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ABSTRACT

The interactions of antinucleons in complex nuclei of
emulsion have been studied. The three main lines of inves~
tigation are the followlng:

1) The annihilation at rest of antiprotons in the
complex nueclel of emulsion has been studied and a method
has been devised of separating the annihilations in the
light and the heavy elements. By identifying the annihila-
tions on the neutrons and protons in light elewments it 1s
shown that the ratio of the probabilities of annihilation
of antiprotons on the two nucleons is the same, in contrast
to earlier work in this field., This implies that annihila-
tion proceeds equally through the singlet and triplet
isospin channels. The apparent departures from this result
for heavy eloments have been acecounted for by the secondary
interactions of the annihilation products in the parent
nuclei,

2) The antiproton is used as a nuclear probe to deter-
mine the distribution oi momenta of the nucleons of light
elements such as carbon. It is found that the momenta
follow the distribution expected from a harmonic oscillator
model of the nucleus as found by other techniques and that

these mowmenta extend up to about 400 MeV/c.



3) The interactions of antineutrons produced by the
charge exchange of antiprotons with the emulsion nucledi
have been studied and it has been shown that the general
characteristics of the antineutron stars such as the sizes,
the mean multiplicities of secondary mesons and their energy
spectra are similar to those of antiproton stars. Finally,
the charge exchange cross-section for antiprotons of mean
enerpgy 125 iieV has been determined and is found to be
(17 + 6) mb. This is close to the value expected from the
calculations made for the charge exchange cross-section of

antiprotons in complex nucleci.
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INTRODUCTION

Anderson's discovery of positrons among the particles
produced by cosmic rays in a cloud chamber, not only con-
firmed Dirac's prediction about antiparticles of electronic
mass and of charge +e, but also brought about the search
for the "charge conjugates" of nuecleons. Although Bridge
et al. (195%) and Amaldi et al. (1955), using the Wilson
Cloud Chamber and photographic plates respectively, had
cach observed a cosmic ray event which they attributed to
the annihilation of an antiproton with a nucleon, the
evidence was not conclusive.

The Bevatron at the University of California was built
to produce antiprotons, it being designed to accelerate
protons to energies greater than the threshold energy needed
for the production of nucleon-antinucl@en7pairs. After the
first successful detection of the antipré%on in 1955, at the
Berkeley Laboratory, the main properties of the antlproton
were established such as its mass, charge and stability
agalnst spontaneous decay. 3ince then, a number of experi-
ments with improved yield of antiprotons for a given flux
of accelerated protons have been carried out at Berkeley as
well as at Brookhaven, QGern and Dubna. Whereas in the
first experiment at Berkéley, the ratio of antiprotons to

contamination pions was of the order of 1 to 50,000, in
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1961, with the Cern Proton Synchrotron, employing refinea
optics and using electrostatic separators, thils ratio was
increased to 3 to 1 at lover and to almost pure antiproton
beam at higher momenta (Amgldi et al. (1964)). In the
experiment of Amaldi et al., the average yield was from
two to six antiprotons per pulse (1 pulse equivalent to
1011 circulating protons).

With antiprotons available in such copious numbers, a
large variety of experiments has been performed to study
the interaction of antinucleons with nuclsons. All the
modern techniniques for the detection of elementary particles
have been empioyed in determining the elastic, inelastiec,
charge exchange and total cross-sections of these particles,
The present investipation is limited to the annihilation and
charge exchange propertics of antinucleons employins the
emul slon technique.

In Chapter 1 are summarised the main properties of
antinucleons as well as the antinucleon-nucleon and anti-
nucleon-~nucleus cross-sections at various energies of the
incident antinucleons., These are compared with the
corresponding N-N cross~sections.

In Chapter 2, nnnihilation of antiprotons in flight
and at rest is discussed ¢nd the relative probabilities
of annihilation on protons and neutrons as found by

different workers is given, along with their explanation
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for the discrepancy betwcen results in flight and at rest
In the same chapter there is also described work to resolve
the difficulty mentioned above. On the basls of statistics
larger than those of previous experiments, it is found that
the annihilation of antiprotons proceeds equaily through the
singlet and triplet 1sospin channels. The apparent lack of
equality of probahilities of annihilation on protons and
neutrons found in heavy elements is accounted for by the
interactions of the annihilation products in the parent
nuclei for which detailed calculations are given.

The general features of the antiproton-nucleon anninila-
tion are described in Chapter 3. The mean charged and total
multiplicities, the star size distributions, and the number
of mesons absorbed per annihilation star, are all determined.
The stopping antiproton is used as a probe of nuclear struc-
ture. This technique is employed to study the distribution
of momenta of the nucleons of light elements of emulsion.

In Chapter % there is outlined a method for the deter-
mination of the charge exchange cross~section of antiprotons
in an emulsion stack. The cross-sectlion for production of
antineutrons for a mean antiproton energy of 125 MeV. is
found to be (17 £ 6)mb. The annihilations of antinentrons
thus produced are studied and the mecan energy of the secondary
mesons and the star sizes of the annihilations determined.

These are found to bhe very similar to those for antiprotonse.


http://ant.tr
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In the last chapter, tho more importent theories of
nucleon-antinucleon annihilation are described and the
experimental results about multiplicity distributions are
compared with the predicted values. It is concluded that
the Koba dnd Takeda model glves a satisfactory picture of

the KN annihilation phenomenon.



CHAPTER ],
Review of the aract o) inuecleo

1.1 The Production of Antinucleong
1l.1.1 Antiprotons

Antiprotons are usually produced in an accelerating
machine by the bombardment cf the nucleons in a target
consisting of complex nuclei, (such as beryllium or
copper), by energetic protons. The principal process 1s

p+N—=7 + 3N + mesons
For stationary target nucleons the threshold energy in
the laboratory system for the incident protons is about
6 GeV., However, the threshold is reduced on account of
the motion of the nucleons inside a complex nucleus. For
a nucleonic momentum of 200 MeV/c, for example, the
threshold is reduced to 5.3 GeV.

A comparison between different targets shows that
for the same conditions, light nuclei are as effective
for the production of antiprotons as heavy nuclei. Since
the probability of collision of an incident proton with
a nucleon is greater for a heavy than for a light nuéleus,
the equality of the cross-section of production foranti-
protons in different elements indicates that the absorp-

tion of antiprotons in heavy nuclel 1s considerable.



1.,1.2 Antineutrons
Antineutrons are also produced by the process mentioned
above but it is difficult to recognise them in the neutral
beam emerging from the accelerator. An attempt was made,
without success, by Youtz (1958) to detect antineutrons
formed in the reaction
p + p— n + Hed
However, the most convenient and practical way of
producing antineutrons is by the charge exchange of anti-
protons, Although the cross~-section for charge exchange 1s
small, experiments have been successfully performed, both
by counter and bubble chamber techniques, and with emul-
sions (this thesis), to study the annihilation properties
of antineutrons. The charge exchange reactions are the
following:
5 + p-+'ﬁ + N ..e.. Blastic charge exchange
5 + N—n+N+ mesons .... Inelastic charge exchange
The second reaction, however, competes poorly with the
elastic charge exchange. At an antiproton momentum of
1.61 GeV/c, for example, Xuong et al. (1961) have found
the cross-sections for '
p+p—p+n+1m” to be (0.96 + 0.,22)mb, and for
P+p—2>n+n+w° to be (1.6 + 0.3)mb.
The latter cross-section was not directly measured but

was deduced from the reaction



P+p—p+Dp +x°

7.

The value for the elastic charge exchange of antiprotons at

the same energy is about 6 mb (Hinrichs et al. (1962))

and (Elioff et al. 1962).

The ratio of inelastic to

elastic charge exchange decreases with the decrease in

the antiproton energy.

1,2 The P ertie £ Antinue

The main properties of antinucleons, some found

directly since the discovery of antiproton in 1955, and

others inferred from the known properties of nucleons, are

summarised in Table 1.

