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Stellingen

1 . Bij de meling van de werkzame doorsnede voor de reactie pp -> nn door Hamilton et al. is bij
de laagste impulsen ten onrechte geen rekening gehouden met stoppende antiprotonen in
het waterstof doelwit.

R.P. Hamilton et al., Phys. Rev. Lett. 44 (1980) 1179.

2. Het vereenvoudigde formalisme, gebruikt door Basile et al. ter bepaling van de
'diffusiecoëfficient' van driftkamergassen, is onjuist.

M. Basile et al., Nucl. Instr. Meth. A239 (1985) 497.

3. Gezien de onzekerheid in de bepaling van de antiproton-proton totale werkzame
doorsnede door Kaseno et al., is de vermelding van een systematische fout op hun
resultaat voor de verhouding p tussen het reële en het imaginaire deel van de
verstrooiingsamplitude wenselijk.

H. Kaseno et al., Phys. Lett. 61B (1976) 203,
H. Kaseno et al., Phys. Lett. 68B (1977) 487.

4. In het -yy-> P°Y spectrum, gemeten door onder andere Bartel et al. en Althoff et al., is naast
de dominante T|' -> p°Y overgang ruimte voor een kleine bijdrage van f -> p°Y.

W. Bartel et al., Phys. Lett. 113B (1982) 190,
M. Althoff et al., Phys. Lett. 147B (1984) 487.

5. Bij de behandeling van antiproton-proton elastische verstrooiing bij zeer hoge energieën
wordt de spinafhankelijkheid van de verstrooiingsamplitude verwaarloosd. Deze aanname
hoeft niet a priori juist te zijn en beïnvloedt de gemeten waarde van de totale werkzame
doorsnede.

R. Castaldi en G. Sanguinetti, Ann. Rev. Nucl. Part. Sci. 35 (1985) 351.

6. Een meer frequente controle op verkeersovertredingen bij rood stoplicht zou de
verkeersveiligheid in Amsterdam verhogen.

7. Het is onwaarschijnlijk dat het door Jaffe gepostuleerde dibaryon H een massa beneden de
Ap-drempel bezit. Het vormt derhalve geen goede verklaring voor de waargenomen straling
van Cygnus X-3.

R.L. Jaffe, Phys. Rev. Lett. 38 (1977) 195,
G. Baym et al., Phys. Lett. 160B (1985) 181.



8. De bewering dat de statistische fout op de meting van de valversnelling g van antiprotonen
verkleind kan worden door het aanbrengen van een elektrisch veld in de richting van g is
onjuist.

N. Beverini et al., CERN/PSCC/P94.

9. Gezien het feit dat de doorsnee leeftijd van de leden van de Limburgse vereniging voor
volkscultuur Veldeke de leeftijd van de vereniging zelf benadert, komt de continuïteit van
haar bestaan in gevaar.

10. De meststoffenwet en de wet op de bodembescherming beogen een goede spreiding van
de mest vanuit de intensieve veeteeltgebieden naar de akkerbouwgebieden.
De pluimveemest is van goede kwaliteit en is daarom in de landbouw, met name in de
akkerbouwstreken, erg gewild.
De heffingen, opgelegd via de beide wetten, zijn echter het zwaarst voor de
pluimveehouders.

Regelen inzake bescherming van de bodem, Eerste Kamer 1984-1985,16529 nr. 231,

Regelen inzake het verhandelen van meststoffen en de afvoer van mestoverschotten,
Tweede Kamer 1983-1984,18271.

11. Bij het stellen van de vraag" Wie was er eerder, de kip of het ei?" wordt a priori verondersteld
dat de kip de eerste eierlegster was en wordt bovendien voorbijgegaan aan de functie van
de haan.

L Linssen,
Amsterdam, april 1986.
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General Introduction

In the last 50 years, since the discovery of the positron in 1932, the field

of elementary particle physics, alternatively called high energy physics, has

made enormous progress. The field involves studies of the elementary

building blocks of matter and the interacting forces between them. By the

time of the discovery of the positron only five elementary states, the

proton, the neutron, the electron, the neutrino and the photon, were

known; although the knowledge of the neutrino was only based on the

observed missing energy and momentum in radioactive (3 -decay. Concerning

the interacting forces, only the electromagnetic force was described. Little

was known, however, about the nuclear force that holds nucleons, the

proton and the neutron, together in the nucleus of an atom. In 1935 H.

Yukawa first introduced a description of the nuclear interaction based on the

exchange of a massive particle carrying integral spin.

Through a vast number of experiments, first using cosmic rays, later using

ever larger accelerators, and extensive theoretical effort a large number of

new states was discovered and more and more became known about the

interacting forces between them. As an example we mention the discovery of

the antiproton at the Berkeley Bevatron in 1955. The existence of

antiparticles is a general property of elementary particles. The antiparticle

has the same mass as the particle, but it has opposite charge and magnetic

moment. For half integral spin particles, fermions, the particles and

antiparticles can only be created in pairs. In this way the antiproton was

discovered through the creation of antiproton-proton pairs by a proton beam

impinging on a copper target.

In the present picture of high energy physics matter is built up of quarks

and leptons. Leptons are spin 1/2 particles carrying integral charges. The

known leptons are the electron, the muon, the tau and their neutrinos. The

neutrinos carry zero charge and are believed to be massless or very light.

Quarks are massive spin 1/2 particles with fractional charge 2/31 el or

—1/31 el • They appear in 6 different flavours fup, down, strange, charm,

bottom and top) and three different colours. The interaction between quarks

is described in a theory called Quantum Ch»-omo Dynamics (QCD). According

to QCD quarks are confined, which means that they always appear in

colourless clusters. A set of three different colours is colourless and so is a

colour-anticolour system. The mediator of quark interactions is the gluon.

Gluons are massless, flavourless spin 1 particles. Gfuons carry one colour

and one anticolour.



In this picture a proton consists of a colourless set of two up and one down
quark, the valence quarks, together with a sea of colourless quark-
antiquark pairs. For the antiproton the valence quarks are replaced by two
up and one down antiquark (ÜÜ9). In general baryons, for example the
proton and the neutron, carry half integral spin and are built up of three
valence quarks fqqq) in a colourless configuration. Mesons, for example the
pion and the kaon, carry integral spin and are built up of a colourless quark-
antiquark pair (qq) .

In this thesis low energy anti proton-proton (pp) interactions are studied.
The antiprotons are extracted from a stretcher ring, the Low Energy
Antiproton Ring (LEAR) at CERN, the European laboratory for particle
physics in Geneva, Switzerland. LEAR is the first machine, which is able to
provide high intensity, high duty cycle, pure antiproton beams in the
momentum range from p = 100 MeV/c to p = 2 GeV/c, thanks to the existence
of the antiproton accumulator (AA) at CERN. The momenta of the antiprotons
used for the experiments described in the thesis vary between 230 MeV/c
and 600 MeV/c. This corresponds to a total energy between 1890 MeV and
1962 MeV in the centre-of-mass system, 0.7% to 4.6% above the pp threshold
(1877 MeV), still below the energy at which a single additional pion can be
produced.

Two different experiments are described, a series of 24 high statistics pp
total cross section measurements as a function of the incoming antiproton
momentum from p = 388 MeV/c to p = 599 MeV/c and two pp forward
differential elastic cross section measurements at p = 233 MeV/c and p = 272
MeV/c. The measurement of the total cross section (atot) i n OL"" set-up
simultaneously yields an estimate of the charge exchange cross section
(pp ->• nn). These experiments were carried out by a group of 25
physicists ' ' from five different institutes, the national institute for
nuclear and high energy physics NIKHEF Amsterdam1, the university of
Trieste2, the university of Geneva3, Queen Mary College London1* and the
university of Surrey5 [BailSO].

(*)

C . I . Beard1*, R. Birsa2, K. Bos1, F. Bradamante2, D.V. Bugg4, A.S.
Clough5, S. Dalla Torre-Colautti2, S. Degli-Agosti3, J.A. Edgington1*, M.
Giorgi2, J.R. Hall4, E. Heer3, R. Hess3, J.C. Kfuyver1, R.A. Kunne1, C.
Lechanoine-Leluc3, L. Linssen1, A. Martin2, Y. Onel3, A. Pemo2, D.
Rapin3, P. Schiavon2, R.L. Shypit5, F. Tessarotto2, A. Villari2 .



The study of low energy pp interactions is important for various reasons.

Concerning the quark picture, briefly described above, QCD does not only

allow colourless states of three quarks or quark-antiquark pairs, but also

colourless sets of more than three quarks. One of the possible configurations

is a colourless quark-quark-antiquark-antiquark (qqqq) state, which has not

been observed yet. This state is called baryonijm. Baryonium may be

produced in low energy nucleon-antinucleon interactions through the

annihilation of a qq pair and there was a candidate for baryonium at a mass

of 1935 MeV/c2.

The study of low energy pp interactions expands our knowledge of the

nuclear force in general. Nucleon-nucleon (NN) interactions have been

studied by a vast number of experiments in the past. They are reasonably

well described by theoretical models. Nucleon-nucleon interactions differ in

some important aspects from antinucleon-nucleon interactions. The NN system

has baryon number 2, which is conserved. This forbids the annihilation into

mesons, which is an allowed process for the NN syrtem carrying baryon

number 0. The annihilation process is in fact the most dominant feature of

the NN interaction. At low momentum the annihilation cross section is

approximately twice as large as the elastic cross section. Furthermore the

NN and NN systems differ in the properties of nuclear force and in the

available quantum numbers. As the NN wave functions have to be anti-

symmetric, the NN system appears only in the isospin-spin combinations 1=1,

S=0 and l=0, S=1, whereas all isospin-spin states are allowed for the NN

system. The total NN interaction is much more attractive than the NN

interaction. This leads to the expectation that many bound states and

resonances are formed in the NN system, contrary to the single loosely

bound deu*eron in the NN system.

Each of the two experiments described in this thesis is suited to search for

resonances or bound states in the NN system. The fastest way to search for

resonances is to do a total cross section scan as a function of momentum. In

our experiment the transmission technique is used for this purpose. The

measurement of small-angle elastic scattering forms an indirect way to look

for resonances or bound states. The measurement of the differential elastic

cross section yields the parameters p and b of the nuclear scattering

amplitude. The behaviour of p as a function of momentum is related to the

existence of resonances in the pp system. Through the use of dispersion

relations the behaviour of p(pp) at low momentum is also related to the

possible existence of bound states below the pp threshold. Regardless of the

existence of resonances or bound states a detailed study of pp interactions

yields a lot of useful additional information on the nuclear force as the

nucleon-nucleon and the antinucleon-nucleon systems are so much related



and still different.

The contents of this thesis is structured as follows. In chaoter I the LEAR

facility is discussed. The remaining part of the thesis is essentially divided

into two parts describing the two different experiments. In chapter II to

chapter V the total cross section experiment is discussed. The principle of

the transmission method and the experimental set-up are described in

chapter I I . The analysis of the data is discussed in chapter I I I . The results

of the total cross section scan and the results of the parasitic measurement

of the charge exchange cross section are presented in chapter IV. A review

of previous atot-experiments in the same momentum range and a discussion

on baryonium are given in chapter V. The small-angle elastic scattering

measurements are discussed in chapter VI to chapter IX. In chapter VI the

experimental set-up is described. In chapter VII the analysis of the data is

discussed. The results are presented in chapter VI I I . Chapter IX finishes

with a review of pp small-angle elastic scattering measurements below 1

CeV/c and the comparison between these measurements and theoretical

predictions.



Chapter I The LEAR facility

1-1 Introduction

LEAR stands for Low Energy Antiproton Ring. It is a unique new facility,
which is able to provide fixed target physics experiments with high intensity
pure antiproton beams, in a momentum range from 0,1 GeV/c to 2.0 GeV/c.

Antiprotons are produced by a high energy proton beam impinging on a
target. Amongst many other particles, mainly pions, a relatively small
number of antiprotons is produced at various momenta and in different
directions. Using a 26 GeV/c incident proton beam, the yield of antiprotons
has a maximum around 3.5 GeV/c and decreases rapidly with decreasing
momentum (fig. 1-1).
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Fig. 1-1: Antiproton yield for 26 GeV/c Incident protons.

In the past, the only possibility to obtain antiprotons of a desired momentum
was to produce them in the above way and select the requested momentum



range in a beam line behind the production target. For this reason former p
beams suffered from low intensities and a large pion and kaon contamination.
At 500 MeV/c the typical rate achieved was 1000 p/sec within ±1% momentum
spread. At the same time the beam would also contain ~106 pions/sec
produced in the same momentum range.

The antiprotons for LEAR, however, are produced by a 26 GeV/c proton
beam at the top of the production curve, near 3.5 GeV/c. They are first
stored into an antiproton accumulator ( A A ) . The AA is the main component
of the CERN antiproton complex. LEAR itself is a 78 m circumference
stretcher ring. It receives an intensive bunch of antiprotons from the AA
and ejects these antiprotons in a one-hour long spill after accelerating or
deceleratinc; them to the required momentum. As LEAR is the first machine
of its kind, it may be worth while to pay some attention to the CERN
antiproton complex and the principle on which storage of antiprotons is
based.

1-2 The CERN antiproton complex

A schematic survey of the antiproton complex is given in fig. 1-2. The pro-
duction process for antiprotons starts at the proton synchrotron f PS).
Bunches of protons are accelerated to 26 CeV/c in the PS and are then
focused onto a copper target, in which the antiprotons are produced. The
AA accepts antiprotons with momenta in the range 3.57*0.03 GeV/c and
angles contained inside IOOfl'10"'' metre radians. Approximately 1013 protons
are incident on the target every few seconds and a yield of 6- 10~7 stored
antiprotons per proton hitting the target has been achieved.

When newly produced antiprotons enter in the AA their momentum spread
and transverse motion have to be reduced before they can be admitted in
the already existing stack. A special technique, called stochastic cooling,
makes this possible [Meer72]. Stacks are accumulated over periods of days
to weeks and have to be cooled continuously.

Whenever antiprotons are requested, slices can be separated from the core
of the stack and transferred to an ejection orbit. The antiprotons are then
kicked out into a beamline, which transfers them back to the PS, where they
can either be accelerated or decelerated. Antiprotons which leave the AA ear-
marked for LEAR are first decelerated from 3.5 GeV/c to 609 MeV/c in the
PS and then transferred to LEAR. On the contrary, antiprotons which are
earmarked for the 450 GeV/c super proton synchrotron fSPS) first have to
be accelerated to 26 GeV/c in the PS before they can be injected into the



100 m
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Fig. 1-2: Overview of the CERN pp complex. The proton synchrotron (PS), the antiproton
accumulator (AA), part of the super proton synchrotron (SPS), and LEAR are
shown.

SPS. Prior to giving more details on LEAR an introduction to beam optics
and stochastic cooling is suitable.



I-2a Stochastic cooling

Particles in an accelerator perform oscillations in phase space around their
nominal position and momentum. In analogy to moving particles in a gas
Liouville's theorem can be applied to particles moving around in an
accelerator. If one defines a coordinate system where i is the forward
direction of the particles (beam axis) and x and y are both directions
perpendicular to 1, the following expression holds for a beam of particles
with constant momentum [Wils77]:

Jx'dx = constant = He = emittance of the beam (1-1)

where x' is the divergence dx/dz. So x' is in fact the angle the velocity of
a single particle makes with the beam axis.

x'

Fig. 1-3: Betatron oscillation In one dimensional phase space.

This implies that the motion in one-dimensional phase space forms an ellips
with surface ire, see fig. 1-3, whilst x and x' perform the following
oscillations:

x =

x'=

sin(<t>(ï)+<|>0) .

cos(<t>(z)+<t>0);

(1-2)

(1-3)

(1-4)

with <t(z) being the phase of the oscillation as it proceeds along the
accelerator; $o is an arbitrary starting phase.



We call these harmonic motions betatron oscillations. The betatron function p

(dimension length, not to be confused with the velocity (3) determines the

wave length of the betatron oscillations and the ratio of the amplitudes of x

and x ' -

Briefly, stochastic cooling is a technique to reduce betatron oscillation ampl-

itudes of particles circulating in an accelerator. Let us consider the motion

of one single particle only. A pick-up electrode can measure the transverse

displacement x of the particle as it passes by. Using the equation

sin(iji) = -cos{<(>+ ^ H ) it is understood that this displacement x is proportion-

al to a divergence or angle x1 at n+ V4 (neN) oscillation periods later. So,

if the information of the displacement x is transferred to a kicker magnet

n+ V4 oscillations periods further along the ring, this magnet may correct

the angle x1 to zero. As the velocity of a beam particle is high, usually

very close to the velocity of light, the correcting signal has to take a short

cut of the ring in order to arrive in time to act on the same particle.

In reality a pick-up electrode cannot distinguish single particles in a beam.

It can only measure the mean displacement of a small group of particles by

sampling over a short time interval. Therefore the kicker magnet can only

correct the mean angle of the sample and not the divergence of every single

particle. If pick-up samples would contain a very high number m of

particles, each in a different phase <t> of their oscillation, their registered

mean displacement x would be very close to zero (x a (/m) ) . In that case

the method would not have any noticeable effect. So the stochastic cooling

technique is only feasible when one is able to treat small samples of

particles. This means that one has to sample and correct during very short

time intervals, typically in the gigahertz frequency domain.

The same principle can be used to cool in momentum space. In that case one

either detects horizontal excursions or changes in time revolution in the pick-

up station. 80th are proportional to the momentum deviation Ap. The kicker

magnet is replaced by an acceleration/deceleration radio frequency gap. So

in order to maintain narrow size beams with small momentum spread, one has

to use three stochastic cooling systems, two for both transverse

displacements and one for longitudinal momentum spread.

The momentum differences between the particles cause a gradual mixing of

the pick-up samples. So the cooling process is applied on ever-changing

samples, gradually improving average beam dimensions and momentum

spread. This implies that the particles have to be kept for a long time in

the accelerator, which demands an extremely good vacuum in the beam pipe

as beam-gas collisions will cause loss of particles and a blow-up of the beam.
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i-3 Low-energy antiprotons in LEAR

LEAR came into operation in the summer of 1983. I ts purpose is to provide
f ixed target experiments with a high intensity (~105 p / s e c ) , high duty
cycle , clean antiproton beam. 3unches of ~2 -10 9 antiprotons received via the
PS at a momentum of 609 MeV/c can be accelerated up to 2.0 CeV /c or
decelerated down to too MeV/c in LEAR.

from
LEAR

injection extraction

~*^ to
experiments

1m

Fig. 1-4: Top view of LEAR with the implementation of cooling systems for both low and high
momenta.

Because of this large range of momenta, two independent installations for

stochastic cooling, one for the lower momenta (<600 MeV/c) and one for the
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higher momenta, are needed. Fig. 1-4 shows a top view of LEAR with the

implementation of these cooling systems. For the low momenta the correction

has to be performed soon after the pick-up station as pick-up samples tend

to decohere quickly. As the velocity of the antiprotons is fairly low

(p=v/c=0.54 at 600 MeV/c), the correcting signal may be sent parallel to the

beam (see longitudinal low-momentum line in f ig. 1-4). Despite the delay due

to amplifiers and cables the signal will still arrive in time to handle the same

particles. At relativistic energies however (p=O), the cooling signals have to

take a short-cut diagonally through the ring to arrive in time. The vacuum

in LEAR is very high; a gas pressure of 2-ID"1^ Torr is maintained.

A very important feature of LEAR is its ultra-slow extraction system, which

allows to extract the stack of antiprotons slowly over a period of one hour.

We have to go back to betatron oscillations to explain its functioning.

l-3a LEAR ultra-slow extraction

The number of betatron oscillations per turn around the ring, Q, has direct

influence on the stability of the machine. If Q has an integer value it is

easily understood that a simple aberration of a dipole field will cause the

beam to become unstable. Every time a particle passes by the dipole the

disturbance will act in the same way and move the particle further out of its

orbit. If Q has a half-integer number, effectively the same thing will

happen. Every second turn the particle will deviate further. It is therefore

very important to tune an accelerator at a non-rational value of Q, Q*k/£

(k. ieN). LEAR is tuned at Q=2.31.

However this feature can be used to extract particles out of a ring. Figs.

1-5a, 1-5b, 1-5c illustrate how this is done in LEAR. Once the beam is at

the desired momentum and sufficiently cooled, a small noise signal around a

harmonic of the LEAR revolution frequency is applied on the RF cavity that

also serves for momentum cooling. As a result the Gaussian beam

distributions in space and momentum ff ig. 1-5a) are transformed into flat

distributions of approximately the same width (fig. 1-5b). The bandwidth Af

of the noise signal determines the width of the flat distributions. Then

another noise signal of different bandwidth Af' around a slightly higher

frequency is applied. As a result particles in the outermost part of the ring

(right-hand side in drawing) are disturbed and diffuse into another flat

distribution, towards higher p, higher x and higher Q. As soon as they

arrive at Q=7/3=2.33 they are separated from the rest of the beam in an

electrostatic separator followed by two septum magnets (fig. 1-5c).
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CU2.31

Af

Fig 1-S: Sequence of ultra slow extraction in LEAR.
Fig. 1-5a shows the Gaussian momentum, space and Q-distributions of the
cooled beam. In fig. 1-5b the first noise signal Is applied, changing the
distributions into flat distributions. Fig. 1-5c shows the influence of the
second noise signal which forces the p's to diffuse towards the resonance
value Q=7/3 at which they are extracted.

The momentum of the extracted p's is very well defined; it is 3%o above the
average momentum in LEAR. The momentum spread of the extracted beam
varies between ±2%o and ±1%o as a function of momentum and is smaller than
the momentum spread inside LEAR (±1%). The length of the spill depends on
the second noise signal. It is gradually lowered in basic frequency such that
more and more particles are picked out of the core of the stack. The speed
at which the noise frequency is lowered determines the length of the spill
which is usually chosen to be one hour.
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The extracted LEAR beam has to be shared amongst 16 experimental physics

groups. The physics interests of the LEAR users are manifold and resort

both under nuclear physics and elementary particle physics. Subjects like

antiprotonic atoms, p-nucleus scattering, pp annihilation into mesons,

hyperons or leptons, spin effects in pp scattering and baryonium production

are studied [GastS2].

\-H The C2 beam line

The CERN South hall houses 6 experimental areas. Two splitter magnets

allow to supply three areas at the same time with anti protons. The beam

intensity in the experimental zones varies typically between 4-101* p's/sec

and 7* 105 p's/sec. However during a single spill the intensity is very

stable. The quality of the extracted beam is very high. fThe duty cycle

during extraction is better than 80%. The momentum spread is very low,

±1%o to ±2%o. Seam widths of less than 1 mm FWHM have been attained even

at the lowest momentum. Both AA and LEAR function as mass separators.

Moreover, taking into account the long life history of every antiproton

extracted from LEAR, it is 100% sure that the LEAR beam is free of

contaminating particles, as only the stable p's survive, whilst all decaying

particles like n~ and K~ have disappeared.

The C2 beam line which transports antiprotons to our experiment (PS172)

and experiment PS173 is of a special design as both experiments aim to do

momentum scans. In principle the LEAR machine can supply experiments with

any desired momentum, but on the expense of setting-up time. For quick

scans, like the total cross section experiment, carbon slabs are used to

lower the momentum of the incoming antiprotons. The mean momentum loss of

p's in a carbon slab of known length can be calculated precisely. For this

purpose 22 accurately machined carbon slabs of different thicknesses varying

from 0.57 mm to 58.03 mm are used. The slabs are very flat and their

thicknesses are known to a precision of 0.01 mm. They are mounted on two

wheels with each 11 slabs of different thicknesses and an empty position in a

first beam focus (focus 1). The remote controlled position of each degrader

wheel defines which piece of carbon is put in the beam.

The hydrogen target of the total cross section experiment is located in a

second focus 20 metres down-stream (focus 2). The schematic lay-out of the
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C2 b e a m line

hydrogen target

carbon degraders

focus 1 focus 2

2 3m

Fig. 1-6: The C2 beam line, triangles represent bending magnets, rectangles represent
quadrupoles.

beam line between focus 1 and focus 2 is shown in fig. 1-6, rectangles
represent quadrupoles, triangles represent bending magnets. The angular
acceptance of the beam is large, ±18 mrad horizontally and +36 mrad
vertically, necessary to maintain a reasonable degraded beam intensity.

The first element in the beam line is a quadrupole triplet which refocuses
the multiple scattered beam after the degraders. The following bending
magnet in combination with the col lima tor in an intermediate focus acts as
momentum analyser. Depending on the variable aperture of the collimator the
momentum resolution Ap/p is of the order of ±1%. At the position of the
collimator the horizontal deviation of the antiprotons is related to their
momentum. This is called a chromatic beam. One needs however a focused
achromatic beam at the position of the hydrogen target. This is achieved
with the reverse order of beam elements after a horizontally focusing
quadrupole next to the collimator.

The beam size obtained in focus 2 is of the order of 1.5 mm FWHM
horizontally and vertically for an undegraded 600 MeV/c beam. When the
carbon degraders are used the spot size increases gradually up to 4 mm
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FWHM around 400 MeV/c. If no degrader is used 80% of the antiprotons

detected at focus 1 in a 2.5 cm diameter scintillation counter are transmitted

through the beam line and subsequently detected in a small scintillation

counter of 1 cm diameter in front of the hydrogen target. The number of

transmitted particles decreases gradually with the amount of carbon put in

the beam. When degrading a primary LEAR beam of 600 MeV/c down to 400t4

MeV/c only 4% of the initial antiprotons are focused on the hydrogen target.
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Chapter II Principle of a transmission experiment and the experimental set-up

11-1 Basic description

In general, when measuring the total cross section of a type of particles on
a chosen targe*, one can either count the number of particles which react in
the target or count the number of particles which are left in the beam
behind the target. Comparison with the number of particles that entered the
target yields the total cross section. Like its name expresses already, a
transmission experiment looks at the transmitted particles behind the target.

In the ideal case one would like to have a point beam hitting the target and
an infinitesimally small detector behind the target to count the transmitted
particles. This is, however, not feasible. Actual beams have finite
transverse dimensions and at low incoming momenta the size of the beam
after the target may become substantial due to multiple scattering in the
target itself. The size of the transmission detector therefore has to be at
least as large as the beam itself, but this implies that particles which scatter
at small angles are classified amongst the transmitted beam.

A good solution to this problem is to measure the cross section for al! angles
larger than B\ outside the beam region and repeat this for several 0 j . An
extrapolation of the results to 8j = 0 will yield the total cross section
including all angles.

If Nó beam particles hit a target with k target particles per cm2 then

N, = N«*e"XcTi , (2-1)

where Nj is the number of transmitted particles with a scattering angle
smaller than 0j and

f dole)
o\ = J dQ (2-2)

e i dQ

the cross section for all scattering angles larger than Qj.

This may be written in terms of t , the absolute value of the four-momentum
transfer squared:

t = 2p 2
c m ( 1 " cose). f2-3)
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da - u da(O) (2-4)
dt p2

cm dB

max

°i = t{ f dt' f2-5'

where t; corresponds to scattering angle 9;, and pcm is the momentum of the
particles in the centre-of-mass system. An extrapolation to tj=O yields a t o t .

11-2 Derivation of a t o t

For the derivation of a^ot from the measurements we split the total
cross section into the elastic cross section and the inelastic cross section.
The inelastic cross section crme' is roughly isotropic, which implies that the
differential inelastic cross section dam e /dt is constant in the forward
direction, da'ne /dt = C. The elastic differential cross section for anti protons
on protons is determined by the sum of Coulomb, f ( t ) , and nuclear, f f t ) ,
scattering amplitudes:

ÉS.= I fC ( t ) + fN( t ) I2 (mb/(GeV/c)2). (2-6)
dt

The Coulomb amplitude is parametrized as [Jenn75]

fC( t ) = 2 he / 7 - i F ( t ) e ~ i 6 f t ) (2-7)
f3t

with:

a = fine structure constant = i / i37
p = velocity of the incoming p in the lab. system, p=v/c
t = the absolute value of the four-momentum transfer squared in

(CeV/c)2

F(t) = Coulomb formfactor of the antiproton for which the expression
F(t) = (1 + t/0.71)"4 holds

6(t) = phase of the Coulomb amplitude [Loch67] which may be written as:

6(t) = - Un(9.5t) + 0.5772] ccp"1 (2-8)

The optical theorem gives the following parametrization for the nuclear
amplitude:
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fN( t) = , 1 , _Lö t o t (P+ i ' e~hM. f2-9)
' 16 h1&K fic

with a^ot = total (nuclear) cross section (mb).

p = —-—M - the ratio of the real to the imaginary part of the
m ' forward nuclear scattering amplitude, p is assumed

to be independent of t for the limited t-region of int-

erest.

b = slope of the nuclear elastic scattering amplitude in (GeV/c)~2.

