta and x only a fraction of the aperture of 

the triplet is available. Let us define a functiaa(i (A ) 

as the fraction of particles which give a G. lbcount when the 

horizontal aperture a'is available to them. The vertical 

spread in the beam may be ignored so that ci(A ) may be used 

to calculate N(p).As an example we calculate N(100). 

For p=po  

Ab f(x,P) = 1, for Ix < g 	-7- 

q(a 	(g -Ixi4_) 	for ixi> g -a iLb  

= 0 	g - 1x1 b . 
2a  Ab 

g :. 2gN(p ) = 2g -aLib/b 	f (g-x)b/aAb.dx 
g-a.Ab/b 

= 2g - iaAb/b 

-g+2 Ab/b 
+ 2 	( g+x)b/aAb .dx 

This decrease in N( IQ has come about beaause the extreme 

edges of the G counter only have a fraction of the aperture 

of the triplet available to then. 

The evaluation of the integral f f(x,p)dx is complicated 

-g 
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when p4 p, and we will merely present the result. This 

is shown in Fig. A2. The curved parts of the spectrum 

(which is of course symmetric about p.p. ) are parts of para- 

bolas. The full width at half-height of the spectrum is 

2g + Z  a- i? (if g < alb) or in term of momentum 

p.  (2g ia Qb  )/b00 
The Causes of Misfooussing  

In the calculation the extent of misfocus is parameterized 

by the distance Ab. 

Ab can be non-zero for the following reasons. 

(1)Gi and H may not be in the ideal conjugate planes. In 

fact both the G's and H's had a total spread of 20 cms along 

the beam line thus contributing an effect of + 10 ems to Ab. 

(2) The currents in the quadruple triplet may not be pro-

perly set. The floating wire measurements showed that an 

error of 1 amp in 14produced a Ab of 20 ems. We therefore 

expect a maximum effect of ± 10 ems 

(3) Chromatic and other aberrations in the triplet produce 

	

Ab= b(Tf, +1) ILI 	where M is the ,aagnification and -4-I 

the magnitude of the aberration. For a triplet composed of 

thin lenses Af = 2.4-2 . This leads to a value of b equal to 
f 	p 

25 ems. 

Adding these three contributions quadratically we obtain 

Llb = 29 ems. 
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The aperture, a, is not the full.aperture of the triplet 

as the beam divergence is set by the aperture of Q2 and the 

distance from Q2 to Cl. The actual value of a is 6 ems. 

We therefore obtain for the full width at half-height 

of the momentum distribution 4.2 MeV/c at 700 MeV/c compared 

with 3.6 MeV/c when the focussing is perfect. 
In the Monte-Carlo calculations the momentum distribution 

was taken to be triangular with a full-width at half-height 

of 4.2 MeV/c. The differences from the exactly calculated 

distribution are very small and becuunpof uncertainties in the 

assumptions on which the calculation was based,an exact 

simulation was not justified. 

However the assumptions are reliable enough to mike the 

general conclusions sound. By estimating the errors in 
various quantities used in the calculation of the width of 

4.2 MeV/c a standard deviation in the width of 013 MeV/c was 

arrived at. 
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Appendix B - Correction for Hodoscope Overlap Loss  

Let us assume for simplicity that the hodoseope 

is composed of just three counters, a single G counter 

G1 and two H countors H1 and H2. Consider N particles 

which pans through G1 and also through one or other or 

both of the counters H1 and H2. The particles can be 

grouped into the following classes. 

A fraction r which go through both H1 and H2 

It 
	

f1 
 tt 	It 	It H1 but not H2 

It 
	 tt 	 it 	It 

	

" 112 tt " H1 

Thus r f1 f2 1 

Also let a fraction fe of the total number N prcauce 

a detected event and assume that this fraction is the 

same for the three classes of particles (r, fi  & f). 

A simplified block diagram of the electronic 

logic used to record and count these particles is shown 

in Fig. Bl. Coincidences G1 H1 and GI 112 are scaled 

separately and ,lso procede to C04 and C04 where they 

are demanded to be coincident with a signal from the 

neutron counters etc. which is reduced in the diagram 

to a single event pulse, E. The outputs of C04 and C04' 

procede to the kick-sorter as gating pulses. If they 
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arrive there simultaneously then neither pulse is re-

corded. 

The counts accumulated at various stages of the logic 

are shown on the diagram. The G1 Hl and G1 H2 scalers re-

cord ,N1 = (fi  + r)N and N2 = (f2+ r)N counts respectively. 

Thus N1 + N2 = N (1 + r) 	(1) 

The numbers of ouPput pulses from 004 and Ca are 

feN(fi  + r) andfeN(f2  + r). Of these, only 4,f1  N 

from C04 and fef2N from CO4 are non-simultaneous. Thus the 

number of counts recorded by the kick-sorter is 

Nk = feN(fi  + f2) 	= feN(1 r) 	(2) 

To calculate the cross-section we need to deduce the 

fraction fe from the scaler readings. 

We have fe = 	fro4 (2) 

N(1-r) 

and from (1), 	= Ni + N2  
1 + r 

= 	1 + r 

Nl+N2 1 r 

Thus a correction factor (1 + r)/(1 r) is required. 

This fadtor is immediately applicable to the real experimental 

situation if r is taken to be the fraction of,partic145 in 
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channels (,S) and (X) which give simultaneous counts. 

This fraction was found by recording the coincidence 

rates between the various G counters .i.nd between the various 

H counters. The only coincidences significantly different 

from zero were the following. 