Table 1
erti £ Ant (]
Property Antiproton Antineutron Remarks
Mass (1.00440,025)Mp| Same as My Directly meas-
ured
Charge -2 zZero "
Lifetime stable (10504£200) sec Inferred
Decay mode " n—>e*+p+) "
Magnetic moment «2,79 +1,91 Directly deter-
mined for the

o antiproton
Spin ¥ K3 Inferred
Isotopiec spin oy 4 "

3rd component of - 4+ "

I spin

Parity odd odd b
_Intrinsic Parlty -1 . "
Creation in pairs in pairs Directly ob-

served

Annihilation




8.
1.3 The Interactions of Antinucleons

The study of the interactions of antinucleons with
protons and complex nuclei is of lmportance for the proper
understanding of nuclear forces, and can give valuable
information about the structure of complex nuelei. The
annihilation of the antiproton-proton system to mesons affords
an opportunity of studying therr -rinteractions without the
complicating presence of a nucleon in the final stataé.

A large number of experiments on the lnteractions of
antinucleons with nucleons have been performed, notably at
Berkeley and Cern, and cross-sections for various processes
have been measured. Although interactions of both anti-
protons and antineutrons have been studied, the experiments
with the latter are fewer in number on account of the
obvious difficulty of their production and detection.

These experiments vwill be briefly described in a separate
section. [xperiments on antiprotons, on the other hand, are
too many to permit detailed deseription of each. Cnly
general features will be described. Moreover, it will be
assumed that the interactions of antiprotons are typical

of all antinuéleons.

1.3.1 Interaction cross-sections of antivrotons

Collisions of antiprotons with nuclei may lead to
elastic scattering, lnelastic scattering, charge exchange

or annihilation as is shown in the following reactions:
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+ N—p + N .... elastic scattering

+ N— p + N + mesons .... lnelastic scattering

+ p—n+n .... charge exchange

=l ol 9l vl

+ N—3n + N + mesons .... inelastic charge exchange

1

2

3 coees
b oeuen
5 veeee p + N mesons .... Annihilation

Annihilation may also lead to hyperon production but the
crogs=-gsection for this process is very small.

The term "total cross~section" will be used for the
sum of the cross-sectlons for reactions 1 to 5. SYone
counter experiments have been performed to measure total
cross~-sections up to as high an antiproton momentum as
24 GCeV/c. The most recent measurement of the total cross-
section is by Amaldi et al. (1964%) in the momentum range
(0.575 = 5.35)GeV/c. The total cross-section decreases
monotonlcally with increasing momentum of the antiprotons
and is given by the empirical formula,

o tot = (85.8 + 0.4) (¥)mb,
(where B 1s the antiproton velocity in the laboratory
system,) up to a mementum of 1.6 GeV/ec. Beyond this

momentum the formula

- a
o tot—dm.%(l ""?T)
holds. Here,0« is the asymptotlic value of the total
cross-section at high energy and is taken to be 40 mb.
The constants a and A have values 2.1 and 0.8; ¥ = (1-ﬁ2)'%.

The results are summarised in Tables 2(a) and 2(b).
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Table 2‘b2
Antiproton-proton cross-sections (Millibarns)
Kinetic | Momentum Cross-section {mb)
Ener, (Mev/c) T
(MeV? Elastic | Inelastic Charge Total Reference
Exchange
Substance
Hydrogen 45420 290 80+10 175445 2746 281+46 | Cork et al. 1962
90420 L20 666 10189 1943 | 185413
1k5+17 535 5216 9948 12 | 163112
245320 725 k535 6646 T+ | 1189
T54137.5 458 66+17 112423 Agnew et al. 1960
137%200 588 56¥lh | 60+18
470 1050 51410 Goldhaber et al. 1961
534425 1134 4245 T0+ +041.3 | 11846 Elioff et al. 1962
700+33 1343 4ok 6633 7.291.5 | 11635
816 1515 384 6%_) 7.1+1.2| 10845
gLBH2 1637 3343 56%2 6.8+1.0| 9643
1068¥46 1773 3042 60+2 5.74.1| 9633
925 1610 7. 8240.59 Hinrichs et al. 1962
1000 1696 3342 624 5'_'} 5 10043 Armenteros et al. 1960
1250 1977 28+2 S5T+4 b+l 89+
2000 278 | 254h | k946 3% | 8o
3000 [21.2+1.0 72.3+1.9 Goldschmidt-Clermont
et al. 1962
2445 3250 |20.T+1.6 | 35.845 1.640.8 [72.5+1.9| Ferbel, 1963
6320 7200 [13.79+4L0O Foley et al., 1963
8010 8900 [13.8930.7
9060 10000 [14.643.3
11060 12000 11. 59i0~h1
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The variation of the total Sb cross-section with the
antiproton momentum is shown in Figure l. filso shown
in the same figure are the proton-proton cross-sections
at various momenta. It can be seen that although the
total antiproton-proton cross~gections are much larger
than the corresponding proton-proton cross~sections at
low and nedium energies, the difference between them is
much smaller at higher énergies. According to
Pomeranchuk, dispersion relations indicate that the

two cross~sections should converge to the same constant
value at sufficiently nigh energies. Very high energiles
are required to test this prediction.

Measurements of angular distributions in the centre
of mass system for the elastic scattering of antiprotons
in the energy range (0.02 - 2.5) GeV show that the
differential cross-section decreases rapidly with the
centre of mass scattering angle. [;20-%0) MeV, Hossain
and Shaukat (1964), .(75-200) HMeV, Agnew et al. (1960),
(1-2) GeV, Armenteros, et al. (1960), 2 GeV,
Goldschmidt~Clermont et al. and 2.45 GeV, Ferbel (1963)].
This is similar to proton and pion scattering and implies

a small momentum transfer to the target nucleon.
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In spite of the small differential créss-sections
at large angles, the antiproton-proton collisions have
the advantage compared with the p-p scattering that
angles of scattering up to 180° can be 'investigated.

In p-p scattering, for example, only angles up to 90°
in the centre of mass can be determined bsecause 1t is
not possible to distinguish between the primary and the
target protons.

The large Ep cross~sectlions have been explained by
Ball and Chew (1958) by a theory which rests on an
analogy with the nucleon-nucleon scattering, where the
nucleon is thought of as a hard repulsive core of radius
(% ;h;), surrounded by a pion cloud. For a nucleon=-
antinucleon system, the hard repulsive core 1s replaced
by an absorbing core to account for the large annihila-
tion cross~-section. The pilon cloud surrounding an anti-
nucleon must be the charge conjugate of the cloud
surrounding a nucleon. With these assumptions, the
interaction cross~section beﬁween a proton and an anti-
proton can be calculated in the same way as for the

proton-proton interaction. These calculations refer to
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antiproton energies of up to 200 MeV, and the results
fit the experimental cross-sections quite well. Fulco
(1958) has computed the angulaf distributions in the pp
centre of mass system for elastic scattering of anti-
protons on the Ball and Chew model and finds a peak in
the forward direction. As mentioned before, the
experimental distribution shows a similar behaviour.

It is found that the cross-sections for elastiec
scattering and inelastic interaction are approximately
equal. Thus the Ball-Chew model is essentially like
a classical black-sphere region of size 'K‘u_(pion
Compton wavelength). In the opinion of Elioff et al.,
this is explained by the effectiveness of the outer
potential due to the pion cloud whieh draws the anti-
proton into the core region where it annihilates.