Like p, b is assumed to be independent of t in our t-range.

Using these formulae for fN( t) and f c ( t ) the differential elastic cross section

da(t)/dt can be written as a sum of Coulomb, Coulomb-nuclear interference

and nuclear differential cross sections:

da = dgC(t) + dgCN(t) + doN(t) f 2 - 1 0 )

dt dt dt dt

with:

C 2
d g ft) = 260.6 • NT6 (-Ü M + t/0.71)~8 (2-11)

dt P(

dgCN(t) = 0.0073 (-1) (1 + t/0.7irUa tote~%bt(pcos6(t)-sin5(t)) f2-12)
dt Pt

= 0.0511 a t
2

t (1+p2) e"b t . (2-13)
x o 1d t

In the above procedure the spin-dependent terms of the Coulomb and

nuclear amplitudes have been omitted. The spin-dependence of the Coulomb

amplitude originates from magnetic terms, which are negligible in the forward

direction. As the Coulomb and Coulomb-nuclear differential cross sections

fall off rapidly with t, this spin dependence may be neglected. The nuclear

spin dependence is generally added as a 1+ri2 term in the nuclear elastic

differential cross section, [Bour74] [Vinh82], such that

«^ ( t ) = 0.0511 a.2. (1+p2)(1+Ti2)e-bt. (2-14)
dt t O

The Coulomb cross section for angles larger than Qj

C *max , r
0, = ƒ .ËOiLdt (2-15)

tj dt

is determined absolutely, whereas the Coulomb nuclear cross section
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CN lmax C N

o; = ƒ °° (t) d t (2-16)
tj dt

may be calculated as a function of p, b and a t o t . The measured cross sect-
ions a; will be corrected by d;c + a j C N to obtain the sum of the nuclear
elastic and the inelastic cross section for all angles larger than 0 j ,
cj.corr = a.N + (j.inel, T h e c o r r e c t value of atot i s i n s e r t e d a f t e r recursive
computation. The values of p and b have to be taken from existing
measurements of these parameters. The Coulomb differential cross section
varies as t"^ and dominates at very small momentum transfer ( t < 0.001
(GeV/c)2 ) . In order to t.eep the Coulomb correction a-f- reasonably small,
partial cross sections should not be measured in this region.

The corrected cross section a-,corr is written as

< * i c o r > " = «tot - I a ° " m dt -dt u dt

= „ t o t +!i?JlLa2tot(1+p2)(1+Ti2){e"bti-i} - Ct-,

" "tot ~ 0.0511 a2
tot(1+p2)(1+Ti2)t; - Ctj. (2-17)

As the difference between a i
c o r r a n d ötot i s Proportional to t j , several

a j c o r r measured at different t-, can be fitted to a straight line which yields

"tot a t **<>•

11-3 The design of a transmission experiment

Fig. 2-1 shows a simplified view of a transmission experiment with a beam
counter 8 , a target and four transmission counters T-j» T 2 , T j and Tj,. The
coincidence between a signal in B and a signal in Tj Ti=1,2,3,4) indicates a
particle transmitted inside solid angle 0j spanned by T-,. The B and BTj
signal rates are counted by electronic sealers and yield the numbers Nd and
Nj. The sealer contents are read out by computer intermittently, which
implies that in such an experiment very high counting rates can be handled.
The disadvantage is, however, that no single event information is recorded.
This implies that there are relatively few possibilities to check the quality of
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beam

B fargef

Fig. 2-1: Simplified view of a transmission experiment.

the recorded data afterwards. Therefore one has to design the apparatus

carefully in order to avoid recording errors. One should try to achieve that

unavoidable instrumental effects disturb the measured cross sections a\ in

such a way that this disturbance vanishes by extrapolation to zero solid

angle. In this case the correct result for crtot is obtained. Before showing

the set-up used in our experiment a list of necessary precautions will be

given.

1. The incoming beam has to be known precisely. False beam pulses would

affect the normalization Hè of the measurement. Moreover one has to

ensure that the registered beam particles hit the target indeed. In order

to fulfil these require-Tients the beam particles B have to be counted by a

coincidence of at least three scintillation counters. The last counter

should be as close as possible to the target and should have a

substantially smaller surface than the target itself. Moreover, position

sensitive detectors should monitor the direction and location of the

incoming beam. Multiwire chambers will be used for this purpose.

2. To measure the absorption of antiprotons on protons the choice of a

liqi.ic' hydrogen target is obvious. Such a target is operated at a

t.er-carature of 20.5 K, which demands the use of several surrounding

containers to avoid heat leakage. These containers should be made as thin

as possible. Interactions in the containers are indistinguishable from

interactions in the liquid hydrogen. To extract the absorption by liquid

hydrogen only, full and empty target measurements have to be compared.

3. The detection efficiency of the transmission counters (f ig. 2-1} has to be

known accurately. Even when cross sections are large and the target

fairly thick, only a small fraction of the number of beam particles Ho is

scattered outside 0j« The transmission counters are supposed to count

the fraction of the beam that is unscattered. In this way the difference

between the number of beam particles B fNd) and the number of
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coincidences BTj (Nj) gives the number of particles scattered outside 0j .
In reality however this difference amounts:

Nd-Nj = number of scattered particles + (inefficiency of Tj) • Nd.

As the first term is small compared to Nd, a small inefficiency in Tj can
lead to a relatively large error in the number of scattered particles and
thus in the resulting cross section a-,«

4. An antiproton annihilation in one of the transmission counters may
provoke unwanted coincidences 3Tj in the other transmission counters. In
order to reduce the number of annihilations produced by outgoing p's in
the transmission counters it is more suitable to replace T2« T3 and T^ of
f ig. 2-1 by annular counters A1# A2 and A3 with increasing inner and
outer radii. A functional OR of the signals BTj and 8A, then yields the
number of particles scattered inside the second angle 02» etc. This
reduces considerably the amount of material the outgoing beam has to
traverse.

•s-

Fig 2-2 Classes of Interactions detected by B-T.
(a) pure transmission, no Interaction,
(b) elastic scattering at small angles,
(c) annihilation with at least one charged particle in the forward direction.
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5. Unfortunately, annihilations in the transmission counters and surrounding

materials still do occur and one should try to avoid their impact on the

final result of the measurement. This may be achieved if the erroneous

apparent partial cross sections extrapolate to the correct total cross sect-

ion. Assuming a uniform distribution of faulty hits in the transmission

counters, this will be achieved when the total surfaces of the counters

and the four momentum transfer values tj they cover, are both

proportional to i.

6. In the method described above one counts coincidences BT, to which

three groups of events contribute (fig. 2-2a,b,c):

a. pure transmission, no interaction,

b. elastic scattering at small angles,

c. annihilation with at least one charged particle in the forward direction.

It is possible to eliminate events of class fc) by surrounding the target

with a veto box of scintillation counters S, which is put in anticoincid-

ence with BTj. BSTj does not include events of class (c), nor events of

class (b) when the recoil proton has sufficient range to reach the veto

box S. Only the small-angle elastic scattering events still cause the

counting rates BSTj to depend on the four momentum transfer t j . From ex-

pression f 2-17) it is clear that the difference between the total

cross section and the partial cross sections <j j c o r r is again proportional to

t j . However this difference is smaller, as the term Ctj disappears.

BTj and BSTj may be counted at the same time and the

— 0-,corr from BST,

— « C D r r from BT,

—~ momentum transfer t

Fig. 2-3: Result of a transmission experiment.
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result should look similar to f ig. 2-3. This provides an extra check on the

quality of the recorded data.

11-4 The experimental set-up

Fig. 2-H shows the set-up which has been used in our measurements of the

total cross section as a function of momentum.

The incoming beam 3 is defined by a coincidence of three thin circular

scintillation counters 3d, B1 and 82. To avoid false pulses produced by the

Cerenkov light of fast particles traversing plexiglass light guides, these

counters operate without plexiglass light guides. The light produced in a

scintillator suspended above an XP2020 phototiultiplier is reflected into this

multiplier by a thin aluminium foil fixed to the inside of a thin plastic cover.

Discriminator thresholds and high voltages of the beam counters were set to

accept the pulses from antiprotons and to reject the smaller pulses from

pions and kaons.

Counter Bé is 25 mm in diameter and is placed between the two degrader

wheels in the first beam focus. Counter B1 is 35 mm in diameter and is

placed 20 metres down-stream, 86 cm in front of the hydrogen target. The

timing of the coincidence between 30 and B1 rejects the few on-momentum

pions, which are produced in the degrader and arrive at 31 . At 600 MeV/c

incoming momentum the BÓ-B1 time of flight difference between antiprotons

and pions is 55 nsec. The BÓ-B1 time of flight is recorded once every 50

msec, thus at a rate -500 times lower than the rate of the incoming beam.

This information is used to measure the momentum spread of the incoming

beam.

The third beam counter, B2, is placed 75 cm down-stream B1, 6.5 cm in

front of the first liquid hydrogen volume. It has a diameter of 1 cm and

defines, together with B1, a cone well clear of the walls of the hydrogen

target. Table 2-1 gives a list of all the scintillation counters in the set-up,

their sizes and distances to the centre of the liquid hydrogen target.

The incoming beam also crosses three multiwire chambers, PCé, PC1 and

PC2. These detectors are necessary for beam tuning. Moreover, during the

experiment these chambers monitor the direction and location of the beam.

All three chambers are of the same type. They consist each of a set of two

multiwire detectors, one with horizontal and one with vertical sense wires,

both with 1 mm wire spacing. The amount of material of these chambers was

kept at a minimum (0.06 g/cm2) to minimize energy loss spread and multiple

scattering of the beam.
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Fig. 2-4: The experimental set-up for measuring pp total cross sections. For clarity the
figure Is not to scale in the region of the transmission counters.



26

Table 2-1
Scintillation counters used in the transmission set-up
The distance between T and the target (Dist) can be varied between 50 cm
and 90 cm.

Counter

BÓ

B1

B2

T
A1

A2
A3

S1

S3
S2,S4,S5
S6

S7

El

E2

Radius
outer
fern)

1.25
1.75
0.5

6.0

8.5
9.9

10.8

20.0
24.0

1.75
1.75

inner
(cm)

5.95
6.6
6.75

3.0

3.0

10.8
9.1

Distance from
target centre

(cm)

- 2100
- 86
- 11.3

Oist
Dist -0.5
Oist -5.85
Dist-13.50

- 10
+ 10

Dist-14.2
44

Dist+37
Dist+52

Thickness
(cm)

0.1

0.05
0.05

0.15
0.15
0.15
0.30

0.3

0.3
0.3
0.6

0.6

0.05
0.05

PCi is placed in front of the degrader wheels, and monitors the direct
LEAR beam in the first focus. PCI and PC2 are placed at 55 cm and 23 cm
respectively in front of the hydrogen target. It is important that the beam
crosses the target near the central axis and at small angles with this axis to
avoid interactions of the antiprotons with the walls of the target. In order
to check this, wire chamber hits are recorded onto magnetic tape once every
50 risec.

The liquid hydrogen target, see fig. 2-5, consists of two liquid volumes,
flask A and flask B, which are suspended from a liquid hydrogen reservoir
and may be filled and emptied independently. The lengths of both flasks
were measured optically using a mirror reflex camera with a short focus
macro objective. The camera was placed on a'i optical bench and was moved
back and forth in order to focus on the mylar windows of the liquid
hydrogen volumes. By repeating these measurements several times, the
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length of flask A was determined to be 8.33+0.04 cm and the length of flask
B was determined to be 1.17+0.03 cm. After a few high statistics total
cross section measurements using both flasks alternatively, a systematic
difference between the measured cross sections was observed. This indicated
that 1.1i|8±0.008 cm is a better value for the length of flask 8 (see section
IV-4 ) .

Liquid Hydrogen Target

beam

He

B

germanium resistor

dome

vacuum vessel

l cm

\
He

Fig. 2-5: The liquid hydrogen target, showing the long (A) and short (B) target flasks and
the parts of the assembly the beam has to pass.

The targets are designed to prevent bubbling to a minimum. Moreover,
cylinders are put in the liquid hydrogen, which guide the bubbles produced
by boiling hydrogen at the bottom of the target to follow the walls. These
cylinders determine the useful diameters of 3 cm and 4 cm of flask A and B
respectively.
The flasks are separated by a 50 ixm mylar window. The liquid volumes are
surrounded by a hydrogen gas volume which is kept at the same pressure as
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the liquid (hydrogen vapour pressure, 1.038 Atm.) in order to keep the

target windows flat. Around the above-mentioned system there is ~3 cm

vacuum. Along the mylar windows which separate the vacuum from the room

a small flow of helium gas is blown continuously to avoid condensation on

these windows. The beam has to traverse a total thickness of 650 nm target

mylar windows.

On the top and bottom of both flasks four individually calibrated germanium

resistors are mounted. From their resistances temperatures in the target may

be derived with a precision of 0.05 K. This makes it possible to calculate

liquid hydrogen densities to a precision of 0.1% and gas densities to a

precision of 0.3%. The uncertainty in the effective length of the target leads

to an estimated normalization uncertainty of 0.7% for the long target and 1%

for the short target.

The particles transmitted by the target are counted in a set of U scintillation

counters, T, A l , A2 and A3. The circular scintillator T counts the outgoing

beam and all small-angle reaction products. It is 1.5 mm thick, has a 6 cm

radius and has no light guide. Particles scattered into larger forward angles

are counted in three annular transmission counters. A1 and A2 have no light

guides whereas A3 has a plexiglass light guide. All counters are supplied

with XP2020 high gain, low noise photomultipliers. Low noise is an important

requirement for the transmission counters as their signals are added

together in logical OR's.

The target is surrounded by the so-called S-counters. They fill up a

In solid angle apart from holes for the incoming and outgoing beam and a

hole on the top through which the hydrogen target is suspended. S1+S5 form

a box around the target vacuum vessel. S6 and S7 are annular counters.

Together with the transmission counters they shield the angular region

spanned by the 6 cm diameter hole in S3 for the outgoing beam. All

transmission counters and S-counters are set at appropriate voltages and

discriminator thresholds to detect both antiprotons and pions. The S-

counters allow to veto annihilations by counting BSTj.

As was pointed out in section 11-3 the knowledge of the efficiency of T is of

major importance. This efficiency is continuously monitored by two small

scintillation counters El and E2, placed behind T. They are named efficiency

counters. Comparison between the coincidences 3-T*E and B*E, where E

stands for E1-E2, yields the efficiency of T. The same efficiency is assumed

for the annular counters. This efficiency turned out to be always better

than 99.9%. The appropriate correction is applied to the transmissions Nj/N^.
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Between the transmission counters and the efficiency counters a fourth multi-

wire chamber is placed. PC3 has 2 mm sense wire spacing and also one

horizontal and one vertical sense wire plane. This chamber is used to

monitor beam profiles behind the transmission array. In this way beam

profiles can be checked whenever the four different partial cross sections

would not form a straight line as a function of t-, [HamiSOa].

The ensemble containing transmission couriers, PC3 and efficiency counters

is placed on a trolley, which can move along the beam line. This allows to

set the transmission counters in the desired t-range. In this way the

distance between T and the liquid hydrogen target can vary between 50 cm

and 90 cm. In order to avoid errors due to multiple scattering in the target

and surrounding materials, the T counter is always placed such that

particles with four times the mean multiple scattering angle are still detected

inside T.

Fig. 2-6: Photograph showing the MLS-electronics, which was used in the total cross
section experiment.
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11-5 Data acquisition

The signals of the 16 scintillation counters pass through 40 m coaxial cables
to the counting room, where they are transformed into logic (NIM) pulses by
discriminators. Then they pass through many OR-gates and coincidence units
in order to produce the signals, that are finally counted by CAMAC sealers
and recorded on magnetic tape. The 62 discriminator cards, 23 OR-gates and
32 AND-gates are all units of the so-called MLS (micro logic system)
electronic system. The system was designed at the Rutherford Laboratory,
England, some 20 years ago. Although it does not look user-fr iendly
f f i g . 2-6) it is very compact and fast f6 nsec per unit) and in particular
very reliable. Table 2-2 gives a list of the coincidences that are finally
wri t ten on tape. The f i rs t 24 items are counted by 32 bits CAMAC sealers
and the other 22 signals are counted by 16 bits CAMAC sealers. Not all of
these 46 signals are necessary to derive the cross sections, but they allow
cross checks in order to locate possible errors in the system. The signals
which contain the notation A, like BATj , are coincidences in which one of
the two signals is delayed by an amount of time (~60 nsec) in order to get
an estimate of random coincidences. As all signals are looked at in
coincidence with the beam signal B=Bó-B1«B2, B is kept narrow (6 nsec) to
avoid random coincidences.

Table 2-2
Siqnals that

1 .

4 .
7 .

10.

13.

16.

19.
22.
25.

28.

3 1 .

34.

37.

40 .

43.
46 .

Be
8(481
B T ,
B T 4

BST,
BST,,
SS
B A ,

BAT,
BAT4

BSAT3

8T2AS
BAS

S2
S5

BE

are recorded on maqnetic

2.

5.
8.

1 1 .

14.

17.

20.
23.

26.

29.

32.

35.

38.

4 1 .

44.

B1

B
B T 2

BET

BST2

S

B(S+T4)
BA 2

BAT2

BSAT,
BSAT,,
3T3AS
BAfS+Tj,)
S3
S6

3.

6.
9.

12.

15.

18.

2 1 .

24.
27.

30.

33.

36.

39.

42.

45.

tape

B2

BE
B T 3
BAS

BST3

BS
BAfST
B A 3

BAT3

BSAT2

8T,AS
BT4AS
SI

S4

S7
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The sealer contents are read every minute by an HP2623A computer and

written onto magnetic tape. A complete, full and empty target, measurement

takes between 10 minutes and one hour depending on beam intensity, target

length and desired statistical error. All the one minute sub-measurements

provide a means to check the consistency of the results. Total cross sections

are computed immediately after the measurement by the on-line computer.

Per measurement approximately 104 triggers for the wire chambers and the

8Ó-B1 time of flight TDC are read out. For PCó, PC1 and PC2 the B<4 signal

is used as a trigger. This gives the opportunity to look at the background

which is present during a measurement. For PC3 generally the trigger B-E

is used. This allows to look at the tails of the beam distribution behind the

target to check whether all transmitted beam particles are detected in T.

Wire chambers are read out by the standard CERN read-out system (RMH).
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Chapter I I I Data analysis

111-1 Beam momentum and four momentum transfer

The momentum of the antiprotons at the centre of the target differs from the
extracted LEAR beam momentum as the antiprotons lose momentum in the de-
graders (if used), in windows and detectors in the beam line and in the
target itself. For this reason and to avoid multiple scattering the detectors
and vacuum windows were made as thin as possible.

The mean momentum at the centre of the target is calculated using the Bethe-
Bloch formula for energy dissipation of a charged projectile due to inter-
actions with the electrons of the medium it passes [Fano63]. The difference
between the momentum calculated and the mean momentum measured by time
of flight between B6 and 81 is always smaller than 2 MeV/c. The momentum
spread of the beam is derived from the spread in measured time of flight
and iscf=4 MeV/c between 388 MeV/c and 599 MeV/c. The total momentum
loss of the undegraded 610.8 MeV/c incoming beam up till the centre of the
8.33 cm long liquid hydrogen target is 11 MeV/c.

Using the momentum of the beam in the centre of the target and the position
of the transmission counters during a measurement the four-momentum
transfer values are computed. This has to be calculated relativistically, but,
on the other hand, the usual high-energy approximations (like p=E) cannot
be applied. Conservation of momentum p, and conservation of energy E+m,
applied to elastic scattering of two particles with equal mass m leads to the
following expression for p t = IpT Î as a function of the lab scattering angle
9 (fig. 3-1):

Fig. 3-1: Elastic scattering of two particles with equal mass m.

2mp(E+m)cos0
P1 = - (3-1)

(E+m)2-p2cos20
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The absolute value of the four-momentum transfer is calculated as a function
of 0:

t = UE-E , ) 2 - ( p - p ^ l = - 2(m2 - EE, + pp^osQ). (3-2)

The dimensions of the transmission counters were chosen such that the
values of tj are approximately proportional to i, regardless of the position of
the trolley. The tj-values vary typically between 10"2 and 10~3 (GeV/c)2 .

I l l —2 The hydrogen content of the target

The filling of the target does not only change the amount of hydrogen in
flask A or 8 , but, by lowering the temperature, also the amount of
hydrogen gas in the other flask and in the gas domes. The gas domes near
flask A and flask B have a length of 6.2 mm and 9.8 mm respectively (see
fig. 2-5). The amount of hydrogen gas present in empty target runs has to
be subtracted from the amount present in full target runs.

The hydrogen temperatures are monitored with a precision of 0.05 K by four
germanium resistors, one on the top and one on the bottom of each flask.
The difference between top and bottom temperatures was always very small
and the average was taken. From the measurement of the temperature of the
empty flask A whilst B was full and vice versa the temperatures in the gas
domes were estimated. They were assumed to be 3 K higher than the
temperature in the neighbouring cell.
The temperature of liquid hydrogen in the full cell varied between 20.43 K
and 20.58 K. The liquid density variation in this range is 0.2%. An average
temperature of 20.5 K with a liquid density of 0.0708 g/cm3 was taken. Gas
temperatures, T , during full target runs were stable at 22-24 K. However,
they would slowly rise to 50 K during empty target runs. The following
parametrization for the gas density p was used:

p = p • (14.8 + 40.7-T - 1332.6J-1 ( g / c m 3 ) # ( 3_ 3 )
T-6.03

where p is the vapour pressure of liquid hydrogen in atmospheres. The
vapour pressure of 20.5 K liquid hydrogen is 1.038 atm.

By multiplying with the appropriate lengths the final, full minus empty,
target thickness d in g/cm2 is obtained. From this number the number of
target scatterers per mb, \ , follows:
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X = i n " " d NA (mh"1), (3-4)

where N/\ = Avogadro's number = 6.022 • 1023 ,
A^ = atomic mass of hydrogen = 1.0079.

If one compares the thickness d obtained in this way with the thickness of
liquid hydrogen in the full flask only, d decreases by 0.5% to 1.5% for long
target measurements and increases by 5% to 7% for short target
measurements. The effect is relatively more important when using the short
target flask. When the short flask is filled, the long flask cools down and
its hydrogen density increases, which causes a relatively large increase of
the amount of hydrogen in the beam.

111-3 Computation of cross sections

One can now pass to the calculation of the cross sections a-, for the four
different tj (3=1,2,3,4). The number of transmitted particles Nj inside solid
angle Q\ is counted by the number of coincidences between the beam B and
the transmission Tp

N, = BT, = BT,
N2 = BT2 = B(T+A1),
N3 = BT3 = 3(T+A1+A2),
N4 = BT4 = B(T+A1+A2+A3). (3-5)

These numbers, however, have to be corrected for random coincidences.
Random coincidences are chance coincidences between two uncorrelated
particles striking the two counters at the same moment. An estimate of these
randoms can be obtained by counting the number of delayed coincidences
BATj» As the number of transmitted particles 3Tj is rather close to the
number of beam particles B, the chance, BTj/B, that BATj counts two
different real particles which are 60 nsec apart in time is close to 1. These
randoms should not be subtracted from BTj. Summarizing:

Nj = BTj - BATj (1 - H i ) . (3-6)
B

When using the method with the veto box and the coincidence BSTj. two dif-
ferent random coincidences have to be counted: BSATj and BTjAS. BTj&S
counts the number of random coincidences between BTj and S
(S=S1+S2+S3+S4+S5+S6+S7). The number
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has to be added to BSTj. Summarizing:

(3-7)

Nj = BSTj + BTj&S ( B S T i ) - BSATj ( i - 8 S T i ) - (3-8)
BTj BS

On average random coincidences correct Nj by -0.2%, which has a +0.2%
effect on the measured cross sections.

Expression (3-7) and (3-8) still have to be corrected for the efficiency of
the transmission counters. The coincidence E between efficiency counters El
and E2 determines the efficiency of the T-counter only. The same efficiency
is assumed for the annular counters, thus:

Nj = {BTj - BATj (1 - H i } } -£§- (3-9)
3 BET

or

Nj = {BSTj + BTjAS ( l ! l i ) - BSATj ( i - .Ülli)} -£§. . (3-10)
BTj BS BET

Mean inefficiencies are of the order of 0.02%, giving rise to a correction of
-0.3% on the cross sections.

The numbers Nj are measured both for full and empty target runs, N;F and
NjÉ. Let Hé and Nó be the number of incoming beam particles B for the
full and empty target measurements. Let X be the number of protons per mb
in the liquid hydrogen target, then:

-S\k0jk
NjE = NÓE e k , (3-11)

c -pk<Tjk-\<Ji
NjF = NÓF e k , (3-12)

where £\kcrjk refers to the sum of background absorbers per mb times their
cross section Ujk for antiprotons in the surrounding materials. From these
equations the cross section for antiprotons on hydrogen can be derived:

aj = 1 { l og tó -Aog tó } . (3-13)
71 NdÊ N<4F

However, the fact that the antiprotons lose energy in the target makes the
comparison between full and empty target measurements more complicated. To
be more precise, (3-11) and (3-12) have to be rewritten in the following
way:
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NJE = U6C e k , (3-14)
-p k a ik ( p F ) -Ka j (p F )

NjF = N«T e k . (3-15)

Oj(p) =

The value

\

of

kK

F.

kai k (pF )

Vy
" " N « 4 E

cannot

Xog

be
No

calculated

)(N 'F)
NóF

exac

So the cross sections for the materials in the beam, ffjk(p), are written as a
function of the momentum of the beam which passes through. The beam
momentum in any absorber in front of the target is the same for full and
empty target: ajk(pg) = 0 j k (pF ' - '" absorbers behind the target the
beam momentum during full target runs is lower than during empty target
runs. As cross sections increase with decreasing momentum, the absorption
behind the target is larger during full target runs.

Using (3-14) and (3-15) one can derive a new expression for the cross sect-
ion (Jj(p) on hydrogen:

(3-16)

individual background contributions precisely. However, considering the set-
up one can make an educated guess. All materials starting from B2 up to the
last mylar window of the target contribute. For the partial cross sections
cjjkfpg) and <j.k(pp) on nuclei with atomic mass A an A2 /3_ d e p e n c J e n c e 5s

taken [Aiha81]. Cross sections ajk(p) are assumed to have the same
momentum dependence as total cross sections. Total cross sections follow the
dependence <Jtot = a + b/p. The parameters a and b are derived from the
results of our own measurements. As we will describe later a=65.8 mb and
b=53759 mbMeV/c in the rangf> 388 MeV/c - 599 MeV/c.

Following these assumptions e can be calculated using the mean beam
momentum in every slab of material in the beam. A typical value for z
around 500 MeV/c using flask A is 1.0048 giving rise to a -0.3% correction
on the cross sections.

The obtained partial cross sections a-,(p) have to be corrected for Coulomb
scattering and Coulomb-nuclear interference to obtain the cross sections
<*jcorr(p)« The procedure is described in chapter II and a discussion of the
parameters involved will be given with the results in chapter IV.
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111-4 The statistical error on a t o t

The statistical error on the total cross section depends on the cross sections
O j c o r r ( p ) . Regarding the way ffjcorr{p) are measured it is clear that the
statistical errors on the four points are highly correlated. The statistical
error on the first point, for example, depends on the number of hits
N<jF and N ^ in T. The statistical error on the second point originates from
the number of hits N 2

F and N2
E in T+A1, where N ^ and N^E are contained

in N 2
F and N2

E respectively and form even the major part of N 2
F and N 2

E .
When calculating the statistical error on the total cross section one has to
take the correlation between these errors into account. The procedure is
described in appendix A. Here we restrict ourselves to giving the statistical
error on cj j c o r r only:

i { ( ) ( ) } ( )
X N6FNjF N«JENjE

If the linear correlation between the four a j c o r r is good, the statistical error
on atot differs very little from the statistical error on a^orr. In the
derivation given in appendix A we only mention the statistical errors on
ö j c o r r ( p ) , because the measuring errors on tj have no influence on the
measured a%Of The tj values are determined by the momentum of the
incoming p's and the distance between the target and the transmission
counters. This distance is calculated from the position of the trolley with an
absolute precision of ±5 mm and a measurement to measurement precision of
£0.5 mm.
All counters are mounted on the same support and move simultaneously.
Their distances to the target (50-90 cm) are nearly equal, so an error on
this common distance gives a scale factor on all tj values. On the a j c o r r (p )
versus tj - graph this would appear as shrinking or expanding the horizontal
scale, which does not affect the result for

111-5 Measurement of the pp •> Tin cross section

The transmission experiment was designed to measure total cross sections
and to search for resonances in the cross section as a function of the
incoming antiproton momentum. In view of the search for baryonium, two
partial cross sections are of special interest for this bump-hunting exercise:
the elastic cross section and the charge exchange cross section (see section
V-2 ) . One may profit from the nearly 4JT angular coverage around the target
by scintillators (S+T4) in our set-up to extract information on the charge
exchange reaction pp * nn, and thus corroborate results from the total
cross section measurement by data on the charge exchange reaction. The
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sample of events without any outgoing particle detected in coincidence with
the incoming antiproton, 3{S+T^), represents fairly the charge exchange
events. This sample, however, simultaneously contains:

(1) annihilation events where all charged particles elude detection,
(2) pp -> ku° (k e N, k * 1) annihilations, when none of the y-rays from

the M° decay are detected.