H2H3S2X8 	.12 
H2S27 eH3S2'118  

and G
3
G4S2T8 	.09 

G3S2.7:8+ G4S27.8 

5 	6 
Channels (S) and (F) were made up as follOws 

CB) 	= G2H5  + G3H4  + G4113  + G5H2 	= N 
6 

(T) 	= G2H6  + G3H5  + G4H4  + G5H3 	= Nw  

Thus G5H2 and G5
H
3 

produce simvataneous counts as do 

G3H4  and G4H4. 

Thus the fraction of particles which give simultaneous 

counts is given by 

= .12 (€5H2 + G5H3) + .09(G3H4, + G4H4)  
1 + r 	+ 	 17:5  

r = 0.07 and the correction factor is 1.15 = 1/0.87 



G1 H2 

N Particles 

H1 

SCALER N1= N (f, + r ) 

SCALER N2= N (IL + r) 

=DEN (1-r) 
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SIMPLIFIED LOGIC DIAGRAM 

FIG. E31 . 
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Appendix C - Neutron Counter Efficiency Measurement  

Most of the work described in thleAppendix was 

carried out by N. Horwitz. 

Determination of Discrimination Level 

A block diagram of the electronics used is shown in 

Fig. C.1 (a). Cosmic ray pulse-height spectra were 

obtained for several different bias settings of the 

discriminator D. The linear gate integrated the pulse 

and so its output was proportional to the total charge in 

the pulse and hence was a Measure of the energy deposited 

in the scintillator by the cosmic ray particle. The peak 

in the "pulse-height" (really pulse charge) distribution 

was identified with minimum ionizing particles traveling 

vertically through the centre of the counter and hence with 

an energy loss of 60 MeV. 

To find the discrimination level at a particular bias 

we have to know the position of the low euLI.gy cut-off of 

the pulse-height spectrum. Since the discriminator is' 

sensitive to the pulse-height rather than to the total 

charge, variations in pulse shape for small pulses remove 

the sharpness of the discrimination edge. We therefore 

define the "discrimination channel", Px, as the channel at 

which pulses are passed with a 50% probability when the 
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bias is set at x. To find this channel we need to know 

the number of counts when the pulses are passed with 100% 

probability. The nearest we can get to this is a spectrum 

at bias zero and we can use this safely for all but the 

lowest channels. 

If the discriminator bias is linear and if there is 

no saturation in the system then a plot of Px versus x will 

be a straight line. We can fix this line by obtaining 

points on it at high bias levels and then by extrapolating 

it to lower values we can determine the discrimination 

channel at the bias setting (=0.45) used in the efficiency 

measurements. 

By this method we obtained 4.6 - 0.3 MeV as the dis-

crimination level. 

Efficiency Measurement  

The electronic block diagram is shown in Fig.C.1(b) 

A 64 x 64 matrix of pulse-height versus tihie-of-flight was 

obtained with the narrow neutron beam from the Harwell 

cyclotron incident on the centre of N5, This was then 

repeated with a calibration counter in place of N5. The 

time-of-flight measurement was made using the R.F. pulses 

from the cyclotron to define a time of origin and so only 

one event could be recorded per R.F. cycle. The flight 
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path was 26 metres. 

We now define the following symbols. 

el .: efficiency of N5 for time-of-flight channel i 

. It : 	U 	U 	S 	It 	II 	 It 	 II El  

mi▪ : mean number of neutrons/buret in " 	
II 	11 

ni: 	
n 	H 	if counts 	n 	n N5 before channel i 

n 0 	It 	 ft 
N 	

It 
1 

Here S represents the standard calibration counter. 

Assurnethattlienumbersm.,n.andA. Ti  obey Poisson 

statistics so that e.g. for a mean of m the probability of 

observing 0 is exp(-m) and the probability of observing a 

number greater than 0 is 1 - exp(-m). 

A count is accumulated in bin i when the number of 

detected neutrons (or gammas) arriving before (in time) 

bin i is 0 and the number of detected neutrons in bin i is 

greater than 0. 

The probability per burst of this happening is 

pli = exp (-ni) (1 - exp (-miei) ), for N5 and 

Pli  = exp (-Ni) ( 1- exp (-miEi) ), for S. 

The probability per burst of getting a count before  

bin i is 

P = 2i 	1 - exp (-ni) , for N5 

and2i 1.  - exp (-Ni) , for S 



pl (1  - P2)  
p2 (1 	P ) 1 

(1) 
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These probabilities were measured experimentally and Ei  

was known. 

Solving for ei, we have (dropping the i suffices from 

the probabilities) 

1 - exp (—miei) = 

1 exp (miEi) 

andmi  . = 1 E  log (1 - P2  ) 
1 - P1-P ) 

The probabilities were all of the order 4% and so it 

was sufficient just to take the first two terms in the 

expansions of the logarithms in the above equations. 

We thus obtained the efficiency at the centre of the 

counter. To obtain the efficiency averaged over the face 

of the counter use was made of the measurements of Auld 

et a1.0  on counters almost identical to ours. They 

measured the efficiency at various distances from the centre 

of the counter and found a slight decrease towards the edge 

Their value for the efficiency at the cenl,re of the counter 

was in good agreement with ours. From their results we 

estimated that the overall efficiency of N5 was a factor 

of 0.97 ± 0.01 of the efficiency at the centre. 

Determination of Aej Oise  

For each of the time-of-flight channels we have a 
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pulse-height spectrum. From these spectra the effect on 

the efficiency of changes in the discrimination level can 

be easily estimated. However, this estimate is fairly 

crude because of the lack of sharpness of the discrimination 

edge. 

The value of (Ae/e) / (4disc/disc) was found to increase 

from 0.11 for 108 MeV neutrons to 0.15 for 50 MeV neutrons. 
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