For higher energies, the method of Ball and Chew
is not applicable, and a model has been proposed by
Koba and Takeda which accords very well with the
measured cross-sections. This will be descrilbed in

Chapter 5e
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1.3.2 Antiproton-nucleus crogg-sections

The interactions of antiprotons in complex nucleil
are also characterised by their large cross-sections.
As for the antiproton-proton interactions, the cross-section
increases rapidly as the antiproton slows down. The major
contribution to this inerease comes from the annihilation
procass. The results at various energies for different
targets are summarised in Table 3. The annihilation cross=-
section for deuterium, carbon and emulsion are displayed in
Figure 2. The total and partial pp cross-sections are
displayed in Figure 3. It can be seen that the charge
exchange, elastic and inelastic cross-sections all increase
with the decrease in antiproton energy. The curves in the
figure have been drawn to show this trend. The cross-
sections for antiprotons in complex nuclei follow a similar

variation.

l.3.3 Antiproton-neutron cross-sections

The direct determination of antiproton-neutron cross-
gsection 1s difficult because the neutron is always bound
in complex nuclei. Indirect methods have, therefore, to
be used. The cross-sections for neutrons (given in Table 3)
have been determined by Elioff et al. by the subtraction
of pp cross-sections from p-d measurements. In this deter-

mination of the P-n cross-sections the correction for the
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Table

Antiproton-complex nuclei cross-sections (millibarns)

1k,

-1; -1_7 Cross-section mb.
Kinetic Momentum|
Target Energy (Mev/c) | Elastic | Inelastie Charge | Total Reference
(MeV) Exchange
'Neutron' 53k 1134 40+10 79+6 11948 | Elioff et al.
{by the difference] TOO 1343 25+8 L5 96:+7 1962
technique from p-D 816 1482 Ll49 6845 11248
cross-sections) 948 1636 3G+7 6344 10246
1068 1773 koo 675 109+
Deuterium 534 8046 12645 |  3.3+1.3 | 21045 | Elioff et al.
T00 1343 ¢ 117+h 5. 4%1. 4 189,1_»5 1962
816 1482 7845 112+ | 6.541.5 | 19546
948 1636 TL 10244 | kbHL) | 1765
1068 17173 68+h 10945 | 5.6%1.0 | 18433
Beryllium 320 838 297440 10'“.5{ T30+40| Wenzel Proc.
- Aix-en-Provence
Conference
Carbon T5+137.5 58 345460 LTh+76 Agnew et ali
137. 53200 588 255+45 360465 1960
96 L34 hOfig Button et al.
: 1957
320 858  |270+23 111‘5‘ 670430 Wenzel
k70 1050 368+60 Goldhaber et al.
o . 1960
Lead g2 426 ).8:2:; Button et al.
B .. _ 1957
Emulsion Nuclei 5-20 150 93. T+20 Hossain et al,
20-40 239 8¢.0+415 1964
40-60 310 85.5+16
Kinetic Momentum Cross-section (mb
Energy (MeV/c) | Annihilation
Target (MeV) and charge Inelastic| Total Reference
exchange
Emuision nuclei 140 531 1485 143 1650 Amuldi et al.
140 531 1045 60.5 - 1959
150 551 98L 41.8 10L5
150 551 1133 8.3 1216
Average Average C.E. Khan and Major
125 b7 (17+6) 1965
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shlelding of one nucleon by the other in the deuterium
nucleus is to be applied. Blair (1958) has made special
calculations for the antinueleon-nucleon case where the
range of interaction is comparable to the radius of the
deuteron. Another way of studying the antiproton-neutron
interaction is to obtaln an antineutron beam and look for
their interactions in a liquid hydrogen bubble chamber.
This process is charge symmetric to §~n and has been
investigated by Hinrichs et al. (1962) in the 72-inch
hydrogen bubble chamber. This is mentioned in section 1.4
under charge exchange of antiprotons. Experimentally it
is found that the cross-section for inelastic interaction
of antiprotons in hydrogen (J_ ) 1s equal to the antiproton-
neutron cross-section ©_ ). pghe consequences of this are

pn
discussed in Chapter 2.

1.4 The Charge Exghange of Antiprotons

An early experiment to demonstrate the charge exchange
production of antineutrons was carried out by Button et al.
(1957). An antiproton selected from a beam entered an
absorber. If no charged particle was recorded by a counter
immediately behind the absorber but an annihilation pulse
was observed in a calibrated scintillation counter further
down stream, it was concluded that the antiproton had
undergone charge exchange in the absorber and that the

resultant antineutron had been annihilated in the
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scintillator. The cross-sections for the charge exchange
of antiprotons in lead, carbon and hnydrogen were determined
and were found to be the same within statistical limits.
Assuming that the angular distribution of the pp charge
exchange cross-section was the same as that for the p-n
charge exchange, it was found that the differential cross-
section at 0% in the laboratory system was (38 + 20)mb/st.. At
the same energy and laboratory angle the p-n charge exchange
is 54 mb.

In addition to the counter technique, bubble chambers
have been employed to determine the charge exchange cross-
sections of antiprotons as well as to study the subsequent
annihilation of antineutrons. In the hydrogen bubble
chamber, the charge exchange is recognised by the disappearance
td flight of an antiproton accompanied by an interaction,
further downstream, which has been produced by a neutral
particle This secondary star 1s required to distinguish
charge exchange from the annihilétion of an antiproton in
which no charged partlcles are emitted. The number of
such stars is limited by the size of the chamber and in
estimating the cross-section for charge exchanre, correc-

tions for the geometry of the chamber must be made.
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The main contribution to thls investigation comes
from the Berkeley Laboratory where the process has been
studied up to an antiproton momentum of about 2 GeV/c,
Hinrichs et al. (1962) measured the angular distribution
of the produced antineutrons as well as the antineutron-
proton annihilation cross-section. The energy to which
this cross-section refers was estimated by assuming that
the production is elastic; the momentum of an antineutron
was determined from its angle of production. For an
energy of 930 MeV for the incident antiprotons, it was
found that 80% of the antineutrons produced by charge
exchange had energies between 800 and 930 MeV.

The cross=section for charge exchange was found to
be strongly peaked forward, thus confirming the result
obtained previously by Goldhaber et al. (1961) who
reported the absence of charge exchange events at centre
of mass angles greater than 60°. This is not unexpected
since large-momentum=~transfer collisions lead principally
to annihilations, leaving the possibllity of charge exchange
to low momentum transfers only. Wenzel pointed out that the
optical theorem relating the pp charge exchange forward
scattering cross-section and the total pp and pnaross-
sections is satisfied by the results of these experiments.

The theorem states that:
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D - - 2
da'?p > K{O‘ T(pp)- T(p@)}

dn b
& =00

where K is the wave number for the antiproton. This
formula is independent of any models for nucleon-anti-
nucleon interactlion and is based only on the charge
independence of nuclear forces. (Segre, 1958).

A summary of the various experiments performed so
far to determine the charge exchange cross-sections at
various antiproton energies is given in Table k.

Since the charge exchange cross-sections 1n hydrogen
and heavier elements at similar energlies are approximately
equal, it follows that the effective charge exchange cross-
section per proton of a target nucleus decreases with
increasing Z. This 1is not unexpected since the anti-
neutrons are readily absorbed in the parent complex nuclel.
It can thus be concluded that in complex nuclei interac-
tions the observable antineutrons are produced only when
the incident antiprotons make grazing collisions with the
nuclei. (Button et al., 1957).

1.5 The' a Proces

.The property of antinucleons to annihilate on nucleons
finally establizhes their identity beyond any doubt. The
first detailed work on the annihilation process was carried

out by Barkas et al., (1957) using the emulsion technique.
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Measurements were made to establish the identity and energy
of the products of annihilation. A difficulty arises in
the interpretation of these observations from the fact that
in emulsions, the antiproton annihilates usually in a com-
plex nucleus. The secondary particles may interact with
the nucleus in escaping from the centre of annihilation
leading to changes in multiplicity and energies of the
secondary particles. From this point of view, hydrogen
bubble chambers are more useful than emulsions and have
been therefore widely employed. However, the antiproton
can be used as a nuclear probe to investigate the proper-
ties of complex nuclei. A study of the interactions in
emulsions and proper recognition of the secondary processes,
therefore, becomes of importance. This point i1s discussed
in detail in Chapters 2 and 3. As an example, the region
of the nucleus where annihilation takes place may be dis-
cussed now. The energy of the escaping mesons 1s about 200
MeV for which the mean free path in nuclear matter is
about 10713 cm (Lindenbaum, 1957). For annihilation at
rest about 20% of the pions are absorbed before escaping
whereas for annihilation in flight, about W0% are absorbed.
These numbers can be understood if the annihilation at
rest occurs in the surface of the nucleus where the escape
probatility 1s high and the annihilaticn in flight takes

place within the body of the nucleus.
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1.5.1 Pion mult clties and enerey spect

The average charged multipliecity for antiproton-nucleon
annihilation at rest is three and the total multiplicity
is about five (see section 1.9.2). Even for annihilations
in flight, the multiplicity is relatively independent of
energy as can be seen from Figure 4, which summarises the
results in the energy range (0-1)GeV given in Table 5.