Moreover, this sample lacks:

(3) those charge exchange events, where either n or n are converted
into charged particles, which are detected in the set-up.

The parasitic measurement of the charge exchange cross section is hampered
by the fact that these corrections are hard to estimate. As especially the
third correction is large and uncertain, the danger of large systematic
uncertainties in the absolute value of the cross sections is very much
present. As one may reasonably expect that the corrections to be applied
are smooth functions of the incoming p momentum, both the corrected and
the uncorrected charge exchange cross sections will nevertheless be of value
for bump-hunting. We will therefore describe the procedure in some detail.

The number of charge exchange events N corrected for random coincidences
is:

N = B(S+T4) 4 3A(S+Ti» B < s + ™ . (3-18)
8

Due to absorption in the target itself the average number of incoming anti-
protons along the target equals:

K = (N*+N1 ) /2, (3-19)

where N1 is the number of antiprotons transmitted through T . Using these
expressions the uncorrected cross section an eutr is calculated:

= ±

with statistical error

aneu t r = ± ( j £ - NEj. (3.20)
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We made an attempt to determine the value of the corrections, which correct
CTneutr **"" t n e t n r e e effects mentioned above, to obtain the charge exchange
cross section <JCE* ' r ° r these calculations we assumed that the annihilation
cross section amounts to 57% of a t o t and that the charge exchange cross sect-
ion amounts to 7.5% of

ad 1. There are two holes in the set-up where charged particles may
escape detection. First there is the 6 cm diameter up-stream hole in
the veto box. It covers 2.3% of the solid angle for flask A and 1.1%
for flask 3 . Secondly there is the hole in the top of the veto box,
which covers 3.6% of the solid angle for both flasks. Using the
branching ratios for 2 prong, 4 prong and 6 prong annihilations and
assuming an isotropic angular distribution for the annihilation
products, the fraction of escaping events is calculated. They account
for 1.02% of the charge exchange cross section at 500 MeV/c for the
long target and 0.63% for the short target.

ad 2. If one wants to quote the cross section for pp •»• nn only, one has to
correct for other 0-prong events. The reactions most frequently oc-
curring are given in table 3-1 [Maru80].

Table 3-1 pp •*• Q-pronq annihilation
Branching ratios for the most important channels

0-prong annihilation
reaction fraction of the total an-

nihilation cross section
pp + 2ii° 0.05%
pp •> 3ii° 1.03% ± 0.34%
pp + 2H°T) 0.35% ± 0.11%

pp + ku° (k*4) 2.2% ± 0.5%

Of the ii°'s 99% decay into two photons, whilst r) decays
predominantly into YY/ 3it°, n\~n° o r u V y .
Taking the average thickness of material surrounding the hydrogen
target into account, the mean conversion probability for photons is of
the order of 30%. Using this information the correction is calculated.
This correction is of the order of 3% of CJQE f o r b o t n t h e l o n 9 a n d

the short flask at 500 MeV/c.
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ad 3. The third correction is much more difficult to evaluate. Antineutrons
have, like antiprotons, a high total cross section on nuclei. About
50% of the reactions are annihilations producing many charged
particles. In order to find the magnitude of this correction one has to
follow the produced antineutrons through the set-up and see where
they can interact with which material. This is a rather elaborate task
considering the complexity of the hydrogen target. The shape of the
differential cross section for pp •*• Tin is an important input for the
calculation as it dictates where the "n's go. Data on this are given in
[8izz68], [Kohn72] and [Naka84a]. Additionally one has to consider
the chance that the neutrons will be detected. It is assumed that
neutrons are detected only if they interact directly in the scin
tillators.

The calculations were done to first order and it turns out that the
corrections are rather big. At 500 MeV/c 27±7% of the pp •* Tin events
are finally detected for the long target and 7.5±2.5% for the short
target. At 400 MeV/c this number rises even to 31±8% for the long
target.

All three corrections mentioned above have a smooth behaviour as a function
of momentum. So in spite of the fact that it is difficult to obtain the correct
absolute value for the charge exchange cross section, its general behaviour
as a function of momentum may be measured in the transmission set-up.
Structure, if present, should be seen even in uncorrected data.
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Chapter IV Results of the 0tot-measureinents between 388 MeV/c and 599

MeV/c

IV-1 Introduction

Up to now the most extensive scan of our total cross section experiment was

made in November 1983 during a few days of LEAR running at 610.8 MeV/c.

Using the degrader wheels this LEAR momentum allowed to scan over the 500

MeV/c momentum region, the region of the S-meson, the controversial

baryonium candidate. The measurements will be discussed in chapter IV. A

review of previous measurements in this region will be given in chapter V.

The scan consists of 24 cross section measurements with the long target and

5 measurements with the short target. Data were taken with the long target

in steps of momentum of about 10 MeV/c, and 5 MeV/c steps near 500

MeV/c. Statistical errors are typically 0.4%. The measurements with the

short target are all near 500 MeV/c and have statistical errors of l%-2%.

The primary LEAR beam intensity varied from 1.2«105 to 1.4>104 p/sec.

Moreover, due to the use of the degrader, only 4% of the primary anti-

protons are transmitted through 82 at the lowest momentum (388 MeV/c). At

the highest momentum, without the degrader,. the total cross section was

measured with a statistical error of 0.4% within 10 minutes. At the lowest

momentum it took a full one-hour spill to reach the same precision. The

momentum loss in the 8.33 cm liquid hydrogen target is 11 MeV/c at 599

MeV/c, 16 MeV/c at 500 MeV/c and 27 MeV/c at 388 MeV/c.

Tests were done on-line to check whether the measured cross sections

altered systematically with deliberate changes of the beam. Results did not

change when the beam was displaced by 2 mm, nor when the beam intensity

was diminished by a factor 10. A few measurements were repeated after

displacing the trolley carrying the transmission counters. The results were

the same within statistical errors.

IV-2 Time of flight and wire chamber information, experimental resolution

The beam momenta at the centre of the target were calculated using energy

loss in the degrader and the various materials in the beam. They were

checked against the results of the BA-81 time of flight measurements and

agreed to within 0.4 nsec. This corresponds to momentum differences of 2

MeV/c maximum. The width of the time of flight spectra varied between
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ff=0.6 nsec at the highest momentum and «=1.0 nsec at the lowest momentum,

which corresponds to a momentum spread of approximately a=4 MeV/c over

the whole momentum range.

This allows to determine the experimental mass resolution for a possible

resonance. The width of the experimental resolution is a combination of the

momentum spread of the beam and the momentum spread due to energy loss

in the target. Interactions at the up-stream end of the target have a higher

incoming p momentum than interactions at the down-stream end. This can be

represented by a flat probability distribution. The width of this distribution

corresponds to the total energy loss in the target, which amounts to 7.5

MeV at 500 MeV/c for the long target. The spread a of a flat distribution is

1//T? of its total width. So the energy spread in the laboratory system due

to energy loss in flask A is 2.16 MeV at 500 MeV/c. The momentum spread

of the incoming beam corresponds to an energy spread of 1.88 MeV at 500

MeV / c. Comb i ni ng the two, leads to a total energy spread of

/i,882+2.162 ' = 2.86 MeV in the laboratory system, corresponding to a mass

spread of 1.39 MeV/c2 in the centre-of-mass system.

Note that the experimental resolution has an almost equal contribution from

both terms. This implies that the use of the short target flask does not give

a substantial improvement in this momentum region. The momentum loss in

flask 8 is 2.3 MeV/c at 500 MeV/c. This corresponds to an energy spread of

0.31 MeV in the laboratory system and, together with the beam momentum

spread, to an experimental mass resolution of 0.92 MeV/c2 in the centre-of-

mass system.

Simultaneously with time of fl ight, wire chamber information was recorded.

The average width (FWHM) of the beam and its maximum displacement AS

from the mean location are given in table 4-1 for every wire chamber plane.

The values are obtained from the runs where all wire chambers are strobed

by Bó.

As an example f ig. 4-1 shows the beam profiles for the full target run at

p=540.2 MeV/c. Detailed information on the cross section measurement at

540.2 MeV/c will also be given in section IV-4. During this run all wire

chambers were strobed by Be apart from PC3, which was strobed by B«E in

order to see the tails of the beam distribution behind the transmission

counters. This allows to check whether multiple scattering might have had

any influence on the results of the measurement. The projected size of the

transmission counter T is drawn on the bottom of the PC3 histograms in f ig.

4-1, showing that the outgoing beam stays well inside T.
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Fig. 4-1: Wire chamber profiles for the full target run at p=540.2 MeV/c. The lines on the
bottom show the size of T projected on PC3. PC3 was triggered by BE. The other
chambers were triggered by Bo.
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horizontal wires vert ical wires
FWHM (mm) AS (mm) FWHM (mm) AS (mm)

PCi 5 <2 5 <2

PCi 12 <3 12 <3

PC2 6 <2 fi <2

PC3 32 <3 32 <3

Table 4-1 Summary of wire chamber information

The average spatial width (FWHM) and the maximum displacement AS from

the mean location are given for the beam spectra measured in each wire
chamber.

IV-3 Parameters involved in the analysis

The data analysis procedure is described in chapter I I I . In order to judge

the relative importance of the various corrections, table 4-2 recalls the

dif ferent correction steps and their influence on atot near 500 MeV/c.

Type of correction Percentage of

Cas density corrections flask A +0.5% to +1.5%

Gas density corrections flask 8 -5.0% to -7.0%

Random coincidences +0.2%
Efficiency of T , A v A 2 , A3 -0.3%

Full minus empty momentum correction -0.3%

Table H-2 various corrections to

After these corrections one obtains the cross sections Oj which subsequently

are corrected for single Coulomb scattering and Coulomb-nuclear inter fer-

ence.

The parameters for the Coulomb differential cross section are completely de-
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termined, but in order to correct the data for Coulomb-nuclear interference
the values for p, the real-to-imaginary ratio of the forward scattering
amplitude, and b, the slope of the nuclear amplitude have to be chosen. The
values for p were chosen from a f i t to the data of M. Cresti et a l . [CresR3],
who measured p at 8 momenta between 353 MeV/c and 578 MeV/c in a bubble
chamber experiment. Their results are consistent with the results of H.
Iwasaki et al. [Iwas85] and V. Ashford et al . (AshfBSl. The parametrization
for the value of p as a function of momentum is:

P = 1.333 p - 0.662 (p in GeV/c). (4-1)

The value of n is -0.14 at our lowest momentum, +0.14 at the highest
momentum and close to zero near 500 MeV/c. The parametrization for the
slope b was taken from the same reference [Cres831:

b = (2.88 + 1.03/p) (p in GeV/c) (4-2)

2 4 6 8

t (0.001 x(GeV.'c)2)

Fig. 4-2: The Coulomb correction o (
c and the Coulomb-nuclear correction c,CN as a function

of momentum transfer t| at 59S.6 MeV/c. The arrows indicate the four tj-values
which correspond to the transmission counter locations at this momentum.
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Using these values cij^N j s calculated as a function of otof F ' n a " y the
correct value of otot ' s obtained after recursive computation. Fig. 4-2 shows

the values of a-{" and as a function of the four-momentum transfer
t-, for a momentum of 598.6 MeV/c, where p=0.14. The arrows indicate the
four tj-values which were actually used at this specific momentum. Changing
the value of p by Ap=+0.1 changes the final result for the total cross section
by Aatot=-0.5% at the highest momentum and Aatot=-0.6% at the lowest
momentum.

IV-4 Results

Fig. 4-3 shows the result of the measurement at 540.2 MeV/c for both
analysis methods. The upper line represents the cross sections using trans-
missions RSTj/ the lower line using BTj. Table 4-3 gives all the relevant
numbers involved in that specific measurement.

165
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14S

P -
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S ^ ^ ^ BT:

-

• 1 , 1
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164
164

2 MeV/c
.76
.82

+ 0
± 0

TV

I

.49

.46

\

mb

mb

2 4 6
t IO.OOU(GeV/c)!l

Fig. 4-3: Result of th» total cross section measurement at 540.2 MeV/c. The corresponding
numbers are given in table 4-3.
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The total cross sections for the two different methods generally differ less
than 0.3 mb. As sealer values were written onto tape every minute, all these
one-minute runs allow to check the internal consistency of the results. This
was done in the following way. All results for complete measurements were
calculated first. Then the one-minute subruns were combined randomly for
full and empty target at the same momentum. A total number of 171 subsets
was obtained in this way. The total cross sections of the subsets,
ötots u b s e t» were then compared with the total cross section results of the
complete runs, atof '* c a n ^ e s n o w n that:

var (a t o t ) . (U-3)

Fig . t - 4 shows the distribution of

subset _
tot tot

tot
- var(a t o t»*

for the 171 subsets. The solid curve in fig. H-H is the expected normal dis-
tribution. From this figure one can conclude that, within each run, the
fluctuations are compatible with statistical fluctuations.

<U

O

- 2 - 1 0 1 2
D e v i a t i o n f r o m m e a n

Fig. 4-4: Internal consistency of the atQt-results. The values of
( " t o t 8 " " 3 " 1 - "tot>'<w< °tot bSet)-var( a f 0 , ) ) t for 1171 subsets are plotted as
described in the text. The solid curve shows the expected normal distribution.
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Table 4-3 Example of a atot-measurement

Numbers involved in the otot-measurement at p=540.2 MeV/c in the centre of
the long target, all corrections mentioned in chapter I I I have been applied.

Distance target - T = 86.6 cm
Target thickness d = 0.58552 g/cm2

p = + 0.06
b = 22.9 (GeV/c)"2

Full target
Empty target

Transmissions BT

i
1

2
3

4

i

1

2
3
4

N j F

3896919.
3909312.
3919385.
3930476.

t j

(GeV/c)2

0.001390
0.002813
0.004316
0.006220

N<AF = 4189206
NdE = 2043507

i

NjF /NdF

0.93023
0.93319
0.93559
0.93824

CJj

(mb)
161.98
157.47
153.27
147.98

N j E

2011871.
2015079.
2017293.
2019255.

of a .CN
i

(mb) (mb)
0
0
0
0

.70 0

.33 0

.20 0

.13 0

.22

.21

.19

.17

NjE/N<AE

0.

0.
0.
0.

.98452

.98609

.98717

.98813

^.corr

(mb)
161.06
156.94
152.87
147.67

Aa j c o r r

(mb)
0.46
0.U4
0.43
0.42

a t o t = (164.82 ± 0.46) mb
slope a = (-2764 ± 36)mb/(CeV/c)2

X = 3.9 per 2 degrees of freedom
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Transmissions 3STj

i
1

2

3
4

j

1
2

3
4

N,F

3875169.
3883910.
3890398.
3895920.

t j

(GeV/c)2

0.001390
0.002813
0.004316
0.00S220

NjF /N6F

0.92504
0.92712
0.92867
0.92999

ai
(mb)

163.89
161.21
158.87
156.49

N .E

2002019.
2004644.
2006339.
2007509.

öjC öjCN
(mb) (mb)
0.70 0.22
0.33 0.21
0.20 0.19
0.13 0.17

NjE/NÓE

0.97970
0.98098
0.98181
0.98238

a i
c o r r

(mb)
162.98
160.68
158.47
156.1«

£0.corr

(mb)
0.49
0.48
0.47
0.47

•> a t o t = (164.76 + 0.49) mb

slope a' = (- 1406 + 29) mb/(GeV/c)2

X2 = 32.7 per 2 degrees of freedom

Charge exchange cross section:

KF = 4041976
KE = 2026877

NF = 25946
NE = 3564

d n e u t r = (13.32 ±0 .14 ) mb
a C E = (16.91 ± 0.18) mb

uncorrected
corrected

The next consistency check concerns the linear dependence between the four
o.corr ancj tj for every measurement. The expected value for the x2 of the
straight line is 2. However the mean value on our data is 4.37. One of the
origins of this fact are the annihilation products produced by outgoing anti-
protons in the materials they have to pass. This implies that the difference
between N; and N j_1 does not only contain the antiprotons scattered into
angles between 0j and 0 j + 1 but also a number of annihilation products
produced anywhere. The surfaces and distances of the transmission counters
were chosen such that a uniform distribution of background would have no
impact on the measured atot" however, these background hits still result in
underestimating statistical errors on Nj-Nj_.,. This can explain the relatively
high x2 on the straight line f it . Nevertheless total cross section results vary
at most by half their statistical error if any of the four points is omitted in
the f it . So this big x2 has little influence on the results.
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Fig. 4-5: Long target results for otot(p) from 388 MeV/c to 599 MeV/c. The error bars
represent statistical errors only. The solid curve shows the result of the fit to the
function °tot(P) = a + b/P- The values obtained are a=65.8 mb and b=53759
mbMeV/c.

The total cross sections as a function of the p momentum at the centre of
the long target are shown in fig. 4-5 and in table 4-4. The error bars
represent statistical errors only. The solid curve in the graph shows the
result of the fit to the function a t o t = a + b/p. The values obtained are
a=65.8 mb and b=53759 mbMeV/c. The x2 of the fit is 40.9 for 22 degrees of
freedom. Fig. 4-6 shows the deviations from the curve.

The bad x2 of 40.9 for 22 degrees of freedom originates mainly from the
points with the smallest statistical errors. When leaving out the points at
504.8 MeV/c, 510.2 MeV/c and 530.0 MeV/c, which have statistical errors of
0.2%, x2 of the fit improves to 19.9 for 19 degrees of freedom. This
indicates that the point-to-point systematic uncertainties may not be
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neglected. Sources of point-to-point systematic uncertainties are the error of
iO.1% on the liquid hydrogen density, eventual slight movements of the
mylar walls of the target and the relative beam momentum uncertainty.
Adding in quadrature a 0.25% point-to-point uncertainty x2 improves to 21
for 22 degrees of freedom.

«400 450 500 550 600
Momentum (MeV/c )

Fig. 4-6: Deviations of the measured o(o,-values from the fitted curve atot(p) s a + b/p with
a=65.8 mb and b=53759 mbMeV/c. The error bars represent statistical errors only.
The curve on the bottom shows a Breit-Wigner resonance with a width of 4 MeV/c2

and a strength of 2 mbMeV/c2.

The a t o t results for the 5 measurements done with the short target were on
average 2% lower than the total cross sections measured with the long
target. The error on the measured length of the short target, 1.17+0.03 cm,
is 3%, whereas this error is only 0.5% for the long target. Therefore we
calculated the length of the short target using the total cross section results
and the length of the tong target. The value obtained is 1.148t 0.008 cm,
which is within the error of its measured length. The total cross sections
measured with the short flask were renormalized accordingly. Fig. 4-7 shows
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the total cross section results of both flasks together in one graph. The
results are also given in table H-4. Measurements taken with flask A have a
normalization error of 0.7%, due to the uncertainty in the effective length
and density of the target. The normalization error on measurements with
flask 3 is 1% [Clou84j.
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Fig. 4-7: Results for o t o t (p ) including short target results. The error bars represent
statistical errors only. The solid curve represents the result of the fit of the long
target data to the function <?tot(P) = a + b/p. The values obtained are a=65.8 mb
and b=53759 mbMeV/c.
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p
(MeV/c)

388.0
422.4
437.5

451.0

462.0
472.2
479.1

484.5
486.6
490.3

495.6

498.9

499.2
502.6
502.9

504.8

510.2
513.1
513.9

520.0

525.1
530.0
540.2

550.0

559.5
569.0
578.8

588.6

598.6

°tot
(mb)

204.75
194.14
187.91

184.89

182.67
179.42
176.80

176.39

176.20
176.08

174.35

169.90

173.53
174.30
173.70

171.18

172.01
170.10
163.89

169.34

167.89
167.94
164.82

163.84

162.37
160.19
158.65

156.53

155.74

tot
(mb)

0.67
0.83
0.76

0.51

0.43
0.54
0.53

0.85

3.10 *
0.79

0.49

2.20 *

0.53
2.10 *
1.40 *

0.35

0.36
2.00 *
0.66

0.62

0.45
0.32
0.46
0.40

0.45
0.46
0.48

0.64

0.57

Table 4-4 Total cross section
results from 388 MeV/c to 599
MeV/c. The short target results
are marked with an asterisk * .

The statistical errors Aa tot are
given.

IV-5 Upper limit for a narrow 3reit-Wiqner resonance near 500 MeV/c

Looking at the trend of the data it is clear that there is no evidence for a

narrow resonance around 500 MeV/c. In order to set an upper limit on the

possible existence of such a resonance we added a Breit-Wigner resonance

curve to the shape of the function describing the momentum dependence of
a to f
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To fit a narrow resonance to our results, this resonance curve has to be
folded with the experimental resolution of the measurement. As was pointed
out, the experimental resolution is a combination of 2 terms:

-(1)- 3eam momentum spread.
This is described by a Gaussian probability distribution for the
laboratory energy E = /p2+m2' at target entry:

P(E)dE = - _ i - e 2a
 dE . (4-4)

With E-| = the mean laboratory p energy at target entry,
a = the energy spread of the beam; at 500 MeV/c, a=1.88 MeV.

-(2)- Energy loss in the target.
Around 500 WleV/c incoming momentum, 125 MeV kinetic energy, the
"p's loose 7.5 MeV energy in the target. As the target transmission is
high, 94.4%, one can approximate the energy distribution by a flat
distribution:

P(E)dE =_ !_ dE . (4-5)

Where A = mean energy loss per cm liquid hydrogen,
Ü = length of the target in cm.

The probability of a position x along the target is:

P(x)dx = -I dx . (4-6)
I

The combination of these two terms gives the lab energy distribution of anti-
protons interacting in the target:

I
P(E)dE = (ƒ P(E,x)P(x)dx)dE; (4-7)

ü

where p(E,x) stands for the probability of energy E given the position x
along the target. Thus: , .2

( E J E - x M J
x=Jt 2

P(E)d£ =—L_ ƒ e 2a - idxdE. (4-8)
SzSo x=0 X

The form of this distr ibution at p=500 MeV/c, E=1063 MeV, is shown in
f i g . 4-8. The FWHM is 7.5 MeV, corresponding to a mass resolution of ±1.5
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Fig. 4-8: The experimental energy resolution at a momentum of 500 MeV/c, lab. energy
E=1063 MeV. The corresponding mass resolution is ±1.5 MeV/c^.

MeV/c2 in the centre-of-mass system, which agrees with the simple
derivation of section IV-2.

The next step is to fold this distribution with the desired fit to the data.
As the term a + b/p varies smoothly with momentum, there is no need to
fold this term with the experimental resolution. The Breit-Wigner term, how-
ever, has to be folded, giving:

-(E-E,+xA)2

» A 2 '-
o t o t{p) = a + b/p + _ _ ! _ ƒ ƒ C r l a b / 4

 e
 2 a dxdE. [4-9)

/5?aA - 0 ( E E ) 2 + r 2 / 4

With: p = p momentum at the centre of the target (MeV/c),
C = height of the Breit-VVigner resonance (mb),

rlab = f u " W l c l t h o f t n e resonance in the laboratory system (MeV),
EQ = laboratory energy of the resonance (MeV).

This integral can be solved numerically.

All fits were done using the CERN computer program MINUIT [Minuit]. We
first added a 0.25% point-to-point error in quadrature to the statistical
errors in order to obtain a satisfactory x2 of 21 for 22 degrees of freedom.
Then we tried to find the upper limit at 90% confidence level for the
strength, C»rc m , of a Breit-Wigner resonance with a mass width of rcm = 4
MeV/c2, which is slightly larger than our experimental resolution. We first
refitted the background leaving out all points within ±10 MeV/c around the
desired momentum, giving slightly different parameters a and b. These
parameters a and b, as well as the chosen width, r|atj = 8.3 MeV, were then
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fixed for the next fit procedure in which the parameters V\^ymC and
Eg were left free. In order to find a 90% confidence level for a single
parameter, r i a b *C , one has to allow %2 to increase by 2.7 [Eadi71]. We
used the MINUIT routine MINOS to find this confidence level on r |a b*C.
The results were then transferred to the centre-of-mass system to find

The fit was done between p=450 MeV/c and p=570 MeV/c in steps of 10
MeV/c. Fig. 4-9 shows the resulting upper limit at 90% confidence level for

«150 500 550
Momentum (MeV/c)

Fig. 4-9: Upper limit at 90% confidence level for the strength of a resonance narrower than
rCM = * M e V / c as a function of momentum.

the strength, r c m ' C , of a resonance with rcm = 4 MeV/c2 as a function of
momentum. As a result of this calculation we quote an upper limit at 90%
confidence level of 2 mbMeV/c2 for the strength of a resonance narrower
than our experimental resolution between 465 MeV/c and 515 MeV/c. The
upper limit increases to 2.6 mbMeV/c2 for the strength of a resonance
narrower than rcm=8 MeV/c2, and 3.4 mbMeV/c2 for the strength of a
resonance narrower than rcm=12 MeV/c2 in the same momentum range. These
limits are much lower than the limits set by other experiments, see section
V-3 .
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IV-6 The measured pp-»nn cross sections

As described in section 111-5, the data were analysed to search for reson-

ance structure in the charge exchange cross section acE' A possible

resonance in pp+pp will most likely appear in pp>nn too. A

quark-quark — antiquark-antiquark resonance in ppVpp (see section V-2)

would imply a resonance in pp+TSn of equal height if the quark-quark — anti-

quark-antiquark state would be a pure isospin state. As the charge

exchange cross section is much smaller, ~10% of atot' ~2 5% °f ael n e a r 5 0 0

MeV/c, its relative enhancement would be larger. Thus, although our results

for OQ£(p) are less precise than our results for tftot(p), they are still

meaningful.

Fig. 4-10a shows the measured, uncorrected, charge exchange cross sections

as a function of momentum. The error bars represent statistical errors only,

which are of the order of 1% for the long target measurements and 3% for

the short target measurements. The uncorrected short target results are

much higher than the uncorrected long target results.

As mentioned in section IM-5, three corrections have to be applied to the

measured charge exchange cross sections. These corrections vary smoothly

as a function of momentum. The sum of the three corrections, C, is

parametrized as:

C = (- 0.64 p + 0.558) • 0CE (mb) (1-10)

for flask A and

C = (- 0.28 p + 0.191) • <rCE (mb) (4.11)

for flask B, where p is the p momentum at the centre of the target in

GeV/c. The estimated errors on these corrections are ±30%. Fig. 4-iOb shows

the corrected results. These results are also given in table 4-5. Corrected

results for short and long target are in good agreement.