The energy spectra of the secondary mesons have been
determined for annihilations at rest and in flight. Ekspong
et al. (1961) have computed the combined values by taking
the weighted averages of the results from Uppsala, Berkeley,
Rome and Saclay groups. The mean total energles at rest and

in flight are (365+8) MeV and (356%11) MeV respectively.

1.5.2 Estimation of Weutral pions emitted in NN

annihilation

There are two methods by which the number of neutral
mesons accompanying a given charged particle multiplicity
can be estimated:

a) From missing energy: for a given multiplicity of
charged particles, the mean energy of the charged pions in
the centre of mass system is determined. Assuming that
the neutral mesons have the same mean energy, their number

is estimated from

- - Hon-visible energy
Number of neutral mesons = Mean total energy of

charged pions
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b) From the decay of w2— 2¥— Y4e. In heavy
liquid chambers, the decay of neutral pions into pairs
of gamma rays which materialise into electrons, occurs
with falr probability, thus making a direct observation
possible.

Both methods have been used over a wide range of
energles. It 1s found that the average value of total
multiplicity remains constant. The extra energy available
in energetic antinucleon annihilations appears to result
in an inereased average energy of the pions rather than an
increase in multiplicity. The mean number of neutral
mesons accompanying charged mesons as estimated by the
above mentioned two methods are given in Table 6 and are
shown in Figure 5.

The dotted lines have been drawn from the following
simple viewpoint. The sum of the neutral and charged
mesons 1s constant and equal to the mean total multiplicity.
Obviously this does not hold for large values of the charged
particle multipliecity but it should be valid enough at low
values to enable approximate extrapolation to be made.

The ratilo of the mean values of the neutral and
charged particle multipliclitles thus found is consistent
with charge independence. Conversely, 1f charge indepen-
denca is assumed to hold in antiproton-nucleon annihilation,
it can be concluded that the energy going into electro-

magnetic radiation or neutrinos must be small. (Barkas
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Table 6
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Number of neutral mesons accompanying charged mesons in

3 - Horwitz et al. (1959) 4 - Hinrichs (1961)

et al., 1957).

1.5.3 Strange particle production

In addition to the plons, K-mesons are also created as

a result of SN annihilation.

must be produced in pairs.

~ the apnihilation of antiprotong
n+| 1N, Weighted Method  {*Reference Total
- ™ mean employed Multiplicity
2 | 3.0+40,2 energy balance 1
2.5+0.5 o decay 2
24348 TO gecay 1| (4.6420.27)
1.9+0.3 | 2.64+0,27 | energy balance 3
3 | 1.8+40.2 | 1.8+0.,2 energy balance 4 (4.8 + 0,2)
1.5+0. energy balance 1
1.31+0. energy balance 3
1.1%3.2 0 decay 1 (5.13+0.,12)
1.1+0.1 energy balance 2
1.1+0.1| 1.13+0,12 | R© decay 2
5 | 1.0+0.2| 1.0£0.2 energy balance L4 (6.0 + 0.2)
6 | 0.8+0.4 T O decay 2
0.741.3 emergy balance 1l 3
0.5+0.3 energy balance 2 (6.65+0.39)
0.5+1.5| 0.65+0,39 | energy balance 3
% 1 - Agnew ot al, (1960) 2 = Goldhaber st al. (1961)

To conserve strangeness they

The combinations K+E°, K+K‘,
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X°,&° and X%k may be expected.

In emulsion, Kofo pairs will escape detection. Moreover,
it has been estimated by Nilsson and Frisk (1958) that
about 4% of negative K-mesons will be reabsorbed in
parent nucled According to Ekspong et al., (1961) the
KK-pairs not detectable in emulsion constitute about 40%
of all charge states. Allowing for this they conclude
from their obsePvations that (3 * 2)% of the antiproton
stars emit Kﬁ-pairs, and that the average total energy
carried by them per annihilation star is BEgg = (33 £ 22)
MeV. Heavy liquid bubble chambers are highly efficient
for the observation of short-lived neutral K-mesons.

Charged K-mesons can also be détected in good ionisation
conditions. This makes the bubble chamber a much more
sultable instrument for the study of strange particle
production in NN annihilation than emulsion.

A detailled study of this process has been carried out
by Kalbfleisch (1961) with the Lawrence Radiation Laboratory's
72-1inch iiquid-hydrogen bubble chamber at antiproton momenta
of 1.61 GeV/c and 1.99 GeV/e. The average mltiplicity is
found to be (2K + 2.,47) at 1.61 GeV/c and (2K + 2.6w) at
1.99 GeV/c and the fractions of annihilation yielding KK nm
final states are (0,103 + 0.,011) and (0.13 * 0.03) respec-
tively. 7The fraction of annihilation yielding KK nwis
smaller still for annihilation of antiprotons at rest.

The values found are 4% (Kalogeropoulous, 1959) and~ 5%
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(Agnew et al., 1960). At an antiproton momentum of
1.05 GeV/c, Goldhaber et al. (1961) find X-meson produc-
tion to be 8% of all annihilation. These values are very
much lower than the values predicted by the statistical
theory. (See Chapter 5). At an antiproton momentum of
about 2 GeV/e, the production of AR ,£ T % %%, O also
becomes possibde. Such pairs have been detected but the
cross~sections for their production are of the order of a

few microbarns only.

1.5.% Pion-pion correlations
The angular distribution of pairs of pions from S—p

annihilation at 1.05 GeV/¢ momentum was measured by
Coldhaber et al. (1959) from 2500 "hydrogen like" annihila-
tion events observed in the 30-inch propane bubble chamber.
It was found that pairs of like pions (i.e. plons in the
isotopic spin state I = 2) and unlike pions (i.e. pions in
the isotopic spin states I = O, 1 or 2) have different
distributions of angles in the centre of mass of the anti-
nucleon-nucleon system. The ratio ¥ between the number of
pilon pairs emitted in the backward hemisphere to those in
the forward was found to be 1l.23 * 0.10 for like pions and
2.18 + 0.12 for unlike pions. It was pointed out that the
value of ¥ for 1like pion~pairs differed from that predicted
by the Lorentz-Invariant~Phase-Space Model of the statistical

theory by about four standard deviations. This was ascribed
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to the presence of additional pion-pion correlations.
These strong asymmetries in the production angular dis-
tributions of the charged’T -mesons are, however, found to
be in general agreement with the predictions of the
Koba~Takeda model which assumes that the peripheral pion
clouds surrounding the nuclear cores are free to move in
their original direction after the annihilation of the
cores. A brief description of this model will be made in
Chapter 5. It is, however, relevant here to mention that
contrary to the isotropic distribution of mesons of all
charges as predicted by the statistical theory, annihila-
tions into K'X~ pairs suggest forward peaking for K .
(Lynch 1961). A similar asymmetry for pions is reported
by Maglic et al. (1961) at 1.6 GeV/c for the reactions

P +p—2w + 2r" +m0°
— 2n” + 2"
and —>2r + 27 + nn® .
where 77~ -distribution dlsplays a forward peak and T a
backward peak. The observation of Goldhaber et al. of an
angular asymmetry between like and unlike pion pairs is

also confirmed.

1.6 The Selection Rules Involved in Annihilation

1.6.1 Selection rules for antiproton-nucleon annihila-
tion -and the multi asonances

The initial P-N state can result in a final state con-
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taining either an even or an odd number of charged mesons,
if the annihilation is purely mesic. Selection rules for
the various mesic states can be established on the basis
of the conservation of angular momentum, parity, charge
conjugation, and isotopic spin. Lee and Yang (1956) have
compiled tables giving strictly forbidden states and states
forbidden so far as isotopic spin is a good quantum number
(see Tables 7(a) and 7(b).

Selection rules for the emission of K-particles as well
as for the formation of pions in non-annihilating collisions
of antiprotons and nucleil have also been established,

The situation, however, has become much more complex since
it has begn discovered that the final states may also be
reached through the production of multipion resonances as
a result of nucleon-antinucleon annihilation. These new
particles have been studied in great detail and work 1is
going on for the determination of their quantum numbers.
The Xarious resonance particles which have been observed
in N% annihilation and their known properties are
summarised in Table 8.

The complexities become manyfold when it 1s realised
that the same final state confipuration may be reached
through several alternative resonant states. As an

example the following annihilation process may be quoted:
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Table 8
Resonance Particles in NN Annihilati nd thei ertie
Particle | I G| J| pP| NN M r S
1 o | +| o|-1]"'s 8.5 ? 0
0.6
P 1|+ 1|1 3s¢ 751 + 6 |100£0 | -.0
w 0 | - | 1 |-1|3s | 781 +1 |uwT1 | -0
782,.8+0.5
(G ¥ 1| - 891 £ 1 |50 £ 2 | #L
K % 17| +? 1215 + 15[60 + 10| +1
p+rop=fp v >t o+~ 47 ©
pO 477 ©
P= 4t

For stopping antiprotons, it has been shown by Chadwick

et al, (1962) that all the three resonance bands appear
strongly in the phase space plot with comparable strength.
The presence of these bands not only controls the initial
capture butalsc affects the total amplitude for the
process. Dalitz (1963) has discussed the effects bf

the different configurations on the initial states from
which capture can take place for annihilation at rest.

For absorption from the 180 pp state, for example, G-parity
conservation requires I =1 for the final state which then

has the charge structure (ftw' orf-’n*). For 331 capture,
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G-parity conservation requires I = 0, which corresponds
to the charge structure (Pfﬂr,/ﬂqwo orlo—ﬂf). Since the
three bands observed have nearly the same strength, it
can be concluded that thep -production is dominantly from
the 381 state. ThelSo capture, however, can lead directly
to the emission of three s-wave pions in a I = 1 state.

This is a much more dominant mode than p -production.

1.6.2 Selection rules and annihilation in complex
nuecledi

The states 1S 351, ete. mentlioned in connection

o’
with the discussion of 1.6 refer to the relative orbital
angular momentum of the antiproton and the annihilated
nucleon. For protonium and deuterium, 3, P, D, ... also
represent the angular momenta of the antiprotons in theilr
"atomic" orbits. In heavier eleents; the nucleon to be
annihilated has angular momentum £ about the centre of

the nucleus. The relative angular momentum of the nucleon-
antinucleon pair is given by the sum of the 'atomic' and
the 'nucleonic' orbital angular momenta (L+Z). For
example, annihilation from an 3 state atomic orblt need

no longer imply a relative gngular momen tum of zero.

Thus, even if Stark mixing (see paragraph below) leads to
absorption from nS atomic states in complex nuclei,

because of the 'nucleonic' angular momenta, the approprilate

selection rules correspond to 0, 1, 2, .. etec. units of

angular momentum.
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For annihilation both in hydrogen and in complex
nuclei, because of the thermal motion and recoil from
capture, the EFnucleus system will move into the viecinity
of other atoms and experience their partially shielded
electric fields. An interaction can take place between
the antiproton and the neighbouring atom via the electric
field and angular momentum is transferred from or to the
antiproton, Consequently, an antiproton captured into
(n,L) may be transferred into (n,S) which is a more
favourable state for annihilation. This result of the
3tark effeet may not be very predominant in heavy nuclei
since the stray elsctric flelds are comparatively small
and absorption may be from atomic states other than the
S-states, which leads to further mixing of the selection
rules. DMoreover, especially in deuterium, a coulomb
effect will be an additional complication, since the
antiproton is attracted by the electric fleld of the
proton.

The above discussion shows that the factors control-
ling the annihilation of antiprotons in complex nuclei are
many and varied and that proper consideration should be
given to each before any conelusion is drawn from the
selection rules. This aspect of annihilation at rest 1s

discussed again in Chapter 2.
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CHAPTER 2
The Antiproton-Nuclgon Annihilation

2.1 The Interactions of Antiprotons in Fiight
Antiprotons in flight may interact with nucleons by

elastic and inelastic processes, In the latter, the

interaction may involve the inelastic scattering of the
antiproton or the mutual annihilation of the antiproton
and the target mucleon. In both processes, mesons are

produced, Thus,

p + p{n)— p + p(n) + mesons Inelastic scattering

P*+p —n+n + mesons Inelastiec charge exchange
—n +n Elastic charge exchange
— mesons Anninilation

The interaction with the proton involves the T = 1 and the '
T = 0 isospin channels whereas the interaction with the

neutron involves only the T = 1 isospin state. Thusg,
S (pp) = ¥[o(0) +0 (1)]

o (pn) =0 (1)
whereo (0) ando (1) are the cross-sections for the two isospin

channels. By measuring the interaction cross-sections, the

cross-sections ¢ (0) ando (1) can be determined,
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The elastic and inelastic interaction cross-sections

for antiprotons have been measured by Elioff et al. (1962)

in the energy range 0.5 to 1 GeV, both in hydrogen and in

deuterium.

It is found that the anti-proton-deuteron total

and inelastic cross-sections are 1.8 times as large as the

antiproton-proton cross-sections.

Correction has, however,

to be made for the shielding of one nucleon by the other in

the deuterium nucleéus.

Experimental information on nucleon-

deuteron and nucleon-nucleon cross-sections indicates that

the sum of free<nucleon cross-sections is 10% greater than

the deuteron cross-section.

Using the caleulations of

Blair (1958) for the shadow effect in the deuteron on the

antinucleon interactions, Elioff et al. obtain the anti-

proton-neutron cross-sections by subtracting E-p from the

corrected E-d cross-sections at the corresponding energies.

Their results are summarised in Table 9.

Table 9
Comparison of pp and pn erogs-sections (mb)
P Total Elastic Inelastic {harge Exchange

energy = - - - — — -
(MeV pp pn PP pn pp pn pp
534425 | 11846 | 119+8 | 42+5 | H0X10| 7023 | 7926 6.041.3
700433 | 11635 | 9647 | k2| 2548 | 6643 7145 7.2#l.5
816+37 | 10845 | 11247 | 38+ | W+9 | 63%3 | 68+5 7.1+1.2
48442 | 9643 | 10246 | 33+3 | 3947 | 5612 | 63tk  6.8%1.0
1068446 | 96+3 | 109+ | 3042 | U42+6 | 60+2 | 67+5 5.741.1
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A comparison of pp and pn cross-sections shows that
within experimental errors, the cross-section for inter-
action with protons 1s the same as that for neutrons.
Since the E—p system may interact through the isotopic
spin states T =1 and T = 0 while the pn system can
interact only through the state T = 1, the equality of
these cross-sections shows that the two states are equally
effective. This conclusion is further supported by the
experiment of Hinrichs et al. (1962) on the antineutron-
proton interaction which is charge symmetric to the
antiproton-neutron interaction and should take place with
the same cross-section. The observed value ofc (np) 1s
(45.2:5.4)/$§10h compares very well witho (pp) of (51+3)mb

at similar energies.

2.,1.1 Annihilation in flight in nuclear emulsion

In emulsions, w@?e the interactions take place in
complex nuclei, the annihilation on a proton is distin-
puished from that on a neutron by the number of mesons
produced, which should be even in the case of a proton
and odd in the case of a neutron. The ratio of the
number of events with odd to the number of events with
even number of mesons gives the ratio of the relative
frequencies of annihilation on neutrons and protons.

This odd/even ratio, when compared with the neutron/proton

ratio for the emulsion nuclei, gives the ratio of the
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relative probabilities of annihilation on neutrons and
protons. However, confusion arises by the secondary
interactions of the mesons within the parent nuclei.

Proper allowance has, therefore, to be made for cases where
secondary interactions do take place and the odd/even

ratio is modified accordingly. If the two isospin channels
are in fact equally operative, the modified ratio should be
consistent with the neutron/proton ratio of the emulsion
nuclei. The mesons comprise both pions and kaons but in
the present work kaons have not been dilstinguished from
plons since they constitute only a small fraction (4%) of
the total.