The trend of the data is, however, not very smooth. There is a remarkable

jump of 0.5 mb near 520 MeV/c. This is not understood. The jump does not

coincide with a change in the position of the trolley carrying the

transmission counters. The jump coincides, however, with a sudden rise in

the number of recorded S-signals. As the signal S is formed by an OR-

function between the seven S-counters, it is very susceptible to electronics
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Fig. 4-10 The measured charge exchange cross section from 368 MfeV/c to 599 MeV/c. Both
long and short target results are shown, error bars represent statistical errors
only.
(a) Uncorrected results, showing the much higher <Jneutr measured by the short
target.
(b) Corrected results, showing good agreement between long target and short
target results.
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Tab! a

tarqet

P
MeV/c

388.0

422. 4
43*.5

451.0

462.0
472.2
484.6

490.3

495.6

498.9
499.2

502.6

502.9
504.8
510.2

513.1

513.9
520.0
525.1
530.0

540.2
550.0
559.5

569.0

S78.8
588.6
598.6

4-5 Corrected and uncorrected re

measurements are

aneutr
(mb)

13.54
13.55
13.19

13.27

13.03

12.44
12.91

12.90

12.81
16.52
13.02

16.40

15.99
12.94
12.98

16.50

12.72
13.62
13.40
13.20

13.32
13.25
13.50

13.64

13.27
13.47
13.87

marked with

C
fraction

of <JC E

0.31
0.29
0.28

0.27

0.26
0.26
0.25

0.24

0.24

0.051
0.24

0.050

0.050
0.23
0.23
0.047

0.23
0.23
0.22
0.22

0.21

0.21
0.20
0.19

0.19
0.18
0.17

an asterisk *

<*CE
(mb)

19.61

19.02
18.27

18.16

17.66

16.72
17.16
17.07

16.87

17.42
17.10

17.26

16.84
16.91

16.89
17.32

16.50

17.58
17.22
16.90

16.91

16.69
16.87
16.92

16.33
16.45
16.81

•suits for

AaC(r

(mb)

0.23

0.20
0.18

0.18

0.15

0.32
0.29
0.28

0.17
0.41 *

0.18
0.57 *

0.38 *
0.18

0.13
0.57 *

0.23

0.23
0.17
0.13
0.18

0.15
0.17
0.21

0.18

0.23
0.22

°CE' Short

noise. A small rise in the number of S-signals provokes a drop in the
number of coincidences BfS+T^) and thus a drop in the measured charge ex-
change cross section. This shows once more that the set-up is not optimized
to measure acE' Nevertheless, from looking at the results there is no
evidence for a narrow resonance near 500 MeV/c, like in the case of the
total cross section measurement. We set an upper limit of 0.5 mb on the
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height of a resonance in ÖQ: between 465 toeV/c and 515 MeV/c. This

corresponds to an upper limit of 2 mbMeV/c2 for the strength of a resonance

narrower than our experimental resolution in crcE between 465 WeV/c and 515

MeV /c.

Our results may be compared with the results of previous measurements.

Three high-statistics scans of a^E o v e r t n e same momentum range are

reported so far. The first reference [Alst75] reports on a 22-point scan

between 276 MeV/c and 963 MeV/c, using counter techniques and a 40 cm

liquid hydrogen target. Statistical errors are of the order of 1% near 500

MeV/c and the estimated systematic uncertainty is 5%. However, as in our

case, large corrections had to be applied to account for ft conversion in the

set-up. The same group repeated a more precise measurement of acE a s a

function of momentum, which is reported in [Hami80b]. They made a 54-point

scan between 119 MeV/c and 1046 MeV/c using counter techniques and an 8

cm liquid hydrogen target. Statistical errors are of the order of 1% and the

estimated systematic uncertainty is 3% near 500 MeV/c. Their set-up,

however, was optimized for this specific measurement, and the data were

corrected by 8% only near 500 MeV/c, which is a factor 4 smaller than the

previous reference. A third group [Naka84a] reports on measurements of the

differential charge exchange cross section at 5 different momenta between

390 MeV/c and 780 MeV/c. The set-up consists of multi-wire chambers, iron

scintillator sandwich counters and a 17.5 cm liquid hydrogen target.

Statistical errors on a l̂E a r e a l s o ^ a n d t n e systematic uncertainty is 8.5%.

They had to apply large corrections to the data due to counter efficiency,

T» conversion in the set-up and angular acceptance. Within given errors all

three experiments are in agreement with each other. The absolute values

from [Naka84a] are S% higher than the values from [Alst75J and [HamiSOb].

Although the momentum dependence of the measured OQ£ is influenced by

the way corrections are applied, it behaves very similar for all three

measurements. None of the above results show evidence for a resonant

structure.

Fig. 4.11 shows our corrected results together with those of Hamilton et al.

Our momentum dependence is similar to theirs, but the absolute normalization

differs by 25%. Our systematic uncertainty is 10% due to the various correct-

ions. Probably correction number 3 of section 111-5 was overestimated. As

the aim of the present analysis is to look for resonant structure it seems not

very meaningful to repeat the calculations of these corrections to obtain the

correct values for a^E* ' n agreement with other experiments, we conclude

that there is no evidence for a resonance in pp+nn near 500 MeV/c.
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Fig. 4-11 Corrected results for the charge exchange cross section o C E (open circles)
together with the results of Hamilton et al. (closed circles) In the same momentum
region. The curve on the bottom shows a Breit-Wlgner resonance with a width of 4
MeV/c2 and a strength of 2 mbMeV/c2.
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Chapter V Discussion of the o tot-results

V-l Introduction

The main aim of the antiproton-proton total cross section measurements,

described in the previous chapter, was to search for possible narrow

resonances. In our original proposal atot-measurements from 800 MeV/c down

to 200 MeV/c were foreseen. Due to the scarcity of beam time priority was

given to the 400-600 MeV/c range in order to settle the controversy about

the existence of the S-meson, a resonance at 1935 MeV/c2 (p = 500 MeV/c)

observed in some but not all previous total cross section measurements. A

short review of pp total cross section measurements near 500 MeV /c and a

few other searches for the S-meson will be given in section V-3. The

proposed measurements of the pp total cross section below 400 MeV/c are

still of great interest as this region has hardly been explored. The interest

from the theoretical physics side in the existence of 'pp resonances or bound

states will be discussed in the following section.

V-2 Resonances and bound states in the antinucleon-nucleon system

Given the existence of the deuteron as a bound state of the nucleon-nucleon

system, it is quite natural to speculate on its counterpart in the antinucleon-

nucleon (NN) system. More in general, one may try to deduce a description

of the NN system from the existing successful descriptions of the NN system

in terms of one meson exchange potentials.

The emergence of the quark model, which successfully describes mesons and

hadrons, revitalised the interest in the nucleon-antinucleon system. As far

as quantum numbers are concerned, the NN system is a meson state.

Already in 1949, before the existence of the quark model, Fermi and Yang

discussed the possibility to treat pions as antinucleon-nucleon bound states

(Ferm49]. In the modern quark model the ordinary mesons are simple

antiquark-quark systems fqq), but more complicated systems like qqqq and

qqqqqq are also allowed. It seems obvious to search for these states in

antinucleon-nucleon interactions as the required quarks are then already

present in the initial state. The qqqq states are generally called baryonium.

Encouragement for the search of baryonium came already in 1968 from the

study of duality diagrams by Rosner and Lipkin [Rosn68], [Rosn74],

[Lipk69]. They remarked that the exchange of qqqq systems is essential in

decuplet baryon-antibaryon scattering.

The diagram, which illustrates the production of a qqqq state, is sketched

in fig. 5-1. From this diagram it is evident that resonances in pp elastic
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Fig. 5-1: Diagram showing an example of pp elastic scattering through the formation of a
qqqq intermediate state.

scattering should also be manifest in the charge exchange reaction pp -»• Tin,

which corresponds to the annihilation of a üü pair and the creation of a dd

pair, unless an interference mechanism between l=0 and 1=1 states sets in

{Kluy79]. The problem to observe baryonium is that in general the decay in

two mesons will be very fast. This decay will be suppressed if the

baryonium state consists of a diquark (qq) and an antidiquark fqq)

separated by a large angular momentum Jt. The production of a diquark and

an antidiquark, each without internal angular momentum but with a large

relative angular momentum k, would be a quite natural situation in NN

scattering, and forms our best hope for narrow width resonances. Fig. 5-2

shows the diagram for the production of such a baryonium state and

illustrates the suppressed decay into two mesons.

In principle baryonium states could have masses both below and above the

NN threshold. Several groups have tried to calculate masses and widths of

baryonium states using the knowledge from masses and width of mesons and

hadrons, but in general these groups succeeded better in computing mass

differences than absolute values of baryonium states. R.L. Jaffe [Jaff77a],

[Jaff77b], [Jaff78] proposes, that the 0+ nonet (e, S*, 6, <) with masses

between 700 and 1000 MeV/c2 might be the lightest nonet, but other groups

compute considerably higher masses (1100-1700 MeV/c2} for the lightest

states [Chan77a], lChan77b], [Chan78], [Muld79], [AertSO]. In all these

models one may expect baryonium states with angular momentum 2 or 3 above

and close to the NN threshold, but there are large uncertainties in the

computation of the widths of these states.
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Fig. 5-2: Formation and decay of baryonium in NN -> 2 mesons. Due to the angular
momentum barrier -C the two meson final state is suppressed.

As mentioned in the general introduction, NN scattering is also described in
potential models, which are deduced from NN potential models. The long and
medium range part (r > 1 fm) of the nucleon-nucleon interaction is well
described by the exchange of mesons. This description is ill-defined at
shorter distances, where the nucleons overlap. This region is generally
described by a phenomenological potential. The meson exchange part of the
NN potential is transformed by a C-parity transformation to describe NN
scattering. This means that each meson exchange potential obtains a relative
sign (-1) , where G is the C-parity of the meson under consideration. In
the NN potentials important cancellations occur between the contributions of
different mesons, for example between the repulsive w-meson and the
attractive e-meson contribution. As a result of the G-parity transformation
these cancellations occur no longer in NN potentials. Moreover, certain
isospin-spin states, which are allowed in NN scattering, are excluded by the
Pauli principle in NN scattering. To the resulting scattering potential an
additional attractive potential has to be added, which describes the NN
annihilation. The resulting total NN potential is much more attractive than
the total NN potential it was derived from. Therefore the existence of
several bound states or resonances in the NN system is expected in contrast
to the single loosely bound deuteron in the NN system. For a detailed
description of the NN potential models we refer to section IX-4 and reference
[Dove34].

The quark model and the NN potential model are, to a certain extent,
complementary to each other. The NN potential works best at large distances
(r > 1 fm), where the one-pion exchange mechanism dominates. It becomes
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ill-defined at smaller distances where the nucleon and antinucleon quark

distributions start to overlap. At these distances it becomes more rewarding

to apply the quark model.

Even if NN resonances or bound states would not be observed, this would

not prove that they do not exist. The present quark model does allow qqqq

states and the attractive NN interaction should form bound states. However,

these states might be broad and the coupling to the NN system might be

small. If the states are broad (>20 MeV/c2) it will be hard to detect them.

V-3 Summary of pp total cross section measurements near 500 MeV/c

The first high statistics a to t(pp) measurement below 1 GeV/c was reported

by A.S. Carroll et al. [Carr71]. Using a 30 cm liquid hydrogen target 2U

ötot-measuretnents were done between 360 MeV/c and 1050 MeV/c in a

transmission experiment. Statistical errors on the results are typically £1%.

The data revealed a narrow resonance at an invariant mass of 1932Ï2

MeV/c1^, corresponding to an incoming p momentum of 475 MeV/c. The height

of the resonance is 18±5 mb and its width is 9±4 MeV/c2. This resonance was

called the S-meson. Fig. 5-3 shows the results of A.S. Carroll et al.

together with the pp total cross section measurements from later

experiments. The most important limitation of Carrolls experiment is its mass

resolution. Due to energy loss in the 30 cm long target the FWHM mass

resolution is 12 MeV/c2 near 1932 MeV/c2. Fig. 5-4 gives the relation

between the incoming p momentum and the invariant mass of the pp system

near 500 MeV/c.

Several groups have repeated the measurements of Carroll et al. with

improving experimental and statistical accuracy. Table 5-1 gives a summary

of their results. Initially these results were, however, rather contradictory.

V. Chaloupka et al. [Chal75] measured the pp total, elastic, annihilation and

0-prong cross section at 18 different momenta between 306 MeV/c and 551

toeV/c using the CERN 2 metre bubble chamber. The incoming antiprotons

had a momentum of 571 MeV/c and stopped in the hydrogen after a path of

132 cm. The momentum division was made according to the interaction

position in the bubble chamber. The mass resolution is ±1.5 MeV/c2,

statistical errors are typically ±1.4%. In this method the low energy tail of

the energy distribution may give a non-negligible contribution to the

annihilation cross section, since all antiprotons which come to the end of

their range annihilate. Moreover, the technique is biased against small-angle

elastic scatters, which may escape detection. A first fit to the 0tot~data
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Fig. 5-3: Comparison of the ot0,(pp)-resulls reported by other groups. For clarity, the data
of [Carr74] are shifted by +60 mb, those of [Chal76] by +40 mb, those of [Saka79]
by +20 mb, those of [Hami80a] by -20 mb and those of [Sumi82] by -40 mb.
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Fig. 5-4: Relation between the Incoming p momentum and the invariant mass of the iip
system near 500 MeV/c.
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Group Year Momentum Mass p MR

Reference Range Resolution res. res.
(MeV/c) (MeV/c2) (MeV/c) MeV/c2

Width Strength
r (mbMeV/c2)
MeV/c2

Caro74

Chal76

Brue77

Saka79

Hami80

KamaSO

Alle80

Sumi82

Naka84

Clou84

1974

1976

1977

1979

1980

1980

1980

1982

1984

1984

360-1050

306-

406-

373-

551

841

734

355-1066

396-

310-

335-

395-

388-

737

620

960

740

599

±12.

±1.5

±1.6

±1.5

±1.5

±1.0

±3.0

±1.5

±1.5

475

491

505

489

505

1932+2

1936±1

1939±3

1936±1

1939±2

8.3

+ 4
-3
+4.3
-3.2

162± 5

93±22

<4 46±12

2.8±1.4 41±23

22±6 66±24

< 3 <39

c24

< 2

Table 5-1: Compilation of pp total cross section measurements near 500 MeV/c. For the
upper half of the table the momentum, mass width and strength of the
resonance found are given. For the lower half of the table the upper limit at 90%
confidence level for a resonance with given width is shown.

revealed a resonance at 1935 MeV/cz. As the momentum range is very
limited, some higher energy points from Carroll et al. were included in the
resonance fit in order to get better constraints on the resonance width. The
parameters are a resonance mass of MR = 1935.9± 1.0 MeV/c2, a width of
r = 8.8 (+1.3) (-3.2) MeV/c2 and a height of 10.6±2.4 mb. As the different
reaction channels are studied separately, they observe that most of the
enhancement originates from the elastic channel (50%), whereas the
contribution from the charge exchange channel is no more than 13%. This
conflicts with the interpretation of the bump as a single isospin state.

A repetition of Chaloupkas experiment was done by Allen et al. [AlleRO]
using the same 2 metre bubble chamber, but now with incoming p momenta of
673 MeV/c and 710 MeV/c. The use of more refined scanning techniques and
two incoming p momenta allow them to eliminate certain biases, mainly
instrumental losses at the high momentum end of the energy range, which
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might have enhanced the strength of the resonance reported by (Chal76].

The mass resolution is ± 1 MeV/c2 near 1935 MeV/c2. The sample is divided

into 47 points between 310 MeV/c and 620 MeV/c with a statistical accuracy

of ±2% on cstot. The data show a smooth behaviour as a function of momentum

in the elastic cross section, the charge exchange cross section and the

charged annihilation cross section. No upper limit is quoted for the strength

of a possible resonance near 500 MeV/c.

Meanwhile W. Brückner et al. [3rüc77] measured the sum of the charged

annihilation, elastic and charge exchange cross sections in the momentum

range between 406 MeV/c and 841 MeV/c in small momentum steps (5-10

MeV/c). Multiwire chambers are used to detect the trajectory of the incoming

and outgoing antiproton. The 8 cm liquid hydrogen target is simultaneously

used as a Cerenkov detector to detect pions. Furthermore a set of lead glass

counters detects neutral reaction products. The mass resolution is ±1.6

MeV/c2, statistical errors are typically ±1.5%. A resonance with a width

which is compatible with the experimental mass resolution and a strength of

26±6 mbMeV/c2 is observed in the charged annihilation cross section at a

mass of 1939±3 MeV/c2. At the same position a resonance with a strength of

20±10 mbMeV/c2 is observed in the elastic cross section. The latter is

smaller than the resonance observed in the elastic cross section by

Chaloupka et al.

A successive total cross section measurement was reported by S. Sakamoto et

al. [Saka79], using the Srookhaven 30 inch hydrogen bubble chamber. The

800 MeV/c incoming antiproton beam was degraded to obtain 8 different

incoming p momenta. According to the interaction position inside the bubble

chamber a further division was made to obtain a total of 24 different

incoming p momenta between 373 MeV/c and 734 MeV/c. A narrow resonance,

T = 2.8±1.4 MeV/c2, is observed at a mass of 1935.5 MeV/c2. The strength

of the resonance is 41±23 mbMeV/c2.

Although most of the above experiments observe a structure near 500 MeV/c,

their results are hardly in agreement with each other. The mass of the

resonance varies between 1932 MeV/c2 and 1939 MeV/c2, and the strength

varies between 0 and 160 mbMeV/c2. Moreover, the observed contributions

from the different reaction channels do not agree for the different

experiments. Even more different are the results obtained by R.P. Hamilton

et al. [Hami80a], who did a high statistics transmission experiment at 43

momenta between 355 MeV/c and 1066 MeV/c. Their mass resolution is ±1.5

MeV/c2 in the centre of mass. Statistical errors are approximately ±0.5%.

They do not observe any narrow width resonance of the above types. On

the contrary they report on a low height, 3 mb, large width, r = 22
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MeV/c2, resonance with a mass of 1939 MeV/c2.

Two more total cross section measurements were carried out using the

transmission technique with additional multiwire chambers. The first one is

reported by T. Kamae et al. [KamaRO]. Using a liquid hydrogen target of

8.6 cm a 28 point scan between 396 MeV/c and 737 MeV/c was carried out.

Statistical errors are less than ±2%, and the mass resolution is ±1.5 MeV/c2.

No resonance is seen around 500 MeV/c. The upper limit at 90% confidence

level for the strength of a resonance narrower than 3 MeV/c2 is 39

mbMeV/c2. The overall normalization of these results is 6% below the average

of the other measurements. This was corrected in a later paper [NakaBtb].

Inspired by the broad resonance observed by Hamilton et a l . , a search for

broad resonances was done using the modified equipment of Kamae et al. The

target was replaced by a 20 cm long liquid hydrogen target, giving a mass

resolution of ±3 MeV/c2 near 500 meV/c. The scan was carried out in large

momentum steps (20 MeV/c) between 355 MeV/c and 960 MeV/c. Statistical

errors are less than £0.7%. No broad resonance was found. The upper limit

at 90% confidence level for the strength of a resonance wider than 10

MeV/c2 was determined to be 10 mbMeV/c2 [Sumi82J.

The same group reanalysed the data of [KamaRO], which resulted in

improved statistical errors of less than ±1%. In addition the problem of too

low 0 to t-results was solved. These new results allowed to set an upper limit

at 90% confidence level of 2'4 mbMeV/c2 on the strength of a resonance

narrower than 4 MeV/c2 near 500 MeV/c [Naka84b].

The absolute magnitude of a t o t agrees to within 3% for the most recent, most

precise measurements reported. This absolute magnitude depends on the

value of p used for the calculation of the Coulomb-nuclear interference

correction. If p is changed by ±0.1, crtot generally changes by +0.5%. Near

500 MeV/c the largest difference between the p-values used amounts to 0.3.

Most experiments have successfully fitted their data to the background

function o^QjCpp) = (a + b/p) mb, with a in mb, b in mbGeV/c and p in

GeV/c. Table 5-2 summarizes the reported values for a and b.

Apart from the atot~measurements, mentioned above, searches for the S-

meson have been done in cross section measurements of the individual

channels and in production experiments. We will not give a review of these

experiments as their results are generally not very conclusive. We want to

draw attention, however, to two accurate measurements carried out by the

same group as (HamiROa]. Firstly the charge exchange cross section, as

mentioned in section IV-6, was measured between 119 MeV/c and 1046 MeV/c
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Table 5-2
Results of the fits to the background function otot^PP' = (a + b/p) mb,
with p in CeV/c

Reference

Chal76
Saka79
Kama80
Alle80
Sumi82
Naka84b
Clou84

a
(mb)

57 ±
50.7 ±
54.3 ±
75.5 ±
66.5

62.8
65.8 ±

3

4 . 4

4 .6

2 .5

1.7

b
(mbGeV

56

56.7

52.2

49.2
52.5

51.6

53.8

±
±
±
±

±

/c)

2

2 .4

2.4
1.5

0 .8

in 20 MeV/c steps using an 8 cm liquid hydrogen target [HamiBflb]. Part of
the results are shown in f ig. 4-11. From these results there is no evidence
for a resonance in the charge exchange cross section at the 0.4 mb level.

The second measurement concerns a measurement of the backward elastic
cross section [Alst79]. The pp backward elastic cross section is favourable
to search for resonances as the cross section itself is small, whilst a
possible purely resonant amplitude should always be present at cosö = ± 1 .
Unfortunately the interference between the resonance and the background
may be constructive or destructive, depending on the spin J of the
resonance. The measurement was carried out at 30 points between 406 MeV/c
and 922 MeV/c using a 21 cm liquid hydrogen target. The statistical errors
on the data are ±6% in the region of the S-meson; the mass resolution is +3
MeV/c2. The data show a broad enhancement with a maximum of 1.0 mb/sr
near 500 MeV/c indicating the passage of a second diffraction maximum
through 180°. The data have been interpreted as showing no evidence for
the existence of a narrow resonance (T < 10 MeV/c2) at the 0.1 mb/sr level
in the region of the S-meson. Timmers et a l . , however, have fitted these
data to a resonance with a mass of 1934 ± 3 MeV/c2 and a width of
r = 6 ± 4 MeV/c2 [Timm85]. As a consequence of such a small resonance in
the backward elastic cross section, a dip of 2-4 mb should appear in the
total cross section, for which there is no evidence.
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It seems that all most recent and most accurate measurements in the region

of S-meson have disproved the existence of a narrow resonance of the type

reported by [Carr74], [Chal7S], [Brüc77] Or [Saka79]. The experiment

described in this thesis sets the lowest upper limit of 2 mbMeV/c2 at 90%

confidence level on the strength of a resonance in atotfpp) near 500 MeV/c

[Clou84].



75

Chapter VI The measurement of ~pp small-angle elastic scattering

VI-1 Introduction

The second part of this thesis deals with two measurements of pp small-angle

elastic scattering below 300 MeV/c. Using the formulae for the forward

Coulomb and nuclear scattering amplitudes as described in section 11-2, the

measurement of small-angle elastic scattering provides information on the

parameters of the forward nuclear scattering amplitude:

p~ the real to imaginary ratio of the forward scattering amplitude,

b = the slope of the forward scattering amplitude.

3efore the construction of LEAR very little data were available on

antinucleon-nucleon interactions below 0.7 GeV/c. The existing data were

mainly total cross sections and total elastic cross sections. More detailed

information such as differential cross sections with small statistical errors or

small angular bins were very scarce. Such data put more constraints on

theoretical descriptions of the scattering process. There was one

measurement reported on the pp small-angle differential elastic cross section

below 1 GeV/c [Kase76]. At LEAR two groups proposed to measure the pp

differential elastic cross section down to very low momenta, our group,

PS172, and experiment PS173. In the mean time three additional pp small

angle elastic scattering measurements in the momentum range between 350

MeV/c and 700 WeV/c were reported [Cres83], {Iwas85], [Ashf85]. A

summary of these experiments will be given in section IX-2.

The measurement of the pp forward differential elastic cross section is inter-

esting for various reasons. The simplest model to describe a scattering

process is the black disk model, which is derived from optics. All optical

waves that fall on a black disk are fully absorbed and the diffraction of the

waves off the edge of the disk completely fills up the shadov. of the disk at

infinite distance. In terms of scattering theory this implies that the inelastic

and elastic cross sections are sgual for scattering off a completely absorbing

object. Moreover the black disk model implies that p equals zero. For low-

momentum pp scattering the inelastic cross section is approximately twice as

large as the elastic cross section. So pp scattering cannot be described by a

black disk model.

The measurement of the s'ope of the nuclear scattering amplitude gives an

indication of the radius of the antiproton-proton interaction.
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The measurement of the real-to-imaginary ratio of the forward scattering

amplitude is an indirect way to look for bound states, as the behaviour of p

at very low momentum is related to the existence of bound states below the

pp threshold via dispersion relations. Dispersion relations originate from

complex variable theory and use some fundamental properties of scattering

amplitudes, like unitarity, analyticity and crossing. They relate the real

part of the scattering amplitude to an integral of the imaginary part of the

scattering amplitude over the total (physical plus unphysical) energy region

of the scattering process. Via dispersion relations the result of the p-

measurement of H. Kaseno et al. [Kase76l at 700 MeV7c gave an indication

for the existence of a pole-like contribution to the dispersion integral from

the unphysical region close to the pp threshold. This additional pole-term

implies fast decreasing values for p below 300 MeV/c. A more detailed

discussion on this subject will be given after the presentation of our results

in chapter IX.

We have measured pp differential elastic cross sections at two momenta below

300 MeV/c. Measurements were done in the same beamline and using the same

liquid hydrogen target as the one which was used for the total cross section

measurements. The measurements took place during a few days of LEAR

running in December 1983 and in March 1984. The LEAR beam momentum was

310 MeV/c, giving a momentum of 272 MeV/c in the centre of the short liquid

hydrogen target. A second measurement was done at a momentum of 233

MeV/c at the centre of the target. For this purpose a degrader slab of 3.7

mm carbon was put in the beam. Measurements with full and empty target

were alternated every spill. Table 6-1 gives the list of running times and

beam statistics with full and empty target.

Table 6-1
Data summary of the

P
(MeV/c)

272

233

elastic scattering measurements

usefu

running time fu l l
(hour) (*106)

8

26
18.0
31.9

I beam

empty

(•106)

19.0

15.6

elastic
wri t ten
full

t • 106 )

0.99
2.88

events
to tape

empty
(•106)

0.87
1.41
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In order to extract the parameters p and b from the measured differential
cross sections the angular range of the measurement should cover part of
the Coulomb region, the Coulomb-nuclear interference region and part of the
nuclear region. The coverage in the nuclear region should be large enough
to extract the exponential slope b of the nuclear scattering amplitude. The
angular range covered by our apparatus satisfies these requirements. After
applying safe cuts on trigger acceptance and geometrical acceptance the
differentia! elastic cross sections are determined from 7° to 21°.

The discussion of the measurements is organized in the following way. in
section VI-2 the experimental set-up will be described. In section VI-3 and
VI-4 some information on the beam and energy loss in the set-up will be
given. Details of the data analysis are dealt with in chapter V I I . Chapter
VI I I describes the procedure to fit the data to the theoretical differential
cross section and the results. A review of low-momentum pp small-angle
elastic scattering experiments and the discussion of the results follow in
chapter IX.

VI-2 The experimental set-up

The set-up for measuring small-angle pp elastic scattering has many
similarities with the set-up used for measuring a tot* '* ' s built around the
same liquid hydrogen target placed at focus 2. The short target flask with a
length of 1.148 ± 0.008 cm is used. The experimental set-up is shown in
fig. 6 -1 .

The trigger for the incoming beam is formed by the coincidence of two
scintillation counters, BO at focus 1 and <31 (previously called B2) right in
front of the hydrogen target. As the distance between BO and B1 is 21 m,
the coincidence between BO and 81 eliminates the small fraction of pions of
the same momentum produced in the degrader. At a momentum of 272 MeV/c
in the centre of the target the time of flight between BO and 81 is 230 nsec
for antiprotons and 77 nsec for pions. The p time of flight between 30 and
81 is recorded for every event to determine the beam momentum resolution.

The incoming beam track is measured by two multiwire chambers PCI and
PC2. They consist each of one horizontal and one vertical multiwire detector
with 96 sense wires at 1 mm wire distance. They are located at -64.3 cm and
-29.1 cm distance from the target respectively. The direction of the incoming
track with regard to the beam axis is measured by PCI and PC2 with a
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20 m

degrader
beam

B0
PCO PC1 PC2 PC3 R

PC4 PC5 PC6

Fig. 6-1: The experimental set-up for measuring pp small-angle elastic scattering.

precision of 0.9 mrad. The ensemble of PC1 and PC2 is referred to as

telescope 1. At focus 1 a third chamber of the same type, PCO, is located.

It is used for beam tuning. Table 6-2 gives a summary of all multiwire

detectors and their position in the set-up.