2.1.2 Belative probabilities of annihilation in
flight on neutrons and protong in emulsion
The relative probabilities of annihilation of anti-

protons in the cnergy region (0-250 MeV) on neutrons and
protons have been inferred by Ekspong and Ronne (1959)
from the annihilation eross-section per nucleon measured
by them for emulsion. They have compared their value of
annihilation cross-section per nucleon of (98:§g)mb with
the value of the annihilation cross-section per proton of
(80+13)mb found directly on protons by Coombes et al.
(1958), and have concluded that the p-n cross-sections
are at least as large as, if not larger than, the

corresponding p-p cross-sections.
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The evidence quoted from the counter experiment of
Eljioff et al., the Bubble Chamber results of Hinrichs
et al., and the emulsion data of Ekspong and Ronne all
point towards equal probability of inelastic interaction
of an antiproton in flight with neutrons and protons and
when interpreted in terms of isospin, show that interac-~
tion takes place equally through the T =1 and T = 0
channels. This is shown in Figure 6 where the ratio of
the two channels is plotted against the kinetic energy of

the antiproton.

2,2 The Annihilation of Antiprotons at Rest
2.2.1 Process of gbsorption and annihilatlion in

comple ¢

As the antiproton slows down and reaches the end of
its range, it may be captured in a Bohr orbit of the
nucleus and make many radiative or Huger transitions to
lower orbits until it is finally absorbed on the surface
of a nucleus and annihilates on a nucleon. The de-
eXcitation by these radiative .and Auger transitions may,
however, be affected by the electric fields of the
nelghbouring atoms and the antiproton may undergo Stark
transitions which increase the probability of the anti-
proton populating the low angular momentum states. Whether

the nuclear capture takes place from a particular angular

momentum state will depend upon the relative values of the
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electromagnetic transition rates and the capture rate from
that state. For example, Desai {(1960) has calculated the
relative capture rates for antiprotons in protonium as
well as the Stark transition rates and finds the following
values:

i) Capture rates for S and P states
M o9 = 5.3 1018/n3 sec-1
rwc(nP) 4.3 10%/n3 sec™l

i1) Stark Transition rate

- Py~ nl 1 EQ__ _R(t)
[ ¢(nP-n8) =[" (nS-nP)~ n 4,2x1013 2y o o

vhere R(t) is the distance of a hydrogen atom from protonium
at time t and a, is the radius of the first Bohr orbit for
the electron, For 5< n < 20 and R(t)~ a
[ s(r?lP-nS)>> 1013 gec=l = n?
M o8 > 1013 see™ o 1/n3
M o@P) ¥ 1013 secl L 1/n3

o?

For protonium , therefore, P state capture becomes comparable
to the 5 state capture only for values of n smaller than

10. Much before the antiproton reaches such low values of

n, the Stark effect collislons become effective and the
capture takes place predominantly from S-states of orbit

n~ 5-20. The absorption of antiprotons in deuterium may

also take place from n & states where S refers to the angular

momentum of the antiproton in its atomic orbit. Corresponding
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calculations for the annihilation of antiprotons in complex
nuclei have not been made. However, for the entirely
similar process of the absorption of negative K-mesons by
emulsion nuclei, calculations by Martin (1962) and Condo

et al. (1964) indicate that the nuclear capture of the
meson occurs dominantly from states of £ = 3,4 for the
heavy nuclel and from.! = 2 for the light elements. For
antiprotons the capture will be favoured from higher values
of £ because of the increased mass, for example,—ﬂﬂv 5 for
heavy and-£ ~ 3 for lipght elements. (Martin, private
communication). Thus, contrary to the case of hydrogen and
deuterium, on account of the motion of the nucleons in the
nucleus, the capture will not occur from a specific state
of SFnucleon angular momentum,

Selection rules (Tables 78,b Chapter 1) which detar-
mine the probability of annihilation on nucleons on the
basis of the relative angular momentum of the antiproton and
the absorbing nucleon can be verified only for the case of
hydrogen and deuterium where the initial angular momentum
state of the p-N system is unique.

For annihilation in emulsions, complications arise for
two reasons. Firstly, the angular momentum of the absorbing
nucleon makes the relative ELnucleon angular momentum on
capture non-unique so it is not possible to apply selection

rules. ©Secondly, although the probability of atomic capture
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of an antiproton on a given constituent of emulsion is
proportional to the number of atoms/c.c. of that element,
not much 1s known about the relative probability of
capture on different constituentsof the emulsion.
Fermi-Teller (1947) predict that capture obeys the
Z-rule, which 1s valid separately for Ag Br and the light
elements (CHO) but may not be valid for the emulsion as a
vhole. Experiments with muons show that their absorption
lies between an N-rule and an NZ rule. A similar conclusion
has been reached from observations on pion annihilation.
The absorption of antiprotons may also be governed by some
intermediate rule. Moreover, in heavy nuclei, the composi-
tion of the nuclear surface may be different from the core
composition. The relative proton and neutron densities in
the nuclear surface being unknown, the comparison between
the probabilities of snnihilation on neutrons and protons
becomes difficult. Even when the relative number of
different nucleons in the nuclear surface can be accurately
determined, the annihilation products cannot be used un-
ambiguously to identify the annihilated nucleon since the
secondary pions confuse the original characteristics by

their interactions with other nucleons of the nucleus.

2.2.2 Relative probabilities of annihilation at rest

on neutrons and protons
The relative probabilities of annihilation of antiprotons
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at rest on neutrons and protons of emulsion nuclei have
been determined by Amaldi et al. (1959). The experimental
value of the odd/even ratio which is the ratio of the
frequenclies of annihilations on neutrons and protons is
found to be (0,91 + 0,15), which value, when corrected for
the efficiency of detection of pions, the dip angle of grey
traeks, the production of charged secondaries and for the
charge exchange of neutral and charged plons, becoues

(0.78 + 13). The correction for charge exchange is
arbitrary and inadequate, and 1s allowed for by increasing
the value of the probability of absorption of pions without
allowing for the charge exchange of neutral and charged
mesons separately. From this ratio of relative frequencies,
taking into account the secondary interactions of pions
with the nucleons of the parent nuclei, a modified value
of (0.64+0,26) is obtained. This is then compared with
the neutron/proton ratio of 1.2 which 1s derived after
welghting according to the frequency distribution of
nuclei in the emulsion.

From the apparently much smaller role played by the
neutron than the proton, it is concluded that the prob-
abllity of annihilation is larger in the T = 0 than in
the T = 1 state. Another interpretation by Amaldi et al.
is based on the assumption that the annihilation takes
place mainly from the S and P states relative to the

absorbing nucleon. Imposing the selection rules of tables
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7a and b, annihilation on a proton is much more probable
than on a neutron because for the 5 and P states, there
are twice as many allowed transitions for the Eb as for
the Sn system. However in view of the discussion of
sectlion 2.2.1, this interpretation cannot be justified.

The experiment has been repeated by Ekspong et al.
who give a value of (0.731+0.,09) for the odd/even ratio.
Thelr experimental result has been derived in the following
way. The multiplicity distribution of charged pions predic-
ted by the statistical theory of Fermi is assumed to be the
original distribution on annihilation subsequently modifiled
by the absorption due to secondary interactions of the
pions, TFor various degrees of absorption, a series of
curves corresponding to different ratios of probabilitiles
of annihilation on neutrons and protons is obtained, and it
1s found that the experimental value corresponds to a one
to four probability of annihilation on neutrons as compared
to protons. It is, therefore, concluded that the T = 0
isospin channel predominates over the T = 1 channel,
Figure 6 summarises the results of the experiments
referred to above. Whereas at finite energlies, the
experiments show the ratio of the probability of interac-
tion through the isospin channel T =1 to that for T = 0
to be unity, the points corresponding to zero energy of

antiprotons fall well below. The points due to Amaldi
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et al. and Ekspong et al. correspond to the observed and
the corrected experimental values.

2.2.3 Annihilation at rest in deuterium

The experiments on annihilation of antiprotons at rest
in emulsion indicate that the neutron is less effective in
the annihilation process than the proton. This is in con-
tradiction to the results at finite energies where the two
have baeen found to be equally affective. If the selection
rules are operative, their effect should become apparent
in the annihilation of antiprotons in deuterium, which will
take place mainly from the S-states of the EFD system. The
effect will, however, be masked by the Coulomb attraction
between the proton and the antiproton which is bound to
enhance the probability of annihilation on protons. More-
over, allowance must be made for the secondary interactions
of pilons with the second nucleon in the deuteron before any
final conclusion about relative probabilities of annihila=-
tion on neutrons and protons can be reached.

If the average kinetic energy of the secondary pions
is about 200 MeV, the cross-sections for elastic scattering
and charge exchange can be estimated from the plon-nucleon
scattering data. The cross-section for elastiec scattering
of neutral pilons is twice 1ts ciarge exchange cross-section.

maximum
The /effects of the secondary interactions of pions on the

final products of antiproton-~deuteron annihilation can be

estimated and are summarised in Table 10.



46,

Lable 10
Effec f _seconda interactio ions the fina
oducts of pD anni o
Secondary % Number of
Interaction| x-section: pions per | Total
of pions (mb) ' annihila- | contrk | Charge
| tion bution
TP— WD 23 2 L6 odd
- 0 gyen
TP—> WP 46 2 92 even | total
P — ®' D 210 1 210 odd 1?3- 2
o°p —> w°p Ol 1.5 141 odd | =0.290
p — w'n L7 1.5 70.5 even
Wn—>T"n 210 1.5 315 even
odd
+ + total
Wh —3T|n 23 1.5 36 even
wn — oOp 46 1.5 69 odd %31.5
. =0,221
¥n —»1°n ol 1.5 141 even
©n — P 42 1.9 70.5 odd
Diff. =0,069
even 1+0.029 0.87

The approximate calculation summarised in Table 10 is based

on the extreme assumption that the spectator nucleon is

alvays struck by one of the secondary pions.

Since the

secondary interaction and the coulomb effect both lead to

the reduction of the odd/even ratio, it is difficult to

come to any firm conclusion concerning the effect of the
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selection rules on the odd/even ratio ohserved for deuterium.
This ratio has been found to be (0.763+.019) by Barnes et al.
(1964) (private communication).

To decide whether or not the probability of annihilation
at rest on neutrons and protons is the same, some other method
has to be devised which will take into proper account the various
processes involved. To avold the biases that result from
selection rules and from Coulomb effect in deuterium, the
relative probabilities of annihilation on neutrons and protons
are best determined in large nuclei. Firstly, annihilation
takes place from orbitsof high angular momentum which leads
to mixing of the selection rules. Secondly, the spherically
symmetric Coulomb field ensures that there is no preferential
absorption by protons. However, there is the disadvantage
that with large nuclei, secondary interactions of the products
of annihilation will deatroy the relationship between odd
(even) multiplicities and annihilations on neutron (proton).
Consequently a compromise must be made to nuclei of inter-
medlate size. To this end the following experiment has been
carried out in which the annihilations of antiprotons in the
light elements (CNO) and the heavy elements of emulsion have

been separately examined.

2.3 Ihe Experimental Set-up
2.3.1 Exposure of the emulgion stack
A stack of K5 emulsion of size (25 cm x 15 em x 600/u )
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was exposed at the Cern Proton Synchrotron to a separated
beam of antiprotons of momentum 700 MeV/c, developed by
Amaldi et al. Tho diameter of the beam was 5 cms and in
seven and a half hours a total of 96,000 antiprotons and
33,000 negative pions (contamination) passed through the
stack, thus yielding fluxes of 0.49 x 10" p/cm® and
0.17 x 10T =/em? respectively.

2.3.2 Scan for annihilation st _

x1 «5%15

Scanning was carried out under X20/on Cooke microscopes
in a region about 10 cms frcm the edge of the plates and
tracks were followed until the antiprotons annihilated or
escaped from the plate. Annihilations in flight were
rejected. Initially 929 stars were recorded of which 223
were accompanied by lightly ionising socondaries only. A
further 499 such stars were found in a scan exclusively
made for this purpose, giving a total of 722. Single
tracks were not included in this sample because of the
posslbility of confusion with protons. The number of
annihilations with zero prongs was assumed to be 3% of all
events of even multiplicity (Horwitz et al. (1959)), thus
bringing the total number of such stars to 733 and of all

interactions to 1439.
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2.3+¢3 Ihe clagsification of anni tion stars

The annihilation of an antiproton at rest takes place
on a nucleon in the surface of a nucleus with the produc-
tion, chiefly, of about five pions. If the plons escape
from the nucleus without meking any interactions with its
nucleons, it may recoil intact and give rise to a short
black track whose length will depend on the mass of the
nucleus and 1ts momentum. The possibility of a nucleus
remaining intact and giving rise to a visible recoil
track after one of its nucleons is annihilated 1ls greater
for the light than for the heavy elements of the emulsion.
Interactions consisting of lightly ionlsing secondaries
and none or one short black track are, therefore, assumed
to take place predominantly in the light elements of
emulsion and are termed "white stars". All others are
called "black stars" since they are accompanied by one or
more heavily ionising secondary particles. The method
used here is similar to the one followed by Barbaro-
Galtieri et al. (1963) for the negative K-mesons in

emulsion.

2.4 Anni £ in the Light Flement

Carbon, nitrogen, oxygen and_hydrogen form the group
of light elements in the emulsion. Annihilation of an
antiproton on hydrogen can lead to even multiplicity only

whereas annihilations in the other members of the group
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may lead to both odd and even multiplicities, depending on
whether the capture is on a neutron or a proton. The
annihilation of a nucleon leaves the rest of the nucleus
in an excited state. To estimate the excitation of the
recoiling nucleus, we can assume that the process consists
of

1) the separation of the parent nucleus into the
excited daughter nucleus and a nucleon, and
i1i) the annihilation of the nucleon.
Thus, for a nucleus N of mass A and charge Z, the annihila-
tion on a neutron or a proton unaccompanied by secondary
interactions can be represented as
P + N(A,Z2)—N(A-1,2)¥ + mesons
and | P + N(A,Z)—>N(A-1,Z-1)%® + mesons,
respectively, where x indicates the excited state of the
daughter nucleus.
It is difficult to estimate the excitation energy but
a value has been calculated on the baslis of assumption (i)
above. The excitation energy 1s then the excitation
produced when a nucleon is removed from the nucleus.
Considering annihilations on neutrons and protons of
the nuclei of carbon, nitrogen and oxygen respectively, the
following reactions are obtained:

11

5 + n (C%z)-—>06 + 103 eV + ann® products

n (N%h)-—?N%3 + 2,2 MeV + annfl products
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n (0%6)-—ﬂ'0%5 + 7.2 MeV + anng products

P+tp (0%2)-——9B;1 + 8.4 MeV + annfl products
P (N%h)———>cé3 + 0 MeV + ann® products
p (0%6)———éN;5 + 4,5 MeV + ann® products

From the energy levels of light nuclei, (Ajzenberg et al.
(1955)), the following transitions are possible for the
excited nuclei of Cll, N3 and 015 produced as a result of

antiproton annihilation on neutrons:

(1) (Cé1 + 10.3 MeV)—: Be’ sl or Be8 +a 3 ( 2 MeV)

-——*C%l +Y¥ to ground state and
C%l B%l +B+

(11) (N;?-3 + 2.2 MeV)— €12 + p(0.2 MeV)

——éN%3'+ ¥ to ground state and
;3 el ap”

(111) (0%5 + 7.2 MeV)—»O}f +¥ to ground and
15 15 +
0p° N7 +p

It can be seen thatp -emisslion nearly always takes place.

In the case of annihilations on protons, the excited nucleil
Bll, ¢13 and le can undergo only¥ -emission as given bhelow:
(1) (B]5'1 + 8.4 MeV)——%B%l + ¥ to ground level

(1i) (0%3 + ’”1)MeV)'-+C%3 + ¥ to ground level

(1ii) (N].}s + 4,5 MeV)'—’N;S +¥ to ground level
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Summarising, the antiproton~neutron annihilation will
nearly always be followed byﬁ -emission and antiproton-
proton annihilation only by Y-emission. Since neutron
annihilation leads to odd and proton annihilation to even
multiplicity, ;- emission may accompany odd but not even

multiplicity.