Table 6-2

Multiwire detectors in the elastic

Wire chamber

PCO
PC1

PC2

PC3

PCH
PCS
PC6

Number of sense

wires per plane

96

96
96

96

256

256

256

scatterinq set-up

Wire step

(mm)

1

1
1

2

2

2

2

Distance to

the target

(mm)

-20900

-643

-291
118

326

478

635
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The outgoing track is measured by four multiwire chambers which are placed
behind the target. They consist each of a horizontal and a vertical multiwire
detector both with 2 mm sense wire distance. The first chamber, PC3r has
96 sense wires per plane, the other three, PO*, PC5 and PC6, have 256
sense wires per plane. These four chambers, referred to as telescope 2,
determine the direction of the outgoing track with a precision of ±1.1 mrad.
The chambers are filled with a gas mixture of 72% argon, 23.5% isobutane,
0.5% freon and 4% methylal. High voltages on all the chambers were set at
relatively low values, at the beginning of the p plateau. In this way the
chambers are inefficient in detecting annihilation products, like pions. The
mean efficiency for detecting p's is 96% per plane. The wire chambers are
read out by the standard CERN readout system RMH.

Behind the last wire chamber, at a distance of 788 mm from the centre of
the liquid hydrogen target, four scintillation counters are placed in a
configuration which leaves a square hole of 6 • 6 cm* for the outgoing
beam. Fig. 6-2 shows the configuration of these so-called R-counters
(R1,R2,R3 and R4). The R-counters are used to trigger on elastically
scattered events, thus eliminating the very small angle region (<2°) around
the outgoing beam, which is dominated by multiple scattering. Time of flight
between 81 and Ri (i=1,2,3,4) is recorded for every event by a 10-bit TOC
with a resolution of 0.1 nsec. The pulseheight in Ri is recorded for every
event by a 10-bit ADC. The timt of flight and pulseheight information of Ri
is used in the analysis to reject annihilation events.

R3

Ri

j R1

! R2

10cm

Fig. 6-2: Tht configuration of th» R-countars, looking In th« direction of the outgoing beam.
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During the 233 MeV/c run the liquid hydrogen target was surrounded by a

box of counters, the S-counters SI, S2, S3, S4 and S5. The time of flight

between 81 and Si was recorded for each event, thus presenting another

way to reject annihilation events. At 272 Mev/c the S-counters were not

used.

The trigger for elastic events is formed in two steps. Events accepted by

the first stage trigger "30' 81- (R1+R2+R3+R4) are subject to a second

selection criterion before they are recorded onto tape. For these events a

microprocessor, ESOP, calculates the distance between the coordinates x,y

measured in the last wire chamber (PC6) and the nominal beam axis. If this

distance is smaller than 44 mm the event is rejected. If this distance is

larger than 44 mm or if one coordinate is missing in PC6 the event is

accepted. The cut introduced by ESOP is more severe than the cut

introduced by the hole between the R-counters. Events with a scattering

angle larger than 9° are fully accepted by ESOP. The trigger acceptance

probability of small-angle scatters depends on their topology. Events with a

scattering angle of 6° have on average an 80% probability of acceptance by

ESOP. The elastic trigger reduces the number of events written to tape by a

factor 10 at 233 MeV/c and by a factor 20 at 272 MeV/c.

VI-3 Beam events, beam parameters

Apart from the data taken with the elastic trigger separate measurements

were carried out with a beam trigger B0-B1. These events will be referred

to as beam events or no-ESOP events. On these data the decision of the

elastic trigger 30«B1« (R1+R2+R3+R4)» (ESOP-accept) is recorded on tape for

every event. Beam events are necessary to determine some important

measurement parameters such as the experimental angular resolution in full

and empty target runs and the acceptance function of the elastic trigger at

small angles.

The quality of the incoming beam is very high. The spacial width at the

location of the target, measured by telescope 1, is *3.S mm in horizontal and

vertical direction at both momenta. The angular width of the beam is ' 1

mrad horizontally and ± 15 mrad vertically. The momenturn spread of the

beam, determined from the B0-81 time of flight spectra, is smaller than ±1.2

MeV/c. The average momentum . -s in the liquid hydrogen target is 10

MeV/c at 272 MeV/c and 14 MeV/ . 233 MeV/c, so the momentum resolution

of the elastically scattered events is dominated by momentum loss in the

target.
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VI -H Energy loss in the set-up

As the incoming antiprotons have low momenta, their energy loss in the
apparatus is considerable. Table 6-3 gives some details on momenta and
momentum loss in the set-up. At the higher momentum (272 MeV/c) the
momentum loss between the centre of the target and the centre of the R-
counters is 43 MeV/c. In order to discover the lowest p-momentum at which
pp elastic scattering could be measured in our set-up, a short test was done
at a p momentum of 204 MeV/c in the centre of the liquid hydrogen target.
At 204 MeV/c the particles have very little energy left when they enter the
R-counters. With full target their mean kinetic energy is 10 toeV and when
the target is empty their kinetic energy is 16 MeV. However, due to
straggling, 10% of the outgoing p's stop and annihilate before the R-
counters at this momentum. At large angles this number increases to 20% as
the p's produced at large angles have lost more energy in the interaction
and have a longer path length through the apparatus. Given this fact and
the effect of the deteriorating angular resolution with decreasing momentum
due to multiple scattering in the set-up, a p-momentum of 204 MeV/c was
considered too low for a measurement in the present set-up. At 233 MeV/c
and 272 MeV/c less than 0.5% of the p's produced at large angle stop before
reaching R. This has no influence on the result of the measurement.

Table 5-3
Momentum

target
condition

full
empty
full
empty

full
empty

loss in the

p (centre
of target)
(MeV/c)

272

276

233
240

204

213

set-up

Ap (in
target)
(MeV/c)

10

0

14
0

20

0

P
in first Ri
(MeWc)

229

243

145
131

<100
<100

c

P

P

P
P

P
P

o

' s

IA

' s
' s

' s

' s

rn m e n t

pass through whole set-up
pass through <vhole set-up
stop in Ri
stop in second Ri
{when overlapping)
stop in Ri
stop in Ri
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Chapter VII Data analysis

VI1-1 Preselection, production of data summary tapes

The following Cartesian coordinate system is used in the analysis. The z-
axis coincides with the beam axis and points in the direction of the beam.
The y-axis is in vertical direction and points upwards. The x-axis is in
horizontal direction and points to the left when looking in the direction of
the beam. The origin of the coordinate system lies on the beam axis 35 mm
upstream of the centre of the hydrogen target.

The position of the multiwire detectors in x and y direction was calculated
off-line. For this purpose straight tracks on no-ESOP tapes were used. The
positions were determined with a precision of ±0.1 mm. The position of the
chambers along the beam axis z was measured by surveyors with a precision
of±3 mm.

Using these wire chamber fiducials, incoming . d outgoing tracks were
calculated for every event. Incoming tracks were accepted if hits were found
in PCI and PC2 in both projections and if the coordinates of the
reconstructed track, x-m and y j n , at the centre of the target were between
-12.5 mm and +12.5 mm. For the calculation of the outgoing track at least
three hits were demanded in telescope 2 (PC3,PC4,PC5,PC6) in each
projection. Limits on the outgoing track were set larger. Scattering vertices
were calculated for all the combinations of incoming and outgoing tracks.
The vertex point was defined as the centre of the minimum distance segment
between the two tracks. If the vertex coordinates x and y were outside the
limits of *50 mm around the beam axis, the vertex was rejected. If one and
only one vertex was found in this way, the event was written on data
summary tape (dst). If no vertex or more than one vertex was found the
event was rejected.

The data reduction applied by this preselection is of the order of 40%. Half
of the reduction originates from the rejection of annihilation events, having
no outgoing track as the wire chamber voltages were low for pions. Events
with more than one outgoing track were found very rarely (<0.5%). The
second half of the reduction at dst-level originates from wire chamber
inefficiencies for p's or spurious hits in the beam region of PCl or PC2
causing the program to find a second incoming track and thus a second
vertex. The detection inefficiencies are taken care of in the computation of
the absolute normalization of the results.
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VI1-2 Time of flight and pulseheiqht information from R-counters and
S-counters

The time of flight between B1 and the R-counters as well as the

pulseheights in the K-counters are recorded for every event. The time of

flight between 81 and the S-counters is recorded for the data at 233 MeV/c.

This information is used to get a better understanding of the cleanness of

the events and to reject pp annihilations in the target. To illustrate the

effect of energy loss in the apparatus, the features of the time of flight and

pulseheight spectra of the test run at 204 MeV/c will sometimes be mentioned

in this section.

As the p momenta are low the ADC and TDC spectra of the R-counters look

quite different at the different momenta. The results of the energy loss

calculation, as presented in section VI -U. are well reproduced in the

appearence of the ADC spectra at the various momenta, which are shown in

fig. 7-1. At 272 MeV/c the p's pass through Ri with a mean momentum of

229 MeV/c and 243 MeV/c during full and empty target measurements

respectively. The p's with lower momentum (full target) lose more energy.

272MeV/c 233MeV/c 204MeV>c

Empty

Full

Empty Empty

P'jlseheight in R1

Fig. 7-1 • Pulseheight spectra measured in R1 at the various momenta with full and empty
target.
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At 233 MeV/c the situation is different. When the target is full most
antiprotons stop in Ri, whereas when the target is empty most'p's have just
enough energy to pass through. So the full target pulseheight spectrum is
wider and contains higher pulseheights than the empty target spectrum. The
low pulseheights on the full target spectrum correspond to pulseheights from
pions or kaons. They originate from antiprotons interacting or stopping and
annihilating just before entering Ri, or from p annihilations in one of the
other R-scintillators. Fig. 7-1 shows also the ADC-spectra for the test run
at 204 MeV/c. At this momentum all p's stop before or in the first R-counter
they pass. When the target is full the total energy of the p's is lower than
when the target is empty, so the mean energy dissipation in Ri is lower in
full target than in empty target runs. This is clearly shown in the ADC
spectra. The gains of the ADC's were adjusted to the different momenta, so
the pulseheights froti the three different momenta cannot be compared.

At 272 MeV/c the time of flight between B1 and Ri is 11.2 nsec for p's and
4.7 nsec for pions produced in an antiproton annihilation in the target. The
time of flight spectra on Ri have to be corrected for several effects to
obtain narrow spectra on which selection criteria can be applied:

1. Impact position on the R-scintillator.
The arrival time of the signal in the photomultiplier depends on the travel
time of the light in the scintillator itself. Hits close to the light guide will
pass the TDC threshold earlier than hits far from the light guide. Using
the coordinates of the track as measured in telescope 2, a correction of
5.3 nsec/m was applied, giving a maximum correction of 2.2 nsec.

2. Pulseheight correction.
Signals with a high pulseheight will pass the TDC threshold earlier than
signals with a low pulseheight. Using the ADC information a simple linear
correlation was applied to correct for this effect. This correction works
well for high p pulseheights, but it is underestimated for low
pulseheights from pp annihilation products produced close to the R-
counters. The final selection criteria take care of this aberration. The
maximum pulseheight correction on the measured time of flight is 1.3
nsec.

3. Path length and kinematics correction.
An outgoing antiproton produced at large scattering angle has a 6% longer
path length from the target to the R-counter than a forward going p.
Moreover it is slower as it has lost more kinetic energy in the
interaction. Given the computed impact position of the outgoing track in
Ri and the vertex coordinates, the nominal p time of flight from B1 to Ri



is calculated. This time is subtracted from the time measured by the TDC
to obtain a common offset time depending on the TDC input cable length.
The kinematics and path length correction differs by at most 2.0 nsec
over the angular range at 233 MeV/c.

The time of flight distributions obtained in this way have a full width at half

maximum of 0.8 nsec at all momenta except 204 MeV/c with full target, where

the width is 1.3 nsec due to the low pulseheights and the large momentum

spread of the antiprotons traversing R. Fig. 7-2 shows the time of flight

spectrum of Ri for the 233 MeV/c full target data.
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Fig. 7-2: Corrected time of flight spectrum of R1 at 233 MeV/c with full target.

The time of flight between 31 and Si, recorded at 233 MeV/c, cannot be

corrected in the same way as the time of flight between B1 and Ri.

Pulseheights on the S-counters were not recorded and no impact position

information is available on the particles hitting S. The time of flight spectra

are used uncorrected. On these time of flight spectra two distinct peaks are

seen (see f ig. 7-3). The first peak originates from prompt annihilations in

the target, it is lower for empty target runs than for full target runs. The

second peak is caused by p's annihilating in the R-counters; the

annihilation products arrive approximately 13 nsec later in S than the prompt

annihilation products. The first peak if lower than the second one as most

annihilation events were already rejected by the preselection. Of the dst

events 90% have no S-counter hits at all.
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20 30 40

TOF (nsec)
50

Fig. 7-3: Time of flight spectrum measured in S3 at 233 MeV/c with full target. The first peak
originates from prompt p annihilations in the target, the second peak originates
from p annihilations in the R-counters.

Fig. 7-H shows a two-dimensional plot of pulseheight versus time of flight in
R1 at 233 MeV/c with full target. The vertical line of events corresponds to
high p pulseheights arriving at the nominal time. The tail of the events with
lower pulseheights represents mainly p annihilations produced close to Ri .
As their pulseheights are very low the signals pass the TDC threshold later.
These low-pulseheight events should not be rejected as they correspond to
real pp elastic scattering in the target.

The early time region on the bottom left corner of fig. 7-U represents
prompt annihilations. However, the separation between prompt annihilations
in the target and elastic scattering is not very clean. The time of flight
information on the S-counters at 233 MeV/c helps to make the separation. If
all the events with a prompt signal in any of the S-counters are rejected
most of the events in the lower left corner of the ADC-TDC plot arriving
earlier than 4 nsec before the nominal time disappear. In addition some of
the low pulseheight signals arriving later disappear too.

Using this information it was decided to reject events in which there is a
signal in any of the R-counters arriving earlier than 4 nsec before the



88

nominal time at both momenta. Moreover the event is only accepted if the R-
counter in the direction of the outgoing track has a signal within 4 nsec
around the nominal time. The late time cut of +4nsec is enlarged for low
pulseheights following a (pulseheight)~1-function. At 233 MeV/c all events
with a prompt signal in one of the S-counters are rejected too.

0. u

-5. 0. 5. 10.
TOF (nsec)

Fig. 7-4: Pulseheight versus corrected time of flight spectrum of R1 at 233 MeV/c prior to
the application of time of flight cuts.

Table 7-1
Number of events rejected by time of f l ight cuts
Numbers are given in % of the number of dst events in three angular
regions, Q2 in rad 2 .

P
(MeV/c)

02<O.O3 0.03<02<0.08 0.08<02<0.14

233
272

4.4%
2.1%

12.8%
3.9%

19.4%
6.9%
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The data reduction due to time of flight cuts is given in table 7-1 for three
different angular regions. The applied cuts lead to a loss of at most 1.5% of
the elastic scattering events at large angle. Fig. 7-5 shows the full target
ADC versus TDC spectrum of events which pass the the selections at 233
MeV/c.

- 4 - 2 0 2 4 6 8
TOF (nsec)

Fig. 7-5: Pulseheight versus corrected time of flight spectrum of R1 at 233 MeV/c after
the application of time of flight cuts.

Vll-2a Coritamination of forward pp elastic scattering events at 272 MeV/c

The additional cut on early arrivals in the S-counters at 233 MeV/c removes
two kinds of events:

1. The small fraction of the annihilations in the target or in the first parts
of telescope 2, which are not rejected by the time of flight cuts on the en-
counters. In this case the low pulseheights in R give TDC pulses
arriving later than -4 nsec before the nominal p time.
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2. Ant ip roton-p roton backward elastic scattering.

In our set-up a forward going proton is indistinguishable from a forward
going antiproton. So a measured scattering angle 9 may also represent 'pp
elastic scattering at angle u-O. In that case the recoil p has a very low
momentum (100 MeV/c maximum) and will stop and annihilate in the liquid
hydrogen target. Due to the small solid angle spanned by the detectors
only 13% of these backward elastic scattering events will give a second
track in telescope 1 or telescope 2 and will thus be rejected. As the solid
angle spanned by the S-counters is 90.1% of U1t, the S-counters are more
effective. Together with telescope 1 and telescope 2 they cover 95.5% of

The information of the S-counter cut at 233 MeV/c is used to determine the
contamination of the forward elastic scattering events at 272 MeV/c. For this
purpose events were demanded to pass the R-counter selection and to give
simultaneously a prompt signal in one of the S-counters. The resulting ADC-
TDC spectrum on Ri showed two distinct regions, one with low pulseheights
arriving just before the nominal time and one with high pulseheights arr iving
at the nominal time. The f i rst cluster originates from pp annihilations in the
target region and the second cluster originates from backward elastic
scattering. A pulseheight cut on the Ri-signal was applied to distinguish
between the two. In this way an estimate was made of the contamination of
forward elastic scattering events at 272 MeV/c. A 20% decrease of the
annihilation cross section [3rUc8t] and a 60% decrease of the backward
elastic cross section d a ^ / d t [Nijmegen group private communication] from
233 MeV/c to 272 MeV/c was taken into account. The numbers obtained for
the contamination of the forward elastic scattering sample at 272 MeV/c are
given in table 7-2 for three different parts of the angular range.

Table 7-2

Contamination of the pp elastic scattering data at 272 MeV/c
The numbers are given in % of a ^ / d t , S2 in rad 2 .

G2<0.03 O.O3<02<O.O8 0.08<82<0.14

pp annihilations in < 1 % 2% 3%

the target region

backward elastic scattering <0.5% 1% 1.5%
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VI1-3 Experimental angular resolution

As the antiprotons proceed through the set-up they are subject to multiple
scattering in every slab of material they pass. This influences the
measurement of the scattering angle in the liquid hydrogen target. Multiple
scattering angles are inversely proportional to the product of the momentum
and the velocity of the traversing particle. As the p momenta are low, the
angular resolution in our set-up is dominated by multiple scattering. The
probability function of multiple scattering has a Gaussian shape in the very
forward direction C<3°):

dN -Q2/Qo2

e , (7-1)
dS2

where dN/d92 represents the number of events per 02-bin. Fig. 7-6
presents the angular distribution dN/d32 versus 02 of full target no-ESOP
events at 272 MeV/c showing the expected exponential behaviour at small
angles. The mean angle in space OQ fitted to the empty target data is
9o^=1.4 degrees. When the target is filled, the particles undergo additional
multiple scattering in the liquid hydrogen target. The mean angle fitted to
the full target data at the same momentum is 0g^=1.47 degrees, as shown in
fig. 7-6. Table 7-3 gives the fitted angles in space Q^ and 0o^ at both
momenta.

Table 7-3
Experimental angular resolution
Experimental angular resolution obtained from full and empty target no-ESOP
events.

P OoF ®0E

(MeV/c) (rad) (rad)

272 0.0257 0.0244
233 0.0312 0.0293

The error on the measurement of the scattering angle in the hydrogen target
due to the resolution of the wire chambers is only ±1.5 mrad, much smaller
than the uncertainty due to multiple scattering.
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Fig. 7-6: Angular distribution dN/de2 of beam events in very forward direction at 272 MeV/c
with full target, showing the Gaussian probability distribution of multiple Coulomb
scattering. The fitted mean angle e 0

F = 0.0257 rad.

VI1-4 Vertex position cuts

The error on the measurement of the z-position of the vertex in hydrogen
depends on the magnitude of the scattering angle. If the scattering angle is
large, the vertex position is well defined. If the scattering angle is small, a
small uncertainty on the x and y position of the tracks yields a large
uncertainty on the z-position of the reconstructed vertex. Therefore the cut
on the z-position of the reconstructed vertex has to depend on the
scattering angle.

In order to determine the error on the z-position of the reconstructed
vertex, one has to subtract empty target data from full target data.
However one cannot compare full and empty target data directly. Imagine an
antiproton scattering in counter 31 in an empty target measurement. The
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reconstructed z-position of the scattering vertex depends on the amount of
multiple scattering the antiproton is subject to in the equipment. When the
target was fu l l , there would have been additional multiple scattering in the
liquid hydrogen, causing a displacement of the reconstructed vertex
position.

In order to eliminate these effects from the subtraction of empty from fu l l
target data, the empty target data were smeared by a Monte Carlo method.
In each reconstructed empty target event the outgoing track was subject to
a random angular displacement 0 ' to simulate multiple scattering in the
target. The angle 0 ' was chosen according to a Gaussian distribution with
mean angle QQ, determined from the difference between the fu l l and empty
target angular resolution (see section V I I -3 ) . The location of this additional
scattering was chosen according to a flat distribution along the target. After
the displacement a new vertex position and scattering angle was computed.

To determine the selection criterion for the z-vertex position the sample of
events resulting from the subtraction of empty (smeared) from ful l target
data was divided in 10 bins of the scattering angle, each 20 mrad wide, from
80 mrad to 280 mrad. For each bin the vertex distribution along the beam
axis was f i t ted to a Gaussian distribution around the nominal target position.
This allowed the determination of the resolution as a function of the

100<8<160 mrad

' • . )

i

\ .

160<8<220 mrad

'•

' . . I

220<9<280 mrad

'• 1

li i

-20 •20 -20 0 +20
z-position vertex (cm)

-20 +20

Fig. 7-7: Z-vertex distributions for various scattering angles at 272 MeV/c after the
subtraction of empty (smeared) from full target data (Ö in mrad).
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scattering angle 0. A 3az(Q)-cut was applied to the z-position of the

reconstructed vertex on both sides of the target centre. At 272 MeV /c the

vertex cut varied typically from ±34 mm at 120 mrad to ±27 mm at 370 mrad,

to be compared with the actual 'target length of 11.5 mm. Fig 7-7 shows the

(full minus empty) z-vertex distributions for various scattering angles at 272

MeV7c, showing the target clearly at its nominal position of z=+35 mm.

The x-vertex and y-vertex distributions have a width of 7 mm and 8 mm

(FWHM) respectively at 272 MeV/c. They contain very little background at

larger distances from the beam axis. Therefore no additional cuts were

applied on the vertex distributions orthogonal to the beam line.

VI1-5 Acceptance of the ESOP-cut

The acceptance of the elastic trigger is derived from no-ESOP data. On

these data, which are triggered by the incoming beam (B0«81) only, the

decision of the elastic trigger BO- BI* (R1+R2+R3+R4)- (ESOP-accept) is

recorded for every event. The ESOP selection is more severe than the

demand of a hit in one of the R-counters (see section VI-2). The ESOP

acceptance as a function of 82 , thus obtained, is fitted to a constant plus

an exponential fall-off towards small angles. The resulting ESOP efficiency

functions for both momenta are drawn in f ig. 7-8. The mean acceptance at

10

o, 0.8
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Fig. 7-8: Acceptance function of the elastic trigger at 272 MeV/c and 233 MeV/c.



95

large angle (02 > 0.04 rad2) is 99% at 272 MeV/c and 96.3% at 233 MeV/c.
The acceptance is 90% when Q2 = 0.015 rad2 at 272 MeV/c and when
Q2 = 0.024 rad2 at 233 MeV/c. The difference between these two values is
caused by antiproton annihilations in Ri, where one of the backward
annihilation products crosses PC6 in the veto region. At 233 MeV/c most
antiprotons stop and annihilate in Ri, whereas at 272 MeV/c most antiprotons
traverse Ri.

The data are used for final analysis down to the angle where the acceptance
of the elastic trigger is 90%. At this angle the Coulomb differential cross
section is approximately equal to the nuclear differential cross section at
both momenta.

VI1-6 Large-angle geometrical acceptance

The large-angle geometrical acceptance is determined by the size and
position of the last wire chamber and the size and position of the R-
counters. The position of PC6 in x and y direction is known to a precision
of ±0.1 mm. To eliminate the uncertainty on the determination caused by the
±5 mm uncertainty on the position of the R-counters, cuts were applied on
the position of the outgoing track in PC6. They provided a clean cut-off for
the calculation of the large-angle geometrical acceptance.

The calculation involved a Monte Carlo technique. Incoming beam tracks were
simulated according to the beam distributions measured in PC1 and PC2.
Scattering in the liquid hydrogen target was generated according to a flat
distribution in 02 and a flat distribution in z-pos it ion along the target.
Outgoing tracks were tracked through the set-up taking into account the
cuts on PC6.

The result of the Monte Carlo computation generating 106 incoming particles
is shown in fig. 7-9. The acceptance is 100% up to S2=0.1 rad2 , 0=18°. The
acceptance drops to 50% at 02=O.145 rad2 , 0=22°. The dropping part of the
geometrical acceptance was fitted to a polynomial. The large-angle
geometrical acceptance, calculated in this way, does not include the effect of
the experimental angular resolution due to multiple scattering in the set-up.
Multiple scattering is superimposed on the geometrical acceptance by a
convolution of the geometrical acceptance function and the multiple scattering
probability distribution, determined from no-ESOP full target data (see
section V I I -3 ) . The geometrical acceptance including experimental resolution
at 272 MeV/c is represented by the curve in fig. 7-9. The measured
differential cross section is corrected for folded geometrical acceptance. The
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data are used up to92=0.13 rad2 (0=21°), where the geometrical acceptance
is 75%, to determine the parameters of the forward nuclear scattering
amplitude.
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Fig. 7-9: The large angle geometrical acceptance of the set-up. The data points represent
the Monte Carlo results. The curve represents the acceptance folded with the
experimental angular resolution at 272 MeV/c.

VI1-7 The absolute normalization of the results

The subtraction of empty target from fu l l target data yields the differential
elastic pp cross section:

!eH

d t cteAt
(7-2)

Where: a
s

NF ( t )

number of target protons per unit area (mb) ' .
transmission probability for antiprotons through the empty
target set-up.
the number of elastic scattering events observed in the
momentum transfer bin with mean value t and width At, when
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the target is fu l l , corrected for geometrical acceptance
and ESOP efficiency (NE ( t ) when the target is empty).

NgF = the number of incoming antiprotons in the ful l target
measurement corrected for the reconstruction efficiency
of the wire chamber telescopes (NgE for the empty target
measurement).

The exponential term corrects for the absorption of antiprotons in the l iquid
hydrogen target. The cross section a stands for the total pp annihilation
cross section and charge exchange cross section plus the elastic cross
section for scattering angles outside the detector. Together this is 90% of
a t o t . Estimating cr tot = 260 ± 20 mb at 272 MeV/c and o t o t = 2R0 ± 20 mb at
233 MeV/c# e~aa corresponds to 0.9867 ± 0.0008 and 0.9856 ± 0.0009
respectively.

The total number of antiprotons per unit area a was computed using mean
liquid hydrogen temperatures during fu l l and empty target runs,
a = (5.155 ± 0.1)-10~5/mb.

The correction factor for antiproton absorption in the materials other than
liquid hydrogen is represented by 1/e. The absorption in all materials
between PC2 and PC5 was calculated assuming an A^'3-dependence of the p
absorption cross section on nuclei with atomic mass A [AihafJI]. The
momentum dependence of the absorption cross section was assumed to be
similar to the momentum dependence of our measured total cross sections.
Following the measurements of Bruckner et al [3ruc84] , an additional
increase of 10% at 272 MeV/c and 20% at 233 MeV/c was taken intr; account,
giving 1/e = 1.020 ± 0.005 at 272 MeV/c and 1/e = 1.025 ± 0.006 at 233
MeV/c. The errors are estimated both from the uncertainty in the
determination of absorption cross sections and from the assumption
concerning the contributing parts of the set-up.

The number of incoming antiprotons is recorded on tape for every run.
These numbers were corrected for reconstruction efficiency. The main
contributions to reconstruction losses are:

1. Wire chamber inefficiencies in telescope 1, provoking a loss of 6% to 12%
of the events, as two hits are demanded in telescope 1 for both the x
and y projection of the incoming track.

2. Wire chamber inefficiencies in telescope 1, provoking a loss of
approximately 2% of the events, as only three hits are demanded in
telescope 2 for both projections of the outgoing track.
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3. Spurious hits in telescope 1.
The reconstruction program calculates incoming tracks from all
combinations of x and y coordinates measured in PC1 and PC2. Thus a
single spurious hit in the beam region of PC1 or PC2 causes a second
valid incoming track to be calculated and the event to be rejected. The
loss of events due to spurious hits in PCI and PC2 varies between 13%
and 19% in the different runs.

All three effects mentioned above are well understood and there was a
precise bookkeeping of the losses for every on-line data tape. The corrected
numbers N 0

F and NgE are given in table 7-4.

Table 7-4
Total number of incominq

P

(MeV/c)

272
233

antiprotons

fu l l target
(106)

12.61
22.08

corrected for reconstruction efficiency

N0
E

empty target
(106)

13.26
10.78

The total uncertainty on the absolute normalization due to reconstruction
efficiency, absorption in the empty target set-up, target length and
temperatures, geometrical acceptance, vextex cut and time of f l ight cuts is
±5%.
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ipter VI I I Results of the pp small-angle scattering measurements

1-1 Introduction

er the analysis of the data as described in the previous chapter the
stic scattering angular distributions are obtained. They are drawn as a
iction of the square of the scattering angle 9 in f ig. 8-1 for p = 272
lie and in f ig. 8-2 for p = 233 MeV/c. At angles smaller than Q2 = 0.03
I2 the bins in the figures are 0.001 rad2 wide and at larger angles the
is are twice as large. Statistical errors are typically + 10% at all angles at
: MeV/c and ±8% at all angles at 233 MeV/c. The total number of events in
s. 8-1 and 8-2 is 16218 at 272 MeV/c and 24712 at 233 MeV/c. The number
events scattered off the hydrogen target divided by the number of events
ittered off the empty target set-up is approximately equal to U at 21°;
s ratio decreases to 1 at 9° at both momenta.

6 (degrees)
16

002 0.06 0.06

9 2 I rad2 )

0.10 0.12 0.14

I. 8-1: The measured pp elastic scattering angular distribution at p=272 MeV/c corrected
for trigger acceptance and geometrical acceptance.
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Fig. 8-2: The measured pp elastic scattering anguiar distribution at p=233 MeV/c corrected
for trigger acceptance and geometrical acceptance.

The data are cut off at small angle where the acceptance of the elastic
trigger is 90%. This is at 92 = 0.0145 rad2 at 272 MeV/c and at 02 = 0.025
rad2 at 233 MeV/c. As the large-angle geometrical acceptance is well
understood, the data are used up to 62 = 0.130 rad2 , where the geometrical
acceptance is 75%. The absolute normalization rror on the data is ±5% at
both momenta. The beam momentum resolution is better than ±0.5% at both
momenta.

The procedure to compare the data with the theoretical differential cross
section is explained in section VII1-2. in section VI11-3 this theoretical
differential cross section is described. The fits to the data are discussed in
section VII I-4 to VI I I -7 .
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VI11-2 Procedure for fitting the results to the theoretical differential

cross section

The measured pp differential elastic cross section cannot be compared with

the theoretical differential cross section directly. The measured angular

distribution is smeared by instrumental effects like multiple Coulomb

scattering in the set-up.

To derive the fitting procedure which compares our data with the theoretical

differential cross section we will regard the elastic scattering off our full

target set-up as a combination of two consecutive scattering processes. The

first scattering process is the background scattering off the empty target

set-up. The second scattering process is the scattering off the hydrogen

target.

Imagine we want to know the number of antiprotons scattered into angular
element dA at angle (0,<t>) during a full target measurement. The background
scattering causes NE particles to be scattered into that element. Due to the
consecutive scattering off the hydrogen target this number is diminished by
the number of particles that scatter to angles outside element (0,4>)dA
(out-scattering). The number NE is, however, increased by the number of
particles that scatter into the element from elsewhere (in-scattering). So the
number of particles N that scatter into element (0,ij>)dA during the full
target measurement is

N^ = NF - out-scattering + in-scattering.

Note that the in-scattering contains all the non-interacting beam particles in
the empty target run that scatter off the hydrogen target.

In the following derivation we will first describe the in-scattering and out-
scattering from and to a second angular element ( (0,<t>)-(G',$')) dA (see
fig. 8-3). The description will then be extended to all angles (Q1,*1) by a
straightforward integration.

Imagine we have

and qm-ta-Q') dA

particles present in either elements after the empty target scattering, where
the subtraction 0-O' represents the angle between (9,4>) and (9',$'). After
the hydrogen scattering the number of particles scattering from element
((Ö,4>)-(Ö',*'))dA into (0,<»dA is
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target

Fig. 8-3: The geometry of the integral over 6' and $'.

t,„ dQ dQ
HA (8-1)

where a
t'

= 5.155* 10"5/mb = the number of target protons per unit area,
= the transmission of anti protons through the liquid

hydrogen target,
_9£i®L = the p-hydrogen differential cross section (mb/sterad).

dQ

The p-hydrogen differential cross section in expression (8-1) represents all
the scattering off hydrogen including nuclear scattering, single Coulomb
scattering. Coulomb-nuclear interference and multiple Coulomb scattering.
The form of the p-hydrogen differential cross section will be discussed in
section VI11-3. The factor t' corrects for the anti proton absorption in liquid
hydrogen, represented by pp annihilation and charge exchange plus the
large-angle elastic scattering out of the detector, t'=e~aa (see section
VI1-7), t1 =0.9867 at 272 MeV/c.

In the expression for out-scattering into the second element the term
dNE(@-Q')/dQ in (8-1) is replaced by dNE(e)/dB. So the total number of
particles observed in element (6,<t>)dA is:
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= t'

t,„ ( 8 . 2 )

The factor dA appears in all terms and can be omitted. Now we generalize in-
scattering and out-scattering from and to the complete Hn angular range by
integrating over all angles 9' and $ ' :

The geometry of the integral over 0' and <J>' is drawn in fig. 8-3.

In practice in-scattering and out-scattering over large angles is very
improbable as the differential cross section is decreasing rapidly with
increasing angle. Therefore the integral over 9' is derived only from 9'=0
to 0'=.i/6.

To find the differential elastic cross section we have to introduce probability
instead of numbers. Let tie be the number of incoming antiprotons and e the
transmission probability through the empty target set-up, then the measured
differential elastic cross section is represented by:

dg(0) meas
dQ _

actie V

(8-4)

We will also normalize the probability distribution for scattering off the
empty target set-up:

dQ eNé
dNE(9) (8-5)

Combining (8-3), (8-4) and (8-5) yields the following expression for the
measured differential cross section:

2n ii/6
= ƒ

dQ 0

In terms of momentum t ransfer t expression ( 8 - 6 ) becomes:

dt
(8-7)

where:



104

da da(@) (8-8)

The superscript * refers to the centre-of-mass system. All other angles and
momenta mentioned are in the laboratory system. The Jacobean in expression
(8-8) varies very little over the angular range of interest.

For calculating angle (0-0') the expression

cos(9-0') = COS0COS0' + si (8-9)

is used. Angle <j> is given an arbitrary value.

The empty target probability distribution dPE(G)/dS from angle 0=0° to
0=21° is obtained by combining triggered data (5°<0<21°) and non-triggered
data (O°<0<5°). The distribution is fitted to a sum of U exponentials at 272
MeV/c and 5 exponentials at 233 MeV/c. These functions are used in
expression (8-7).

p = 233 MeV/c p = 272 MeV/c

(rad2)

t
(0.001 x
(GeV/c)2)

dt
(mb/(GeV/c)2)

(0.001 x
(GeV/c)2)

dt
(mb/(GeV/c)2)

.0145

.0155

.0165

.0175

.0185

.0195

.0205

.0215

0225
0235
0245
.0255

0265

0275

0285

0295
0310

0330

0350

0370

1.37

1.43

1.48

1.53
1.59
1.66

1.77

1.88

1.98

6680

7297

6752

5951
6203
6520

5265

4489

4612

± 781

± 741

±725

± 696
+ 626
± 438

± 414

± 399

± 369

1.11
1.10
1.10
1.10
1.09
1.07
1.05

1.04

1.04

1.07
1.14

1.21

1.29

1.36
1.43
1.51

1.58

1.65

1.72
1.80
1.87

1.94
2.01
2.09
2.16
2.27
2.41
2.56
2.70

7024
7817
6864
5514
4893
5048
4718

4502

4053

3160
4265
3733
3864

3531

3462
3697
3706

3284

3318

3159

± 876
± 803
+ 712
± 662
± 621
± 588
± 576
± 537
+ 524
+ 523
± 500
± 464
± 474
± 453
± 454
± 430
± 296
± 287
± 285
± 279

1.16
1.15
1.11
1.08
1.07
1.06
1.06
1.06
1.05
1.04
1.03
1.03
1.03
1.03
1.03
1.02
1.01
1.01
1.00
1.00
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.0390

.0410

.0430

.0450

.0470

.0490

.0510

.0530

.0550

.0570

.0590

.0610

.0630

.0650

.0670

.0690

.0710

.0730

.0750

.0770

.0790

.0810

.0830
0850
.0870
.0890
0910
.0930
.0950
0970
.0990
.1010
1030
.1050
.1070
1090
.1110
,1130
1150
.1170
1190
1210
1230
.1250
1270

2.09
2.19
2.30
2.40
2.51
2.62
2.72
2.82
2.93
3.03
3.14
3.24
3.35
3.45
3.55
3.66
3.76
3.86
3.97
4.07
4.17
4.27
4.38
4.48
4.58
4.68
4.79
4.89
4.99
5.09
5.19
S.29
5.39
5.50
5.60
5.70
5.80
5.90
6.00
6.10
6.20
6.30

6.40
6.50
6.60

4406
3878
3995
4771

4556

4027

3681
3728
4539
3998

3855

4549
4427
4307

4105

3721
3786
3604
3419
3580

3418

3370

3647
3769
3480

3792

2958
2743
3425
3173

3575

2979

2953
3127
2827

2752

2818
3448
3019
2903

2875

2375

2992
3052
2753

± 360
± 347
± 340
± 319
± 320
± 329
+ 305
± 313
± 296
+ 304
+ 306
± 284
+ 288
± 285
+ 271
± 277
± 284
± 283
± 265
± 259
± 266
+ 255
+ 260
+ 247
+ 245
± 254
+ 256
+ 255
± 249
± 253
± 248
± 251
± 234
± 244
± 253
± 250
+ 241
± 244
± 243
± 247
±258
+ 262
+ 240
± 259
± 255

1.04
1.03
1.03
1.02
1.02
1.02
1.02
1.02
1.01
1.01
1.01
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

2.85
2.99
3.13
3.38
3.42
3.56
3.71
3.85
3.99
4.13
4.27
4.42
4.56
4.70
4.84
4.98
5.12
5.26
5.40
5.54
5.68
5.82
5.96
6.10
6.24
6.38
6.52
6.66
6.80
6.93
7.07
7.21
7.35
7.48
7.62
7.76
7.90
B.03
8.17
8.30
8.44
8.58
8.71
8.85
8.98

3240
2993
3118
3232
3255
2906
3147
2607
3247
2958
2730
3058
2774
3139
2816
2589
2641
2716
2734
2676
2789
2688
2655
2572
2836
2864
2724
2379
2744
2644
2307
2549
2351
2149
2413
2095
2394
2419
2626
2719
2319
2176
2167
2019
2149

±
+

±
±
+

±
+

+

+
+
+
+

+
+

±
+

±
±
+
±
±
±
±
+

±

±
±
±
±
±
±
+
+

±
+

±
+

±
±

273
262
262
267
261
256
249
241
255
242
241
248
238
240
240
226
231
229
232
224
226
219
213
219
218
226
220
211
215
220
209
218
206
205
210
203
207
211
223
215
216
216
220
225
217

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

Table 8-1: The measured pD differential elastic cross section dameas/ót. together with the
folding correction F at 233 MeV/c and 272 MeV/c. The measured differential cross
section Is given at both momenta. The term F represents the average folding
correction on «ach data point. So dom e a s /dt has to be divided by F to obtain the
theoretical differential cross section do/dt.
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Table 8-1 gives the measured differential cross sections dam e a s /dt at both
momenta. The term F in table 8-1 represents the average folding correction
on each data point. So dam e a s /dt has to be divided by F to obtain the
theoretical differential cross section do/dt.

VI11-3 The p-hydroqen differential elastic cross section

The main features of the theoretical differential cross section to be used in
the fitting procedure (expression 8-7) have already been decribed in section
11-2. The Coulomb differential cross section in expression (2-11), however,
includes only single Coulomb scattering of the incoming antiproton off a
target proton. This term dominates in the angular range from 2° to 7°. At
very forward angle, below 2°, multiple Coulomb scattering off many target
protons dominates. For the total cross section measurement this term was not
important as the angles spanned by the transmission counters were chosen
outside the region of multiple Coulomb scattering. The elastic scattering
experiment is also carried out outside the multiple scattering region. But in-
scattering and out-scattering from and to this region,where the differential
cross section is 10 times larger than in the nuclear region (>12°), has to
be taken into account. Therefore the p-hydrogen differential cross section in
expression (8-7) has to include multiple Coulomb scattering.

Multiple Coulomb scattering was described by G. Molière [Moli47], [Moli48l.
Molières formulae are described in a mathematically more convenient way by
H.A. Bethe [3eth53]. The resulting formulae are summarized by H. Overas
[0ver63]. The total Coulomb angular probability distribution is expressed as
a function of C, = e /X^B introduced by G. Molière. The parameters Xc and
B depend on the velocity and the charge of the incident particle, the
antiproton, and on the properties of the medium it traverses, the liquid
hydrogen target. The formulae to calculate these parameters are given in
[8>ver63]. The product Xc/B corresponds to the mean multiple scattering
angle 6Q used in expression (7-1) and amounts to 5.2 mrad at 272 MeV/c
and to 7.1 mrad at 233 MeV/c for multiple scattering off the hydrogen
target. The total Coulomb angular probability distribution dPm(9)/d2 is
parametrized as:

d t V 6 ) 1 ,2 1 1
= fm(e) =_e-£ +—-MC) + — — f2 (C) (8-10)

The first term represents multiple Coulomb scattering and dominates in the
very forward direction (<2°). The second term represents single Coulomb
scattering which is the most important term for angles larger than 2°. The
third term represents plural Coulomb scattering off a few target protons.
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which may be regarded as the transition between multiple and single Coulomb
scattering. The formulae for f^C) and fj(C) are given in [8eth53].

Using expression (8-10) the Coulomb differential cross section is written as:

i r 8 ( m b / ( C e V / c ) 2 ) ( 8 _ n )
dc^9)= 2.606-HT* J|_ f m ( e

where ts = t + p2Xa
2 the screened momentum transfer taking into account

the effect of the electron moving around the proton in the hydrogen atom.
The formula for calculating the screening angle Xa may also be found in
[Over63]. At 272 MeV/c the term p2Xa

2 = 2.03-10"'1 (CeV/c)2 . The
screened momentum transfer prevents the Coulomb-nuclear differential cross
section from going to infinity at scattering angle 9 = 0 . The influence of the
additional term p2Xa

2 on the Coulomb differential cross section is negligible.

The nuclear differential cross section is parametrized as (see section 11-2):

= 0.0511 0tot2(1+P2Hi+Ti2)e~bt: (mb/(GeV/c)2) (8-12)
daN(6) 2

dt

with p = the real to the imaginary ratio of the forward nuclear
scattering amplitude

b = the slope of the forward nuclear scattering amplitude (GeV/c)~2,
ötot= the pp total cross section (mb).

For the fits to our data we assume that p and b are constant over the
limited t-range of the measurement, which is a reasonable assumption over
this angular range.

In the Coulomb-nuclear differential cross section the screened momentum
transfer ts is used in the terms which originate from the Coulomb amplitude:

)= 0.0073 _ L (1+tS/0.7ir4 a t o t

sdt p t

x (pcos6(ts)-sin6(tsn (mb/(GeV/c)2) (8-13)

For 6 ( t ) , the phase of the Coulomb amplitude in the presence of the nuclear
amplitude, the expression derived by M.P. Locher [Loch67] is used:

6(t) = !_ (Xn(9.5t) + 0.5772). (8-14)
137P

The real-to-imaginary ratio of the nuclear amplitude defines the phase of the
nuclear amplitude. So when fitting p to the data, one determines the phase
of the nuclear amplitude with respect to the phase of the Coulomb amplitude.
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The expression for 6(t) is not unique and depends on the range of the
nuclear interaction. Following the convention adopted in the analysis of
previous pp elastic scattering measurements we use expression (8-14), When
other expressions for 6(t) are used the fitted value for p changes by at
most 0.01 [Br'üc85a], [B. Moussallam private communication].

The nuclear amplitude is in fact a sum of 5 independent helicity amplitudes
<h = <++|<|>l++>, *2 = <++ l <H—>. <t>3 = <+-l * l+->, iK = <+-!$!-+> and
$5 = <++!<|> l+->, [Cold60]. Only $ i , $2 and $3 are important in the forward
direction. The parameter T) expresses the spi:v-dependence of the forward
nuclear amplitude:

2 \±LhLllh}L . (8-15)
| * i + 4>3I

2

Usually the assumption of spin-independence is made when comparing
experimental differential cross sections to the theoretical differential cross
section. Some models, however, predict values as large as T) = 0.33 near
p = 250 MeV/c [Nijmegen group private communication!, [LacoR3], [C3té"82],
[Ashf85]. The parameter T| cannot be fitted independently as r\ and atot a r e

too much correlated. On the other hand, the parameters p and T) are not
very correlated and the same holds for b and TJ. Therefore we will present
results for r\ = 0 and demonstrate the ri-dependence of the results.

To illustrate the influence of the three parameters p , b and a t o t on the form
of the differential cross section da{9)/dt, da(9)/dt is drawn together with
the separate contributions daC (9) /dt , daC N (9) /dt and doN(9)/dt for p = 272
MeV/c in fig. 8-4. To draw this figure the numbers o t o t = 263 mb, b = 38.7
(CeV/c) and p = 0.5 were chosen rather arbitrarily. The spin-dependence
T) is set to zero. The total cross section used in the figure, atot = ^fi3 ml3 '
is obtained by extrapolating our atct-measurements between 599 MeV/c and
388 MeV/c to 272 MeV/c. The total cross section determines the absolute
normalization of the nuclear differential cross section and of the Coulomb-
nuclear interference. It therefore determines the height of the curve at
angles larger than 12° and it influences the location of the bend near
9 = 8°. The slope of the nuclear amplitude b = 38.7 (GeV'/c)"^ is taken from
a parametrization of previous pp small angle elastic scattering measurements
below 700 MeV/c (see section Vl l l -6b) . The slope b of the nuclear amplitude
determines the slope of da(9)/dt at angles larger than 9 = 12°. The value
for p is set at +0.5 to obtain a reasonably large interference part for the
figure. The value of p influences the shape of the bend near 6 = 8°. This is
illustrated in fig. 8-5, where the same differential cross section curve is
also shown for p = 0 and p = -0.5.
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9 (degrees)
4 8 12

Q002 Q004 0.006
t (GeV/c)2

0008

Fig. 8-4: The pp differential elastic cross section do(9)/dt at P=272 MeV/c together with the
separate contributions doc(8)ydt, doCN{B)/dt ?nd do"(9)/dt. For the parameters of
the nuclear amplitude p=+0.5, b=33.7 (GeV/c)'* and ot0,=263 mb are taken.

9 (degrees)
12 16

0.002 Ü00A Q006
t (6eV/c)2

0.008

Fig. 8-5: The pp differential elastic cross section do(9)/dt at p=272 Me V/c for three
different values of p.
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The parameters p and b can only be determined from measurements of small
angle elastic scattering. The total cross section a^ot a PP e a r s a s a parameter
of the forward nuclear scattering amplitude. However, it is preferable to
measure a t o t independently, for example in a transmission experiment. In
this way its measured value doesn't depend on the values for p and b.
Unfortunately afOt has not yet been measured below 300 MeV/c. The
parameters p, b and a t o t are very correlated as we will see from the results
of the fits in the following sections. The parameter b represents the
exponential fall-off of the nuclear amplitude. The use of one single slope b
is based on the assumption that all the helicity amplitudes mentioned above
fall off with the same slope, which needs not be true. Moreover the
determination of the slope b may depend on the angular range involved.

VI11-4 Results at 272 MeV/c

After the preparations made in the preceding sections we are now ready to
fit the parameters of the theoretical differential cross section to our
measurements. The fits are carried out using the CERN minimizing routine
MINUIT (Minuit]. The data at 272 MeV/c are fitted from t = 0.001 (GeV/c)2 ,
where the acceptance of the elastic trigger is 90%, to t=0.009 (GeV/c)2 ,
where the geometrical acceptance is 75%. This corresponds to lab angles from
7° to 21°.

As p is strongly dependent on the parameters a t ot and b we will first
describe some fits with a fixed input value for a t o t or b. As stated in the
preceding section, the spin-dependence parameter TI is initially assumed to
be zero in the fits. Table 8-2 gives the results of several fits with fixed
a tot-values between 230 mb and 280 mb. When a t o t varies from 240 mb to 270
mb, the value for p varies from +0.12 to -0.06 and the slope b varies from
29 (GeV/c)"2 to 54 (CeV/c)""2. The x2 of the fit varies at most by 2 for 63
degrees of freedom and reaches a minimum near OfOt = 250 mb.

Table 8-2 Results of the fits with fixed a t o t at 272 MeV/c

The

fftot

statistical

(mb)

errors

230

on P and

240

b are typically

250

±0.027

260

and ±2 .

270

9 (GeV/c)""2.

280

P
b

X2

(GeV/c)"2

/63 d.o.f.

+0
22
47

.175

.0

.2

+0.
29.
45.

113
2
5

+0
36
44

.061

.9

.7

+0
45
45

.003

.1

.0

-0
53
46

.055

.9

.7

-
63
50

.114
.4
.3
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Fig. 8-6: The measured differential elastic cross section with the fits for 6 different values
of o t o t at 272 MeV/c.

The fitted differential cross section curves are shown in fig. 8-6. Also from
looking at these curves it is clear that the values for o t o t between 240 mb
and 270 mb fit the data equally well. The statistical error on p is typically
±0.027 and the statistical error on b is typically ±2.8 (GeV/c)" 2 . The
correlation between p and b for the fixed values of a t o t is shown in
fig. 8-7. The results of table 8-2 yield the following parametrization for p as
a function of a t o t a t 272 M eV/c:

= 0.04 + T.47 ( i - ± 0.027, (8-16)
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with o*tot in mb. The spin-dependence parameter TI is strongly correlated to
a t o t . When TI is varied between 0.0 and 0.5, the x2 and the fitted values for
p and b change to the values for fixed crtot( 1+0. ST)2 ) in table 8-2.

1
s

7 0 -

6 0 -

50-

40 -

30 -

20-

OM = 280 mb

CD
270

260

0 250

&

272

240

MeV/c

230

-0.1 0.0
I

0.1
V

0.2

Fig. 8-7: The correlation between p and b for the fits with fixed o t 0 , at 272 MeV/c as shown
In fig. 8-6 and table 8-2. The contours show the values for p and b corresponding
to a x2 increase of 1 above the minimum.

After the fits with fixed input values for crtot we will now discuss the
influence of the slope b on the results. In table 8-3 the results of several
fits with fixed slope between b = 32 (CeV/c)"2 and b = 48 (GeV/c)"2 are
given. When b changes between 32 (GeV/c)~2 and 48 (GeV/c)"2 the fitted
value for p changes from +0.09 to -0.01 and the fitted value for
atot changes from 2HH mb to 263 mb, whereas the %2 of the fit changes by
at most 0.7 for 63 degrees of freedom. The statistical error on p is typically
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±0.04 and the statistical error on u t o t is typically ±3.5 mb. When the spin-
dependence T) is changed from 0 to 0.5, x2 ar*d P remain unchanged, but the
fitted value for o t o t decreases as 1/ ( 1+O.ST)2) .

Table 3-3 Results of the fits with fixed b at 272 MeV/c
The statistical errors on p and <jtot a r e typically ±0.04 and ±3.5 mb
respectively.

b (GeV/c)~2 32 36 40 44 48

p
ötot <
X2/63

mb)

d.o.f.

+0.
244

45.

089

I

+0
249

44

.064

.7

+0.
254

44.

040

7

+0.015

258

44.9

-0.
263

45.

009

4

Table 8~4 gives a list of all contributions to the systematic errors on the
results of the fits with fixed total cross section values. The systematic
errors due to variations in vertex cuts, time of flight cuts and large angle
geometrical acceptance are contained in the systematic error due to the ±s%
uncertainty in absolute normalization. Variations in the large-angle cut-off of
the data influence the fitted slope b. This can be seen from fig. 8-6, where
some of the curves tend to cross the general t-dependence of the data in
the nuclear region. Moreover, the parameter b itself iray depend on the
angular range of the f it . As b and p are correlated this also influences the
fitted value for p. Therefore we add a systematic error due to a variation of
±1° in the cut-off angle. Variations in small-angle cut-off principally test Ihe
correctness of the folding procedure described in section VIM-2. The t -
dependence of da lot is very steep in the Coulomb and the interference
region and a small incorrectness in the folding procedure has a large
influence on x2 in the Coulomb and interference region and thus on the
fitted p-value.

For the fits with fixed b, the most important contribution to the systematic
error on the fitted value for p and a t o t is the ±5% uncertainty in absolute
normalization. This leads to an error of ±0.025 on p and an error of ±2.5%
o n a t o f
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Table 8-4 Systematic errors on the fits at 272 MeV/c with fixed

Origin Systematic error on p Systematic error on b
(GeV/c)"2

Absolute normalization ±0.04 ±4.0

Trigger acceptance -0.03 -1.1

Variation in ±0.02 +1.8
small-angle cut-off -1.6

Variation in ±0.01 +2.0
large-angle cut-off -3.0

We will now discuss a simultaneous fit of p, b and a t o t to the data at 272
MeV/c. The result of this fit is shown in fig. 8-8. The fit was again done
assuming r\ = 0. The values obtained for p, b and atot a r e :

p = 0.04 ± 0.09,
b = 39 ± 12 (GeV/c)"2 ,

fftot = 253 + 14 mb.

The errors are statistical errors only. The x2 of the fit is 44.7 for 62
degrees of freedom. When the spin-dependence parameter r\ is changed from
0 to 0.5, the x2 of the fit and the value for p and h remain unchanged.
However, a^ decreases from 253 mb to 227 mb following the function
1/(1+0.

Table 8-5 gives a list of the contributions to the systematic errors on the
results. Although the systematic errors listed in table 8-5 are large, it
should be noted that whichever systematic effects are studied, the results of
the fits remain within the framework of table 8-2 and 8-3. So whenever the
value of a t o t is known, the statistical and systematic errors on the results
for p and b are much reduced. Using the short target flask the pp total
cross section can be measured in our transmission set-up at this momentum
and we hope to get the necessary beam time for this measurement in the
near future.
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Table 8-5 Systematic errors on the results of the best fit at 272 MeV/c

Origin

Absolute normalization

Trigger acceptance

Variations in
small-angle cut-off

Variations in
large-angle cut-off

Error

±0.

- 0 .

±0.

+0.
- 0 .

on

04

06

11

06

03

Error on b
((GeV/cr2)

+ 1.7

+ H.S

±11

+ 7
- 1 i »

Error on a t ot
(mb)

+ 3.2

+ 6.0

±15

+ 6
-13

10*

f;
S 5-103

E

2-103 •

p = 272 MeV/c

p = 0.04

b = 39 (GeV/cr2

= 253 mb

= 0

8

r (1<r3-(GeWc)2)

Fig. 8-8: The result of the three-parameter fit to the data at 272 MeV/c.
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VI11-5 Results at 233 MeV/c

We will now discuss the fits to the measured differential elastic cross section
at 233 MeV/c in the same way as the fits at 272 MeV/c. The data are fitted
from t = 0.0011 (GeV/c)2 , where the trigger acceptance is 90%, to t = 0.0065
(GeV/c)2 , where the geometrical acceptance is 75%. This corresponds to lab
angles from 9° to 21°. The angular range covered at 233 MeV/c is 2 degrees
smaller than the angular range covered at 272 MeV/c due to the lower
trigger acceptance. The momentum transfer range, however, is 30% smaller
as t is proportional to the momentum-squared.

The spin-dependence parameter r\ is again assumed to be zero in the fits.
Table 3-6 gives the results of the fits with total cross section values
between 260 mb and 310 mb. When a t o t varies over this range, p changes
from +0.20 to -0.02 and the slope b changes from 43 (GeV/c)~2 to 34
(GeV7c)~2. The x2 of the fit changes from 73.8 to 69.5 for 52 degrees of
freedom. The statistical error on p is typically ±0.03 and the statistical error
on b is typically ±4.0 (GeV/c)~2. The correlation between p and b for the
various values of atot ' s shown in fig. 8-9. These results yield the following
parametrization for p as a function of atot at 233 MsV/c:

p = 0.13 + 1.21(1 - °tot) ± 0.03, (8-17)

with a t o t in mb.

Table 8-6 Results of the fits with fixed a t o t at 233 MeV/c
The statistical errors on p and b are typically ±0.03 and ±4.0 (GeV/c)~2.

a t o t (mb) 260 270 280 290 300 310

b

X'

p
(OeV/c)
'! >2 d.o.

-2

f.

+0.
43.
73.

200
1
8

+0.
50.

72.

156
7
5

+0
58

71

.111

.6

.3

+0.
66.
70.

067
6

4

+0.
74.

69.

023
9
7

-0.
S3.
69.

022
5
5

The data are shown together with the fitted curves in fig. 8-10. From
looking at these curves it is clear that it is even more difficult to distiguish
between them than at 272 MeV/c. Statistical fluctuations on the data are
larger than at 272 MeV/c although statistical errors have been determined in
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Fig. 8-9: The correlation between p and b for the fits with fixed o ( 0 ) at 233 MeV/c as shown
In fig. 8-10 and table 8-6. The contours show the values for p and b corresponding
to a x2 increase of 1 above the minimum.

the same way. We have no explanation for this effect. The x2 of the fits
with fixed cr̂ ot r e a c * i e s a "linimum near a t o t = 312 mb, b = 86 (GeV7c)~2.
These values seem very improbable and indicate that a 3-parameter fit at 233
MeV/c is not very meaningful. The use of an input value for a\o\ seems
imperative.

Concerning the spin-dependence parameter TI the same remarks apply as at
272 MeV/c. When r\ is varied between 0 and 0.5 then p and b change to
their values for fixed crtot( 1+0.5T)2) in table 8-6. Table 9-7 gives the various
contributions to the systematic errors on the results with fixed total cross
section.
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Fig. 8-10 The measured differential elastic cross section together with the fits for 6
different otot-values at 233 MeV/c.
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Table 8-7 Systematic errors on the results at 233 MeV/c with fixed tftot

Origin Systematic error on o Systematic error on b
(GeV/c)"2

Absolute normalization ±0.05 ±4.0

Trigger acceptance -0.02 +0.3

Variation in ±0.01 +1.5

small-angle cut-off -0.5

Variation in ±0.01 +2.3

large-angle cut-off -2.1

Table 3-8 gives the results of several fits with fixed slope between b = 40
(GeV/c)"2 and b = 70 (GeV/c)~2 . When b is varied over this range, p
changes from +0.19 to +0.04 and a t o t changes from 260 mb to 295 mb whilst
X2 of the fit changes only by 4 for 52 degrees of freedom. The statistical
error on p is typically ±0.025 and the statistical error on atot i s typically
±3.0 mb. When the spin-dependence parameter r\ is changed from 0 to 0.5,
X2 and p remain unchanged, whereas crtot decreases as 1/( 1+0.5TI2). The
most important contribution to the systematic error on p and trtot ' s *^le - ' ^
uncertainty in absolute normalization. It causes an error of ±0.025 on p and
an error of ±2.5% on o t o t .

Table 8-8 Results of the fits with fixed b at 233 MeV/c

The statistical errors on p and o tot a r e typically ±0.025 and ±3.0 mb

respectively.

b (GeV/c) 2 40 50 60 70

p

°tot (

X2/52

mb)
d.o.f.

+0.
260

74.

193

1

+0.
272
72.

141

4

+0
284

71

.090

.0

+0.
295

70.

041

1
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VMI-6 External input-values for tftot and b

As was pointed out in the previous sections, it is necessary to use external
input-values for either Ofot or b to define p with small statistical and
systematic errors. However, the choice of such input-values is not obvious.
The parameter b can only be measured in a small-angle elastic scattering
experiment and 0ioi has not yet been measured independently of b and p
below 300 MeV/c. As mentioned before, there is one parallel experiment at
LEAR, which measures pp elastic scattering below 300 toeV/c. They have
measured the differential elastic cross section in the full angular range and
have fitted p, b and (*tot simultaneously to their data. Using those results
as input parameters for our fits would imply that both results were no
longer independent. Alternatively one could use values for b or a t o t which
are extrapolated from measurements at higher momenta or use values which
are predicted by theory. The most preferred option would, of course, be to
use atot~values measured in our own set-up. Pending these measurements of
atot w e w ' " desc'be a few examples of fits to our data using external input-
values for cJtQt and b.

Vlll-6a Fits using extrapolated otot-values

As there is no independent measurement of a t o t reported below 300 MeV/c we
will have to make use of an extrapolation of cT t ot~< n e a s u r e m e n t s 3 t "'gher
momenta to determine crtot at 272 MeV/c and 233 MeV/c. For this purpose we
will use our own crtot-measurements from 388 MeV/c to 599 MeV/c reported in
the first part of this thesis. They have the best statistical accuracy among
the atot-experiments carried out in the same momentum range (see section
V-3) . The absolute normalization of our results agrees to within 3% with the
absolute magnitude of other precise measurements of utof " u r <5tot~ resu ' ts

follow the momentum dependence utot = (65.8 + 53759/p) mb, with p in
MeV/c. This formula yields a t o t = 263 mb at 272 MeV/c and a t o t = 296 mb at
233 MeV/c. These low momenta correspond to centre-of-mass energies of only
16.6 MeV and 11.6 MeV above the nn threshold, where several effects may
lead to a different behaviour of atot" However, pending the results of an
independent measurement of a t o t below 300 MeV/c. these are the most
suitable values for a t o t to use in our fits.

The results of the fits to our small-angle elastic scattering data with these
input-values for t?tot are given in table 8-9. For each momentum two
different results are given, one with TI = 0 and one with the value r\ = 0.33
predicted by some theoretical groups (see section VI11-3).
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Table 8-9 Results of the fits using extrapolated atot-values

The errors are statistical errors only.

p = 272 MeV/c p = 233 MeV/c
a t o t = 263 mb a t o t = 296 mb

T) = 0.0 T) = 0.33 r\ = 0.0 ri = 0.33

P -0.014+.0.027 -0.107+0.033 +0.041+0.026 -0.038+0.030
b (GeV/c)~2 47.7 ±2.7 60.6 ±2.3 71.5 +4.5 84.9 +4.0
X2/d.o.f. 45.3/63 49.0/63 70.0/52 69.4/52

The x2 of these fits are all close to their minimum apart from the fit at 272
MeV/c with TI = 0.33, where x2 is increased by 4. Allowing a +10 mb error
on c*tot a t both momenta yields an error of ±0.06 on p and an error of +9
(GeV/c) on b at 272 MeV/c. It yields an error of ±0.05 on p and an error
of ±8 (GeV/c)"2 on b at 233 «leV/c.

Vlll-6b Fits using extrapolated b-values

The slope of the forward nuclear scattering amplitude below 700 'MeV/c has
been measurred by four different groups (Kase761,[ Cres83],[ Ashf85] and
[SrUc85a]. These experiments involve pp elastic scattering measurements
either in a bubble chamber or using electronic detector techniques. The
values for the real-to-imaginary ratio and the slope of the forward nuclear
amplitude were obtained by fits to their data either with or without the use
of input-values for atot" " e t a " s o n these measurements will be given in
section IX-2. The values for b as a function of momentum are shown in
f ig. 8-11. To get a consistent set the values obtained by fits with spin-
dependence TI = 0 are taken. The two lowest momentum points from
I3ruc85a] are not shown as they are below our momentum range and their
large errors make them rather meaningless for our determination of b at 272
MeV/c and 233 toeV/c. The b-values were fitted to the curve b = (Ci +
C2/p)2 (GeV/c)"2, with p in GeV/c. The lowest momentum point from
lAshf85] was not included in the f i t . The fitted curve is shown in
f ig . 8-11. The values obtained for C1 and C2 are:

Ci = 3.01 ± 0.01. (GeV/c)"1

C2 = 0.874 ± 0.047.
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Fig. 8-11 The slope b of the pp forward nuclear amplitude below 1 Ge V/c as measured by
[Kase76], [Cres83], [Ashf85] and [Briic85a]. The curve is the fit to the data of the
function b = (C1 + C2/p)2, p In GeV/c, giving C1=3.01±0.01 and C2=0.874±0.047.

They yield b = 3S.7t2.5 (GeV/c)~2 at 272 MeV/c and b = «5.7+3.0
(GeV/c)~2 at 233 MeV/c. It may be remarked that this curve agrees well
with the b-values predicted by the Paris antinucleon-nucleon potential model
(see section IX-4) . These values for b were used as input-values for fits to
our data, both with T] = 0 and n = 0.33. The results are given in table
8-10.

The errors in table 8-10 are statistical errors only. Allowing a ±2.5
(CeV/c)~2 error on b at 272 MeV/c yields an error of ±0.02 on p and an
error of ±3.0 mb on a t o t . Allowing a ±3.0 (GeV/c)"2 error on b at 233
MeV/c yields an error of ±0.02 on p and an error of ±4.0 mb on
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Table 8-10 Results of the fits using extrapolated b-values
The errors are statistical errors only.

p = 272 MeV/c P = 233 M.-V/c

b = 38.7 (GeV/c)"2 b = 45.7 (GeV/c)"2

T) = 0.0 T| = 0.33 TI = 0.0 r) = 0.33

p
atot
X2 /d

(mb)
.o.f .

+0.
252.

44.

048+0.
3 ±3.

7/63

042
6

+0.
239.
44.

045+0.044
7 ±3.4

7/63

+0.
266.

73.

163+0
4 +6
1/52

.051

.5
+0.

253.
73.

165+0
1 ±6
1/52

.054

.4

A natural expansion of the fits with extrapolated a to t-values or b-values
would be to fit p using the above input-values for o^oi and b
simultaneously. However, these fits have a relatively high x2 ' " comparison
with the fits described in the previous sections, 58 for 64 degrees of
freedom at 272 MeV/c and 169 for 53 degrees of freedom at 233 meV/c, as
these combinations are not in accordance with the fits to our data which are
summarized in table 8-2 and table 8-6. This indicates either that the
extrapolated a^-values are overestimated or that the extrapolated b-values
are underestimated.

Vll l -6c Fits using slopes from the Nijmegen antinucleon-nucleon potential

In this section we will describe fits to our data using slope-parameters
determined from the Nijmegen antinucleon-nucleon potential model [Timm84].
The features of this model will be described in section IX-4. The Nijmegen
group suggested to use another parametrization of the forward nuclear
scattering amplitude and we have fitted our data according to their
formalism. The difference between the parametrization generally used and
this modified formalism lies in the exponential fall-off of the nuclear
amplitude. As mentioned in section VI11-3 the forward nuclear amplitude is in
fact a sum of 5 independent helicity amplitudes from which only three are
important in the forward direction. The Nijmegen group determined the
individual slopes of these amplitudes and found that they were not equal. As
only spin-independent amplitudes interfere with the Coulomb amplitude, it
was suggested to use the average slope of 4̂  and 413 to replace the slope in
the Coulomb-nuclear interference part, Jv* . For the slope of the nuclear
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differential elastic cross section an average slope b was suggested.

Table 8-11 gives the values of these slopes and the results of the fits to our
data. The fits were done assuming T) = 0 and also assuming -q = 0.33
suggested by the same model. The errors given in the table are statistical
errors only.

Table 8-11 Results of the fits using b-values from the Nijmegen potential
The errors are statistical errors only.

p = 272 MeV/c
b = 32.7 (GeV/c)"2

b C N = 69.6 (GeV/c)"2

p = 233 MeV/c
b = 35.7 (GeV/c)"2

b C N = 87.1 (GeV/c)"2

p
a t o t (m
X2 /d.o.

b)

f.

1 =

+0.
245.

4 5 .

0 .0

083±0
4 ±3

0/63

.043

.7
+0.

233.

4 5 .

0.33

080±0.
2 ï 3 .

0/63

045
5

+0.
255.

7 5 .

0 .0

2134 0.
4 t6 .

0/52

053
7

Tl =

+0.
241.

75.

0.33

218tO
7 t6
0/52

.057

.6

The nuclear slopes b of the Nijmegen antinucleon-nucleon potential are
smaller than the experimentally determined slopes mentioned in section
Vll l -6b. Above 500 MeV/c the agreement is better. As the fitted values for
p and atot are approximately equal to the results of table 8-3 and 8-8, we
can conclude that the influence of the large Coulomb-nuclear interference
slope b C N on the fits is small.

VII1-7 Conclusion

The measured pp small-angle elastic differential cross sections at 272 MeV/c
and 233 MeV/c have been fitted to the theoretical differential cross section
to determine the real-to-imaginary ratio of the forward nuclear scattering
amplitude p and the slope of the nuclear amplitude b. The fit contains an
additional parameter, the total cross section crtOf " a " t n r e e parameters are
left free in the fit at 272 UeV/c statistical errors on p, b and atot a r e

±0.09, ±12 (GeV/c)"2 and t14 mb respectively. Systematic errors are slightly
larger. If a tot 's f ' x e d ' t n e statistical and systematic errors on p and b are
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reduced by a factor 3. The fits with fixed values for ötot yield the following

parametrizations for p:

p = 0.04 + 1.47(1 - qtot) ± 0.027, at 272 MeV/c,
253

p = 0.13 + 1.21(1 - atot) ± 0.030, at 233 MeV/c,

with ajQt in mb. As the input-values for a t o t to be used in the fits are

rather uncertain one cannot give a definite result for p, nor for b.

However, if one uses reasonable combinations of input-values for both

momenta, one can conclude that p rises between 272 MeV/c and 233 MeV/c.

The difference Ap is

Ap{233 MeV/c - 272 MeV/c) = 0.09 ± 0.03.

Combining this fact with the result of the 3-parameter fit at 272 MeV/c one

obtains

p = 0.04 ± 0.09 at 272 MeV/c and

p = 0.13 ± 0.09 at 233 MeV/c,

where the error now includes the uncertainty in a t O f The corresponding

values for b are

b = 39 ± 12 (CeV/c)"2 at 272 MeV/c,
b = 56 ± 12 (GeV/c)"2 at 233 MeV/c.

These results definitely rule out the rather large negative p-values predicted

by the dispersion calculations of [Kase78], [Crei77] and [IwasBB]. The

results disagree also with the negative p-values predicted by the Paris and

Nijmegen potential models. Details on these subjects will be given in chapter

IX.

The rise of p between 272 MeV/c and 233 MeV/c is quite unexpected. This

rise is not in accordance with the trend of the data between 350 MeV/c and

700 MeV/c, nor with the trend of theoretical predictions. It is, however, in

agreement with the results of the parallel LEAR experiment [BrucR5a], which

also show rising p-values below 260 MeV/c (see section 1X-2).
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Chapter IX Discussion of the small-angle scattering results

IX-1 Introduction

In this chapter the results of our pp small-angle elastic scattering
measurements will be compared with the results reported by other groups
and with theoretical predictions. The measurements of the forward pp
differential elastic cross section below 1 GeV/c will be discussed in section
IX-2. Two different theoretical approaches, which lead to predictions for the
p-parameter, will be described. Through dispersion relations the p-paraoieter
in antinucleon-nucleon interactions is related to well measured data on
nucleon-nucleon and pion-nucleon interactions. This approach is described in
section IX-3. The second approach concerns antinucleon-nucleon potential
models, which will be treated in section 1X-4. The predictions for p, b,
a t o t and r\ from two of those models, the Nijmegen and the Paris model, will
be discussed.

IX-2 Measurements of forward pp elastic scattering below 1 CeV/c

After some measurements of the forward pp differential elastic cross section
above 1 GeV/c [Fole67], [Jenn75], [Jenn77], the first measurement below 1
GeV/c in the forward direction was carried out by H. Kaseno et al.
[Kase76]. An 81 cm hydrogen bubble chamber was exposed to a p beam from
the CERN PS. The mean momentum of the p's interacting in the target was
697 MeV/c. The data are divided in 16 angular bins from t = 0.0018
(GeV/c)2 to t = 0.032 (GeV/c)2. Statistical errors on the bins are typically
±9%. The total cross section a ^ = 132.3 ± 2,6 mb was obtained in the same
experiment by counting the total number of antiproton interactions on the
20960 bubble chamber pictures. The values for b and p were fitted to the
measured differential elastic cross section assuming zero spin-dependence T) .
The values obtained are b = 15.7+ 1.7 (GeV/c)"2 and p = 0.26+ 0.04.
Table 9-1 gives a summary of the experimental details of the various small-
angle elastic scattering measurements. In this table the angular range
covered is alternatively denoted in terms of momentum transfer t ((GeV/c)2)
or in laboratory angles (degrees). The type BC stands for bubble chamber
experiment and ED stands for electronic detector experiment.
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The pp small-angle elastic differential cross section was subsequently
measured at 8 different momenta between 353 MeV/c and 578 MeV/c by M.
Cresti et al. [Cres83] in the CERN 2 metre bubble chamber. The angular
range covered by the measurement was large, which allowed to fit p, b and
a tot simultaneously. Assuming T) = 0, p increases from p = -0.22 ± 0.07 to
p = +0.04 ± 0.07 between 353 MeV/c and 578 MeV/c, b decreases from
b = 33.5 ± 1.2 (CeV/c)"2 to b = 22.2 ± 1.1 (GeV/c)"2 and crtot decreases
from a t o t = 220.9 ± 3 . 1 mb to a t o t = 157.2 ± 3.3 mb. These values for
a t o t differ less than 2% from our atot-measurements between 388 MeV/c and
599 MeV7c. The results for p from the various experiments are shown in fig.
9 -1 .

Reference type p-range number ol angular range number of stat. parameters
(MeV/c) momenta (GeV/c)2 or angular error fitted

degrees lab. bins per bin

Kase76

Cres83

Iwas85

Ash(85

Brüc85a

This exp.

Table 9-1:

BC

BC

ED

ED

ED

ED

697

353-578

413-715

359-652

505,590
181-287

233,272

Summarv of the

1

8

25

11

: »

2

0.0018-0.032

0.0005-0.06

3--10-

4--16-

5'-23- and
28*-32"

7--21-

16

80

7

26

50

60

Sp small-angle elastic scattering

± 9 %

+ 20%

±10%

± 8 %

±15%

± 9 %

experiments

P

p

P

P

P

P

below

, b

•"•atot

, b

•b-ctot

.b,(c ( o t)

1 GeV/c.
The angular range covered is alternatively denoted in terms of momentum
transfer t, (GeV/c)2, or in laboratory angles. The type BC stands for bubble
chamber experiment and ED stands for electronic detector experiment.

The forward pp differential elastic cross section was measured at 25 momenta
between 413 MeV/c and 715 MeV/c at the Japan national laboratory for high
energy physics KEK [IwasfM], [Iwas85]. An 8.6 cm long liquid hydrogen
target was used. Incoming and outgoing tracks were measured in multiwire
detectors. As the angular range covered by the set-up is small and the
statistics fairly low only p was left free in the fits. The slope b was
obtained by extrapolating existing data. For the total cross section initially
the low atot-values of Kamae et al. were used [KamaRO], (see section V-3) ,
leading to high values for p [Iwas81]. For a later paper average otot-values
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Fig. 9-1: The measured p-values below 1 GeV/c. The values obtained by assuming T)=0 are
shown.

from several measurements in the same momentum range were taken [IwasRS].
The corresponding values for p increase from p = -0.11 + 0.12 at 413 MeV/c
to p = +0.17 ± 0.26 at 715 MeV/c. The same group presented also preliminary
results on pp and pn small-angle elastic scattering between 367 MeV/c and
764 MeV/c [Take84]. Within statistical errors the pp results for p are in
agreement with those of [lwasB5], although they show a smaller momentum
dependence.

A subsequent measurement of the pp forward differential elastic cross
section was reported by V. Ashford et al. [Ashf85]. The measurement was
carried out at the Brook haven National Laboratory alternating gradient
synchrotron at 11 incoming p momenta between 359 MeV/c and 652 MeV/c. A
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15 cm lone, l iquid hydrogen target was used. Incoming and outgoing tracks
were measured in multiwire detectors. In the f i ts to the differential elastic
cross section c?tot w a s t aken from K. Nakamura et al. [Naka84b]. Assuming
r\ = 0, the f i t ted values for b decrease from b = 27.4 ± 1.7 (GeV7c)~2 at 402
MeV/c to b = 21.73 ± 0.85 (GeV/c)"2 at 652 MeV/c. The value for b at 359
MeV/c is very high, b = 44.15 ± 5.55 (GeV/c)~ . The value for p increases
gradually from p = +0.023 ± 0.042 at 359 MeV/c t o p = +0.197 + 0.026 at 652
MeV/c. When the spin-dependence TJ is f ixed to the value predicted by the
Paris potential model (see section IX-4) , ranging from r) = 0.32 at 359 MeV/c
to T) = 0.28 at 652 MeV7c, p decreases by 0.11 and b increases by 5
(GeV/c)~2 .

The parallel measurement at LEAR of the pp differential elastic cross section
is reported in [8rüc85a]. The measurements were carried out in the ful l
angular range at 5 momenta between 181 MeV/c and 287 MeV/c and also at
505 MeV/c and 590 MeV/c. Details of the experimental set-up of W. Bruckner
et al. will be given below. All three parameters p, b and 0 t o t were f i t ted
simultaneously to the data. The value for p decreases from
p = +0.100 + 0.084 at 181 MeV/c to p = -0.142 + 0.026 at 261 VleV/c and
increases again to p = -0.103 ± 0.018 at 287 MeV/c (see f i g . 9-1). Between
181 MeV/c and 287 MeV/c, b decreases from b = 83.7 + 24.0 (GeV/c)"2 to
b = 32.3 ± 1.7 (GeV/c)"2 and a t o t decreases from a t o t = 339.4 + 30.6 mb to
a t o t = 229.3 ± 2.0 mb. At the higher momenta, 505 MeV/c and 590 MeV/c.p
and b are in agreement with the results of the experiments mentioned above,
but the results for a t o t are approximately 8% lower.

A partial wave analysis was applied to the data of VV. Bruckner et a l . from
9 = 0° to 9 = 180° [8rüc85b]. It was found that both s and p waves are
dominant in pp scattering below 300 MeV/c, in contrast to nucleon-nucleon
scattering in the same momentum range, where the s wave scattering is 90%
of the total cross section. The result of the phase shift analysis indicated
that the ratio of the elastic to the inelastic pp cross section is 1 to 2.5
below 300 MeV/c. So the proton and the antiproton cannot be described by a
black disk model, which implies equal elastic and inelastic cross sections.

The experimental set-up from W. Bruckner et al . differs in some important
aspects from ours. Special care was taken to avoid multiple scattering in the
apparatus by giving up some experimental information. The incoming p beam
is detected by two small 50 urn thin scintillation counters. Their sizes
determine the direction of the incoming p track with a precision of ±0.7
degrees. A 7 mm liquid hydrogen target was used at 181 MeV/c and a 20 mm
target was used at the higher momenta. The target is surrounded by a 1
metre diameter vacuum tank to minimize multiple scattering. The direction of
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the outgoing track is measured by two multiwire detectors placed around the

vacuum tank. They cover angles from 0° to 75° horizontally and ±15°

vertically. The scattering angle is determined with a precision of 2.0°

FWHM. Annihilation events are rejected by the use of time of flight

information from scintillation counters placed behind the multiwire chambers.

When comparing experiment PS173 with our experiment we see that their
angular resolution is two times better than ours due to the use of a low
mass apparatus. Our event information contains, however, much more
redundancy. Our detector acceptance is high, 99% maximum and flat, 75
minimum, compared to «7% maximum in their case. Their angular range for
fitting the forward differential elastic cross section is somewhat larger than
ours f see table 9-1), which allows to fit p, b and crtot at the same time. It
should be noted, however, that uncertainties of a few percent on the
calculated acceptance can have important impact on the slope b and therefore
on p and <Jto^. The fitted crtot-values from W. Brückner et al. at 505 MeV/c
and 590 toeV/c are more than 10 mb lower than several accurate
measurements of atot in the same momentum region (see section V-3). If we
compare our results at 272 MeV/c and 233 MeV/c with the results from
[3ruc85a] in the same momentum region, we find that our b-values are in
good agreement with those of [3riic85a], but our p-values are approximately
0.14 higher. However, both experiments agree on the fact that p rises with
decreasing momentum below 260 MeV/c fsee f ig. 9-1).

It should be remarked that the agreement between the experiments mentioned
in this section is rather good in spite of the different measuring techniques
and fitting procedures used. Referring to the pre-LEAR experiments one can
say that the bubble chamber experiments have the advantage of a well
selected p-beam as only a low beam-rate is demanded. On the other hand
these experiments suffer from a low statistical accuracy. The electronic
detector experiments can accept a higher incoming beam rate and generally
have a better statistical accuracy, but they have problems to reject the high
pion contamination in the incoming antiproton beam. The LEAR experiments
have tiie advantage of a high intensity clean antiproton beam with a good
momentum resolution, but the measurements at low momentum suffer from
additional difficulties due to multiple scattering. Before the completion of
LEAR it was not possible to measure pp elastic scattering at momenta below
300 MeV/c due to the low yield of antiproton production at these momenta.
Moreover, due to the effects of multiple scattering and energy loss, the use
of a short target is necessary, which demands a higher number of incoming
beam particles to obtain the same statistical accuracy.
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The agreement between the p-values determined by the various experiments
as shown in fig. 9-1 is good. The measured values for b from IKase76],
[Cres83], [Ashf85] and [BrücSSa] differ by more than the reported errors
as can be seen from fig. 8-11. This is perhaps due to the different angular
ranges available for the fits together with a possible t-dependence of b.

Additional experimental information on the p-parameter may be derived from
a different type of experiment via the study of antiprotonic atoms. The
strong interaction between the antiproton and the nucleus changes the
energy and width of the atomic levels from their purely electromagnetic
values. The study of the Is level in protonium fantiprotonic hydrogen) is
theoretically the simplest case, but experimentally far from simple. The
measurement of the strong interaction shift (e) and width [T) yields the pp
scattering length (a(pp)) through the Trueman relation fTrueSI], fPoth85J:

e + i L = iÜL a(pp) = 0.866 a(pp), f9-1)
2 aB

with ag the Bohr radius of protonium and E the Coulomb energy of the

state; the radii are denoted in fermi, the energies in keV.

As the real-to-imaginary ratio of the scattering length is equivalent to the

real-to-imaginary ratio of the pp scattering amplitude at zero energy pfO),

one has:

p(0) =-?£- . (9-2)

Only one experiment [Gorr85] has yet measured both e and r of protonium

and finds e = -0.73 + 0.15 keV and T = 0.85 ± 0.39 keV, which leads to

p(0) = -1.72 + 0.86.

Another experiment, which measured only the energy shift e = -0.5 ± 0.3

keV [Ahma85] confirms the negative sign.
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IX-3 Dispersion relation calculations for pp scattering

Dispersion relations are derived from crossing symmetry, unitarity and

analyticity of scattering amplitudes. Using these properties the application of

mathematical complex variable theory (contour integrals) leads to an

expression for the real part of the scattering amplitude in terms of an

integral of the imaginary part of the scattering amplitude over the total

(physical plus unphysical) energy region of the scattering process. A

general description of dispersion relation theory may be found in [Quee74].

When dispersion relations are applied to pp scattering in the forward

direction, one can determine p by using experimental information on pp and

pp total cross sections and on pion-nucleon scattering. These calculations

have recently been carried out by W. Grein [Crei77], [Grei7SJ, H. Kaseno

[Kase78] and H. Iwasaki et al. [lwasS5]. In this section we will give an

outline of the calculations by these authors and the consequences for p at

low momentum. For an extensive description of the method we refer to

[Grei77] and [Grei78].

For pp elastic scattering the analytic structure of the forward scattering
amplitude as a function of the p lab energy u = /p 2 +m2' is shown in f ig. 9-2.
The pion mass is denoted by \L. The dispersion integral of the imaginary
part of the scattering amplitude is calculated over the energy range shown
in the figure. The energy range is essentially divided into

Imw

pion pole

PP-»PP

u)=-m
H 2

2m

nN->nN PP-»PP

Rew

w=m

Fig. 9-2: Analytic structure of the pp scattering amplitude as a function of the lab energy
The proton mass Is denoted by m, the pion mass by j i .
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three parts. The imaginary part in the energy region m < u < «° is
determined by pp scattering. In the region -<» < 10 < -m it is determined by
pp scattering. The unphysical region, however, is not accessible for pp or
pp elastic scattering. It contains a pole at to = -m + n2/2m, corresponding to
the formation of a single n° state. The information froiJ elastic nN scattering
is used to determine the contribution from tin intermediate states to the
dispersion integrat in a large part of the unphysical region,
-m+2ji2/m < in < m. Apart from this ituNN contribution, the imaginary part of
the pp scattering amplitude in this region is approximated by a sum of a few
poles corresponding to w, f and g meson resonances. These poles represent
the multimeson intermediate states.

Of the physical input-parameters, necessary to calculate the dispersion
integral, some are well known, others are less precisely determined. We will
describe the input-values used in the calculations of VV. Grein. These
calculations were repeated by H. Iwasaki et al. using his new data. The
imaginary parts of the forward pp and pp scattering amplitudes are derived
from the pp and pp total cross sections through the optical theorem. The pp
total cross section is well known at intermediate and high energies. As the
pp total cross section has not yet been measured below 300 MeV/c, an
extrapolation from higher momenta has to be used. Grein chooses
cjtot(p) = (60.5 + 55.4/p) mb, (p in GeV/c). In the calculations of Iwasaki
et al. this function is replaced by oiot{p) = <61-2 + 53.4/p) mb on the basis
of more recent atot~data. ^or t n e calculation of the dispersion integral below
300 MeV/c this is an important factor. The pp total cross section is well
known at all energies. To ensure the separation between Coulomb and
nuclear effects the data resulting from phase shift analysis are preferred at
low momentum. For the two-pion contributions in the unphysical region nN
scattering data are used. The coupling constants for the additional meson
poles were obtained by a fit to the existing data for p.

The procedure described above represents the standard dispersion relations

as applied by Grein. They are in good agreement with the measured p-values

above 1 GeV/c. However, the p-value p = 0.26 + 0.0*! measured by H.

Kaseno et al. at 700 MeV/c was well below the standard dispersion relation

calculations. Good agreement was obtained if a single additional pole-term

was added to the dispersion integral in the high mass unphysical region.

The estimated mass of this pole-term was close to the pp threshold [Grei77],

[Grei78], [Kase78]. The origin of such a pole-like structure in the

scattering amplitude near the pp threshold could either be a virtual bound

state or an unusual threshold behaviour caused by the strong pp

annihilation effect [Grei78J.
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The result of Kaseno et al. triggered the interest of other experimental
groups to measure the pp forward differential elastic cross section at
momenta below 700 MeV/c. The results of Cresti et a l . , Iwasaki et al. and
Asnford et a l . , described in the previous section, all confirmed the deviation
from the standard dispersion relations and thus indicated the presence of a
high mass pole-term, contributing to the dispersion integral. With the help
of the formalism of Grein, Iwasaki et al. determined the mass of the pole
from their data, those of Kaseno et al. and the higher momentum data. The
result was M = 1864 ± 12 MeV/c2, only 13 MeV/c2 below the pp threshold.
Fig. 9-3 shows the measured p-values below 1 GeV/c. The curves represent
the predictions from the standard dispersion relations and from the fit from

0.8

0.6

0.4

0.2

P

-0.2

-0.4

-0.6

f Kaseno et al.
$ Cresti et at.
$ Iwasaki et al.
j Ashford et al.
| Bruckner et al.
$> this experiment

100 200 300 400 500 600 700 800

P IMeV/c)

Fig. 9-3: The measured p-values below 1 GeV/c together with the predictions from
dispersion relation calcuations. The curves represent the result of the standard
dispersion calculations and the result of the fit from Iwasaki et al., yielding a pols
mass of 1864 ± 12 MeV/c2.
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Iwasaki et al. Apart from the point at 359 MeV/c of Ashford et a l . , the data

of Cresti et al. and Ashford et al. are clearly compatible with the fit from

Iwasaki et al.

As can be seen from fig. 9-3, the predicted values for p below 300 MeV/c

from Iwasaki et al. are below -0.5. The recent results from the two LEAR

experiments, W. Bruckner et al. and our group are, however, in clear

disgreement with these predictions. This implies either that the addition of a

single pole-term near the pp threshold to the dispersion integral is

insufficient, or that some input-values for the dispersion calculations are

wrong. A measurement of the pp total cross section is urgently needed to

replace the extrapolated data used by Grein and Iwasaki.

IX-fl Antinucleon-nucleon potential models

In section V-2 potential models describing antinucleon-nucleon (NN)
scattering are mentioned. These models are deduced from meson exchange
nucleon-nucleon potential models extended with additional potentials to
describe the NN annihilation processes. Several models of this kind exist
[8rya68], [DoveSO], [C8té82], [Timm84]. Of these models the Paris [C8téS2]
and Nijmegen [Timm84] model are the most detailed and obtain the best
agreement with the available NN data. In this section we will describe the
general features of the Paris and Nijmegen potential models and we will
compare their results for the pp differential elastic cross section with our
measurements.

The NN potential models, the NN models are derived of, are based on pp
and pn scattering data. The long and medium range part (r > 0.9 fm) of the
nucleon-nucleon interaction is well described by meson exchanges in the t-
channel. At smaller distances one arrives in the region where the two
baryon wave functions start to overlap and where quark and gluon
exchanges play a role. In the Paris model [LacoftO] the meson exchange
potentials act at distances larger than 0.8 fm. They are represented by a
sum of one-pion, two-pion and w exchange contributions, which are
calculated using the knowledge of pion-nucleon phase shifts and pion-pion
interactions. For the Nijmegen model [Nage75] the medium and long range
potential is described by a sum of single meson exchange potentials
representing %, TI, r\', p, <t>, w and e exchange. This introduces 8 free
parameters, which are determined in a fit using the Livermore NN phase
shift analysis.
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The short range part oi the NN interaction is generally described by a
phenomenological potential. In both the Paris and Nijmegen NN models this
phenomenological short range potential is energy dependent and contains
central, spin-spin, tensor, spin-orbit and quadratic spin-orbit components
both for isospin 1=0 and 1=1. In the case of the Paris potential this short-
range potential acts at distances smaller than 0.8 fm and contains 6
parameters per isospin state. In the Nijmegen model this short range
potential acts at distances smaller than 0.5 fm and is described in terms of 4
parameters, representing four different hard core radii. TITB above
parameters are obtained by a fit to pp fl=1) and pn (1=0,1) scattering data
in the momentum range from 200 MeV/c to 850 MeV/c for the Nijmegen model
and in the range from 150 MeV/c to 850 MeV /c for the Paris model, fïoth
models obtain good agreement with the pp and pn scattering data. The x2 of
the fits divided by the number of data points is of the order of 2 for both
models.

For the conversion of these NN models into NN models, the meson exchange

potentials are C-parity transformed. This implies that each exchange

potential obtains a relative sign f-1) , where G is the G-parity of the meson

under consideration. However, one does not know how the phenomenological

short range part of the scattering potential can be transformed for the NN

case. It is replaced by another phenomenological potential with several

parameters, which are fitted to the data. To the resulting scattering

potential a predominantly imaginary potential is added, which describes the

NN annihilation into mesons. The annihilation potential generally acts at

distances smaller than 1.5 fm.

Due to the G-parity transformation some repulsive contributions of the NN
scattering potential become attractive in the case of NN. For example, the
NN central, tensor and quadratic spin-orbit forces are coherent and
attractive for all l=0 states with spin S=1 and angular momentum L=J±1.
Moreover, as the NN wave functions have to be antisymmetric, some states
are excluded for the nucleon-nucleon system, wich are allowed for the
antinucleon-nucleon system. Therefore the NN scattering potential is already
much more attractive than the NN potential regardless of the additional
attractive NN annihilation potential.

The Paris group [C8té82] uses the G-parity transformed Paris NN potential

for the medium and long range part of the NN interaction. For the

phenomenological short range potential a real quadratic function is used,

which joins the meson exchange part at two points near 1 fermi; the third

parameter is adjusted to fit the data. The annihilation potential is of short

range (r < 0.7 fm) and energy and state dependent. It contains central.
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spin-spin, tensor and spin-orbit components and was derived from
calculations of annihilation diagrams with two-meson intermediate states. The
model contains a total of approximately 20 free parameters, which are
determined by a fit to 915 experimental NN data between 200 MeV/c and 900
MeV/c. The model fits well to these data; the x2 ° f the fit divided by the
number of data points is 2.8. The experimental data from the pp elastic
scattering measurements mentioned in section IX-2 are too recent to have
been included in the f i t .

For the Nijmegen NN model [Timm84] the C-parity transformed Nijmegen NN
potential model is used. For that purpose the hard core short range
phenomenological potential is cut off at 0.63 fm and an additional short range
potential is introduced. The latter contains central, spin-spin, tensor and
spin-orbit components, which yield four different parameters for each isospin
state. There is an additional parameter that determines the range. The
annihilation potential of the Nijmegen model is of the coupled channels type.
In a coupled channels model the contributions froti all possible many-particle
annihilation channels are replaced by a set of effective annihilation channels.
This is possible because multiparticle annihilations may, in principle, be
replaced by a set of effective two-particle annihilation channels. This
reduces the number of parameters needed. The annihilation potential is
parametrized by 5 parameters only. The total number of parameters is
therefore 14. They are determined by a fit to 977 NN scattering data below
p = 1050 MeV/c. Most of these data are pp large-angle differential elastic
cross sections. The x2 of the fit divided by the number of data points fitted
is 1.39. Also in this fit the recent data of section IX-2 were not included.
The effective range of both the phenomenological and the annihilation
potential is of the order of 1.5 fm.

The above NN potential models have been constructed before the appearance
of the results from LEAR. The agreement with the available data above p =
400 MeV/c is good. These data consist mostly of integrated cross sections
(total, elastic, charge exchange and annihilation) and some large—angle
differential elastic cross sections. For a more detailed understanding of the
NN scattering process the information from high statistics differential cross
sections or spin observables is crucial. Without any polarisation data it is
difficult to disentangle the spin-spin, spin-orbit or quadratic spin-orbit
contributions of the potentials. The models differ in their extrapolation
towards lower momenta. For the Paris and Nijmegen models predictions for
the pp small-angle elastic differential cross sections have been reported
[Laco83], [Derk84], [Paris and Nijmegen group private communication]. We
will discuss their results below and compare them with the measurements.
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The calculated pp differential elastic cross sections from the Paris model
were used to determine the parameters p and b of the forward nuclear
scattering amplitude between 310 MeV/c and 880 MeV/c [Laco83] and at the
two momenta of our measurements [ 8 . Moussallam private communication].
The total cross section data from [Hami80a] were included in the f i t
determining the parameters of the Paris NN model. The spin-dependence TI
from the Paris model increases from TI = 0.247 at 880 MeV/c to TI = 0.33 near
250 MeV/c. The values obtained for the slope of the nuclear amplitude
increase from b = 16.2 (GeV/c)"2 at 880 MeV/c to b = 34.4 (GeV/c)"2 at 310
MeV/c. These values agree very well with the values b = 16.0
(GeV7c)~2 and b = 34.0 (GeV/c)"2 obtained by the parametrization of the
measurements as shown in f i g . 8-11. The values for p decrease from
p = 0.019 at 880 MeV/c to p = -0.181 at 310 MeV/c. These values were
parametrized by V. Ashford et a l . , giving:

pParis _ -0.5004 + 1.2658-p - 0.7678-p2, (9-3)

with p in GeV/c. This parametrization is shown in f ig . 9-4 together with the
measured values for p. The values for p from the Paris model are p = -O.2<5
at 233 MeV/c and p = -0.22 at 272 MeV/c. The experimental values for p
shown in f ig . 9-4 represent the values assuming the spin-dependence TI as
predicted by the Paris model. The results from H. Iwasaki et a l . were
lowered by 0.1 as suggested by the authors. The result from H. Kaseno et
a l . was also lowered by 0 .1 . The results from V. Ashford et al . assuming
the T)-values from the Paris model are given by the authors. Our values for
p and the values from M. Cresti et a l . and W. Bruckner et a l . remain the
same.

As can be seen from the f igure the p-values from the Paris model don't
reproduce the momentum dependence of the p-measurements between 400
MeV/c and 700 MeV7c although, in general, the difference is less than 0 . 1 .
Nevertheless, the model is in good agreement with the measured differential
elastic cross section data from H. Iwasaki et al . [Laco33]. <3elow 300 MeV/c
the difference between the data and the Paris p-values is of the order of
0.3. The experimental values increase below 260 MeV/c, whereas the values
from the model stil l decrease.

Fig. 9-4 also shows the p-values derived from the Nijmegen model. For the
determination of p from this model the formalism described in section Vl l l -6c
was used. In this method different slopes are used for the interference part
and for the nuclear part of the differential elastic cross section. Using these
slopes and the n-values from the model the pp differential elastic cross sect-
ions calculated by the model were f i t ted to the formulae described in section
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Fig. 9-4: The measured p-values below 1 GeWc together with the p-values from the Paris
and Nijmegen potentials. The measured p-values assuming the spin-dependence
from the Paris model are shown.

VI I I -3 . The spin-dependence r, from the Nijmegen model decreases from
TI = 0.35 at 200 MeV/c to n = 0.13 at 800 MeV/c. These values agree well
with the -n-values from the Paris model at low momentum fp < «00 MeV/c),
but they are smaller at high momentum.

The Nijmegen group made a detailed study of the influence of the Coulomb
interaction. In the formulae described in section VIII-3 the influence of the
Coulomb interaction on the nuclear amplitude is expressed by the phase
factor 6f t) of the Coulomb amplitude (expression 8-14). However, according
to the Nijmegen group, the presence of the Coulomb force also changes the
amplitude of f N f t ) . This raises o t o t by 1% at 800 MeV/c and 5% at 200



141

MeV/c. When the differential elastic cross sections f rou the Nijmegen model
are f i t ted to the formulae from section VIII-3 the values obtained for
" tot correspond to the models values including Coulomb effects. The f i t ted
values are a t o t = 245 mb at 233 MeV/c and cr tot = 229 mb at 272 MeV/c,
which agree closely with the values aiox = 242 ± 7 mb and atot = 233 t 4 mb
obtained by the f its to our data using the same formalism (see section

The values for p from the Nijmegen model are p = -0.55 at 233 MeV/c and
p = -0.47 at 272 MeV/c, to be compared with the values p = +0.22 ± 0.06 and
P = +0.08 t 0.05 obtained by the f i ts to our data using the same formalism.
As can be seen from f ig . 9-4 the values for p from the Nijmegen model do
not agree with the measured values. They are typically 0.15 lower above 400
MeV/c, whereas below 300 MeV/c the difference amounts even 0.6. The model
does not predict rising p-values below 260 MeV/c as observed by the
experiments.

All theoretical models discussed in this chapter have in common that they
predict a large negative value, of the order of -1 .3 , for p at zero energy.
This seems in agreement with the experimental value p(0) = -1.72+ 0.86,
measured in protonium (see section IX-2) .

IX-5 Conclusion

The two measurements at LEAR of the pp forward differential elastic cross
section in the 200 - 300 MeV/c range both f ind that p increases with
decreasing momentum below 260 MeV/c. Our results sti l l depend on the total
cross section, but for any reasonable combination of the parameters a t o t a^d
b at 272 MeV/c and 233 MeV/c we f ind that:

p(233) - p(272) = 0.09 ± 0.03,

giv ing:

p = 0.13 ± 0.09 at p = 233 MeV/c and
p = 0.04 ± 0.09 at p = 272 MeV/c.

As soon as <3iot will be measured precisely at these momenta the error on p
will be reduced by a factor three. This rise of p is in conflict with the
theoretical models discussed in this chapter. The p-parameter at rest,
pfO) = -1.72 ± 0.86, measured in protonium, is again in agreement with the
trend of the theoretical predictions.
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The experiments thus show that the p-parameter as a function of the
antiproton momentum starts from a large negative value at p = 0, than rises
steeply to positive values and continues wiggling around zero as p increases
to 500 MeV/c. Around p = 250 MeV/c the p-parameter crosses zero
downwards. The interpretation of this behaviour of p should await further
experimental results. Possible explanations of this behaviour are:

- wrong assumptions in the extraction of p from the small-angle

scattering cross sections. For instance, one of the helicity amplitudes

<!>! to $5 (see section VI11-3} could exhibit strong deviations from the

assumed exponential fall-off as a function of t .

- influence on p from the opening of the charge exchange channel at

100

- resonance structure in the pp scattering amplitude in the 200 - 300

MeV/c range (M = 1887 - 1900 MeV/c2).
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Appendix A

Statistical errors on <Jjcorr(p) and

In general one can write the variance of a function x=f(u,v,..) of more than
one variable (u,v, . . ) as a sum of variances var(u), varfv) . . and covar-
iances cov(u,v).. of the variables. Using var(x) = E{fx-x)2} :

varfx) = E{[(u-u)È*.+ (v-v)!*. + .. . ]2}
du öv

+ 2cov(u,v)A*. ox. + ( A _ 1 }

5v 3u 3v
where E{ } represents the expected value for the term between the
brackets. So E{(u-u)2} stands for the expectation value for the difference
squared between any measured u and its mean value ü.

So in order to obtain the variance of the measured total cross section we
have to determine the variances and covariances of the cross sections
a j c o r r (p ) . Before we can do this we have to go back one more step and find
the covariances between the numbers of transmitted particles Nj ('1=1,2,3,4).
Using N: = Nj+n» for j>i with nj: << Nj and n« > 0 we may write:

cov(Nj,Nj) = E{(Nj -
= E{(Ni - j j
= var(Nj) + cov{njj,Nj). (A-2)

Assuming a multinomial distribution for the numbers N-, and nj= we may
write:

var{N.) = N * Ü L ( i -JÜiJ = N,(1 - J Ï L ) , (A-3)
Hé Hi Né

(A-4)
Hé Ui

The minus sign in cov(nj:>Nj) originates from the anticorreiation between n»
and Nj. Taking together equations f A-2) , f A-3) and (A-tt) we f ind the ex-
pression for

covfN:,Nj) = Nj (1 - ü i ) j>i . (A-5)
Né
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The above number gives the covariance of the transmitted particles in full or
empty target measurements. These measurements are uncorrelated, so we can
write for the covariance between the cross sections:

cov (NjE,NjE] bffs ÖCJ:

( A . 6 )4 ( ( ) ( j ) j
X NjFNdF NjENciE

Note that there is no i fj>i) left in the last expression. The variances

var(crj) and covariances cov(a:,<jj) can be written together in a 4x4 matrix

V. Using this matrix the line through the four measured aj c o r r (p) can be

fitted and the statistical error of atot c a n b e determined. The justification of

the procedure is described in statistical textbooks such as [Eadi71]. A short

recipe is given below.

The line to be fitted gives the expectation values of a j c o r r (p) (i=1,..4) as a
function of the four momentum transfer values tj (i=1,..4). This can be
written as:

E{Y} = A0. (A-7)

With: E{Y} a 4*1 matrix giving the expected values of cjjcor rf p).

, describing the t-dependence.

= ( ° t o t ) , the parameters of the fit .

The parameters Q can be obtained in the following way:

A T V" 1 Y,

(A-8)

(A-9)

(A-10)

where Y contains the four cross sections and V~1 is the inverse matrix of

the covariance matrix V, which was described above.

The errors on the parameters can be obtained from the covariance matrix of

cove = fA-ii)
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So

var(fftot) = coved, 1). (A-12)

2
The x of the fit is given by:

X2 = (Y - E{Y})T V"1 (Y - E{Y})

= (Y-A0)T V"1 (Y-A0) . fA-13)
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Summary

In this thesis two low-momentum antiproton-proton (pp) experiments are
described. The first one is a set of 24 high statistics pp total cross section
measurements as a function of the incoming antiproton momentum between
p=388 MeV/c and p=599 MeV/c. These measurements simultaneously yield the
charge exchange cross section (pp -»nn) . The second one comprises two
high statistics pp small-angle elastic scattering measurements at p=233 MeV/c
and p=272 MeV/c. The measurements were carried out using the high quality
antiproton beam extracted from the Low Energy Antiproton Ring fLEAR) at
CERN. The physics motivation for these experiments is a search for pp
resonances or bound states on one hand, and a detailed study of the pp
interaction on the other hand.

In chapter I the LEAR facility and the CERN antiproton complex are
described. Details are given on stochastic cooling, the technique that allows
to store antiproton beams, and on the ultra slow p extraction of the LEAR
machine.

The total cross section experiment is described in chapter II to chapter IV.
The principle of measuring «tot ' n a transmission experiment is discussed in
chapter I I , followed by a description of the experimental set-up. In chapter
I I I details of the off-line analysis are discussed. Several precise corrections
are applied to the data to reduce the systematic errors on the results. In
chapter IV the results of the 24 atot-measurements in small momentum steps
between 388 meV/c and 599 MeV/c are presented. Statistical errors on the
results are typically ±0.4%. The data show no evidence for resonances in
a tot' An upper limit at 90% confidence level of 2 mbMeV/c2 is set on the
strength (height* width) of a resonance narrower than 4 MeV/c2 between 465
MeV/c and 515 MeV/c. This upper limit increases to 2.6 mbMeV/c2 for a
width of 8 MeV/c2 and to 3.4 rnbMeV/c2 for a width of 12 MeV/c2. The
simultaneous measurements of the charge exchange cross section in the same
momentum range have 1%-2% statistical errors. An upper limit of 2
mbMeV/c2 is set on the strength of a resonance in pp •* nn between 465
MeV/c and 515 MeV/c.

In chapter V the physics motivation to search for pp resonances or bound
states and the concept of baryonium are discussed. A summary is given on
pp total cross section measurements near p=500 MeV/c, the region of the S-
meson, a previously observed resonance in pp interactions.
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The small-angle elastic scattering measurements are discussed in chapter Vi
to chapter V I I I . In chapter VI the experimental set-up and the on-line
trigger, which selects elastic scattering events, are described, followed by a
discussion on energy loss and straggling in the apparatus. Chapter VII
gives details on the off-line analysis. The rejection of annihilation events is
discussed. The determination of the experimental angular resolution, and the
determination of the uncertainty in the position of the scattering vertex are
described. Finally the absolute normalization of the results is determined,
which includes corrections for trigger acceptance and geometrical acceptance.
In chapter VII I the results of the measurements are presented. The data are
fitted to the forward differential elastic cross section to determine the
parameters p and b of the forward nuclear scattering amplitude. The fitting
procedure takes care of the influence of the experimental angular resolution.
The results of the fits depend linearly on the total cross section u ^ , which
has not yet been measured below 300 MeV/c. The values obtained for the
real-to-imaginary ratio p of the forward scattering amplitude rise with
decreasing momentum between 272 MeV/c and 233 MeV/c, which is quite
unexpected. The values are p = 0.04 ± 0.09 at 272 MeV/c and
p = 0.13 ± 0.09 at 233 MeV/c. The slope b of the nuclear amplitude is
b = 39 ± 12 (GeV/c)"2 at 272 MeV/c and 56 ± 12 (CeV/c)"2 at 233 meV/c. As
soon as a t o t will be known, the errors on p and b will be reduced by a
factor three.

Chapter IX gives a summary of the pp small-angle elastic scattering
measurements below 1 CeV/c. The measurements are compared with
predictions from forward dispersion relation calculations and from the
Nijmegen and Paris antinucleon-nucleon potential models. The implications of
a rise of p between 272 MeV/c and 233 MeV/c are discussed.
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Samenvatting

In dit proefschrift worden twee laag-energetische antiproton-proton fpp)
botsingsexperimenten beschreven. Het eerste experiment omvat een set van
24 hoge statistiek pp totale werkzame doorsnede metingen als functie van de
inkomende antiproton impuls tussen p=388 MeV/c en p=599 MeV/c. Deze
metingen leveren tegelijkerti jd een schatting van de werkzame doorsnede
voor ladingsruil (pp -+nn) op. Het tweede experiment omvat twee
hoge statistiek metingen van pp elastische verstrooiing bij kleine hoeken, bij
p=233 MeV/c en p=272 MeV/c. Voor deze metingen werd gebruik gemaakt van
de hoge kwaliteit antiproton bundel van de Laag Energetische Antiproton
Ring (LEAR) op CERN. De metingen werden uitgevoerd in samenwerking met
een groep van 25 fysici uit vier verschilende landen. De fysische motivatie
voor deze experimenten omhelst enerzijds het zoeken naar pp resonanties of
gebonden toestanden en anderzijds een gedetailleerde studie van de pp
wisselwerking in het algemeen.

In hoofdstuk I worden de LEAR machine en het antiproton complex van
CERN beschreven. Speciale aandacht wordt besteed aan stochastische
koeling, de techniek die de opslag van antiprotonen mogelijk maakt, en aan
de ultra-trage antiproton extractie uit LEAR.

Het totale werkzame doorsnede experiment wordt beschreven in hoofdstuk II
tot en met hoofdstuk IV. Het principe van een totale werkzame doorsnede
meting in een transmissie experiment wordt besproken in hoofdstuk I I ,
gevolgd door een beschrijving van de meetopstelling. In hoofdstuk UI wordt
de uitwerking van de meetgegevens beschreven. Om de systematische fout op
de resultaten te reduceren moeten diverse precieze correcties worden
toegepast. De resultaten van de 24 cj tot-metfngen i n k l e i n e impulsstappen
tussen 388 MeV/c en 599 MeV/c worden gepresenteerd in hoofdstuk IV. De
statistische fout op de resultaten is gemiddeld ±0.4%. De metingen geven
geen resonanties in a t o t te zien. Naar aanleiding van de resultaten wordt
een bovengrens van 2 mbMeV/c2 gezet op de sterkte (hoogte»breedte) van
een resonantie smaller dan 4 MeV/c2 tussen 465 MeV/c en 515 MeV/c. Deze
limiet wordt verhoogd naar 2.6 mbMeV/c2 voor een breedte van 8 MeV/c2 en
naar 3.4 mbMeV/c2 voor een breedte van 12 MeV/c2. De gelijktijdige
metingen van de werkzame doorsnede voor ladingsruil in het zelfde
impulsgebied hebben statistische fouten van 1%-2%. De bovengrens voor de
sterkte van een resonantie in pp + f in tussen 465 MeV/c en 515 MeV/c
bedraagt 2 mbMeV/c2.
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In hoofdstuk V wordt een discussie gewijd aan het bestaan van pp
resonanties en gebonden toestanden en aan baryoniutn, een theoretisch
toegestane gebonden toestand van twee quarks en twee antiquarks.
Vervolgens wordt een overzicht gegeven van de pp totale werkzame
doorsnede metingen rond 500 MeV/c, het impulsgebied rond het S-meson, eer.
voorheen waargenomen resonantie in pp interacties.

Het kleine hoek verstrooiingsexperiment wordt beschreven in hoofdstuk VI
tot en met hoofdstuk VI I I . De richting en de plaats van het inkomende en
uitgaande antiproton spoor voor en na het vloeibaar waterstof doelwit worden
gemeten met behulp van dradenkamers. In hoofdstuk VI worden de
meetopstelling en de on-line selectie van elastisch verstrooide deeltjes
beschreven, gevolgd door een discussie over energieverlies door ionisatie in
de meetopstelling. In hoofdstuk VII wordt de verwerking van de
meetgegevens beschreven. De verwerping van p annihilates in het waterstof
doelwit wordt besproken. De bepaling van het hoekoplossend en het
plaatsoplossend vermogen van de p verstrooiing worden beschreven. Na de
berekening van de acceptantie van de meetopstelling en van de on-line deel-
tjesselectie wordt de absolute normalisatie van de resultaten bepaald. In
hoofdstuk VIII worden de resultaten gepresenteerd. De gemeten differentiële
elastische werkzame doorsnede wordt vergeleken met de theoretische
differentiële werkzame doorsnede ter bepaling van de parameters p en b van
de voorwaartse nucleaire verstrooiingsamplitude. Daarbij wordt rekening
gehouden met de invloed van het experimentele hoekoplossend vermogen. De
waarden voor p en b zijn lineair afhankelijk van de waarde van atot' c " e no9
niet gemeten is in het impulsgebied beneden 300 MeV/c. De waarde voor de
verhouding p tussen het reële en het imaginaire deel van de
verstrooiingsamplitude stijgt met afnemende impuls tussen 272 MeV/c en 233
MeV/c. Deze stijging was tamelijk onverwacht. De metingen van p bij
impulsen boven 350 MeV/c en de theoretische voorspellingen geven een
daling van p bij dalende impuls te zien. Onze resultaten voor p zijn
p = 0.04 ± 0.09 bij p=272 MeV/c en p = 0.13 ± 0.09 bij p=233 MeV/c. De
helling b van de verstrooiingsampïitude is b = 39 ± 12 (GeV/c)~2 bij p=272
MeV/c en b = 56 ± 12 (GeV/c)"2 bij p=233 MeV/c. Zodra de waarde van
atot beneden 300 MeV/c precies gemeten zal zijn, worden de fouten op onze
resultaten voor p en b met een factor drie gereduceerd.

In hoofdstuk IX wordt een overzicht gegeven van de metingen van
antiproton-proton elastische verstrooiing bij klein hoeken beneden 1 GeV/c.
De metingen worden vergeleken met berekeningen aan voorwaartse dispersie-
relaties en met berekeningen aan de Parijse en Nijmeegse antiproton-proton
potentiaalmodellen. De implicaties van een stijging van p tussen 272 MeV/c en
233 MeV/c worden besproken.
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