2.4.1 Probability of absorption by hydrogen in the
gmulsion

The Fermi-Teller 2Z-rule for pion and muon absorption
depends on energy loss being uniform in the absorbing
medium, 1l.e., a uniformly mixed medium. Since K5 emulsion
is in the form of crystals of Ag Br in a gelatine matrix,
the Z-rule breaks down though it may be expected to hold
separately for the crystals and the gelatine. In the CNOH
group, l.e., in the gelatine, the relative contribution of
hydrogen should be 0.17 as shown in Table 11.

Table 11
Relative Probabilitieg.of Capture by each Element of the
Gelatine Matrix of Fmulsion
Element | N(x1022) yA NZ(x1022) | Relative contribution

on Z-rule

c 1 6 6 0.316

N 0.3 7 2.1 0.111

0 1 8 8 0.421

H 1 3 . 0.69
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Now the relative probability of absorption of pions by
hydrogen in paraffin (CH,) and lithium hydride (Li H) is
found to be 1:1000 rather than 1:3 as expected from the
Z-rule. As pointed out in Section 2.2.2, the molecular
collisions lead to the transfer of the pion from hydrogen
to carbon or lithium since its transitions through the
optical levels of pionium are relatively slow. Baker
(1960) has estimated that for negative Kemesons, less
than 10% of the mesons which form mesic atoms in hydrogen
are finally absorbed by the proton. If a similar process
occurs for antiprotons, there should be only a small
contribution from hydrogen. Thilis has indeed been found
to be the case by Agnew et al. (1960) who studied the
antiproton interactions in propane and discovered that
the stopping antiprotons preferentially annihilate on
carbon. The explanation is that the relatively few
antiprotons originally captured on hydrogen are sub-
saquently transferred to carbon by the collisions of

ot collisions per sec) with the

protonium (about 1
neighbouring carbon atoms in propane. They assume this
transfer mechanism to be so efficient as to make all
annihllations of stopped antiprotons to occur on carbon
nuclei.

The neutron/proton ratio for CNOH group of emulsion,

in vievw of the very low possible contribution from

hydrogen can therefore be taken as unity instead of Q73



which will be expected if hydrogen contributed according
to the Z-rule,

2.5 Resultg

Of the 1428 stars recorded in scanning, each has been
sautinised twice to determine the number of secondary mesons
and to identify assocliated low energy electrons. The data
are summerised in Tables 12 and 13 for the two categories
of white and black stars. The charged particle multiplicity
distribution, the mean multiplicity and the odd/even ratio
for each group are given. The proportion of white stars with
and without accompanying low energy electrons and with and

without visible recoiling nuclei is also shown in Table 12.

Igble 12
Characteristics of White Stars
a) Multiplicity distribution
ng =9 1 2 3 Ly 5 6 7 8
11¥ 82 187 231 159 L5 14 3 1l
ng = (2.90 & 0.04)

b) ng, odd ng even
Total number of events 361 372
Proportion with recoils (lea)% (34+3)%
Proportion with electrons (57+4)% (13+2)%
Mean multiplicity (2.84+0.06) (2,97+0.06)

c) 0dd/even ratio is (0,97 + 0.05)

# This number has been calculated from the data of Horwitz
et al. (1959).
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Table 13
Characte ics of Black S
city distr
n, = 0 1 2 3 L 5 6 7
Ll 153 196 171 111 22 6 3
Ay = (2.36 + 0.03)
b) n_ odd n_ even
Total number of events 349 357
Mean multiplicity*® (2.28+0,04%) (2, 44+0,05)
c) Odd/even ratio is (0.98 + 0.05)

% The observed multiplicity distributions for white and
black stars are not Polssonian. To estimate the error
on the mean, the procedure adopted is to take ng odd and
n, even separately in small groups (of 36 each) and to
determine the mean ng for each group. These means are
supposed to be distributed as a Gaussian, the standard
deviation of which is determined and hence the error on
the mean.

2.5.1 The nentron/proton ratio for white gtars

Before the relative probabilities of annihilation on
neutrons and protons could be determined, the neutron/proton
ratio to which the odd/even ratio is to be compared, must be
known,

As pointed out in Section 2.4.1, this is expected to
be unity if no annihilations occur in hydrogen. From

Table 1% the role of hydrogen can be estimated from the
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proportion of annihilations without visible recoiling
nuclei for even multiplicity which is 66% compared to
59% for the odd multiplicity. Thus, only (9 + 8)% of
all multiplicities can be considered to have arisen in
hydrogen. Considering the large error, this result is
not inconsistent with a zero contribution from hydrogen.

The assumption of sections 2.3.3 and 2.4, namely,
that the whlte stars represent annihilation in the light
elements of emulsion (carbon, nitrogen and oxygen) do
seem to be confirmed by the experimental results in view
of the following:

1) 0dd multiplicity is usually accompanied by low
energy electrons whereas even multiplicity is not. The
13% of even multiplicity events which are accompanied by
low energy oelectrons may be cases of Auger electron emission.
Background electrons may also be present though their contri-
butlon should be the same for even as well as for odd
multiplicity events. TFor the latter, it is generally
observed that where both an electron and a recoiling
nucleus are found, the electron does appear to be emitted
from the end of the recoll, thus confirming its identity
definitely asp ~emission from the excited daughter nucleus
of one of the CNO group.

ii1) The mean multiplieity, (2.97 * 0.06), of the even-
pronged stars compares well with the value of (3.21 * 0.35)

obtained by Horwitz et al. (1959) for annihilations of
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antiprotons at rest in hydrogen and also with that of
(3.06 + 0.26) found by Agnew et al. (1960) at an anti-
proton kinetic energy of 80 MeV. This shows that there
have been few secondary interactions between the mesons
and the nucleons inside the absorbing nuclei. Moreover,
the mean multiplicity of the black stars (Table 13) is
appreclably lower than its value for the white stars,
indicating the absence of secondary collisions in the
latter and their presence in the former.

iii) An analysis of the recoil tracks of white stars
shows that thelr length distributlon is consistent with
annihilation in the light elements. This is discussed
in greater detail in %ection 3.6 of Chapter 3.

To summarise, the events given in Table 5 represent
annihilations, unaccompanied by secondary collisions,
occurring predominantly in carbon, nitrogen and oxygen,

for which the neutron/proton ratio is unity.

2.5.2 The relative importance of T =1 and T = 0O
gchannels
It has been shown above that the neutron/proton ratio
for light elements which give rise to white stars is close
to unity. The odd/even ratio for this group is (0.97+0.03).
The close agreement between these two means that the
probability of annihilation of an antiproton at rest is the

same as the probability of annihilation on a proton. Hence
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the amplitudes for annihilation of the T =1 and T = O
channels are equal, in agreement with the results found
at finite energles, but in disagreement with the results
of Amaldi et al. (1999) and Ekspong et al. (1961) at zero
energy. Thils is not surprising in view of the fact that
the results in the latter cases are derived from annihila-
tions in all oelements of the emulsion for which corrections
for absorption have been made but charge exchange has either
been ignored altogether or inadequately allowed for.

In the work deseribed here, the results are derived
from the group of light elements of the emulsion for which

no corrections for secondary interactions need to be made.

2.5.3 Characteristics of black stars

The results for the black stars are given in Table 13.
The mean multiplicity is (2,36 + 0,03) and the odd/even
ratio is (0.98 + 0.05) which is to be compared with a n/p
ratio of 1.29. Since the black stars are characterised by
the secondary interactions of the pions within the nucleli,
the mean multiplicity and the odd/even ratio will be
modified by the extent of these interactions, involving
the absorption and the charge exchange of a meson. The
multiplicity of a particular annihllation as well as the
mean multiplicity of the group is reduced on the absorp-
tion of a meson. The charge exchange of a charged meson
reduces, and the charge exchange of a neutral meson

increases, the multipliclty of a particular annihilation
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although the mean multipllicity may remain unaffected.
The mean multiplicity of (2,36 + 0.03) found for black
stars when compared with (2.90 i+ 0,04) for the white stars
shows the extent to which it has been modified by absorp-

tion and charge exchange.

2.6 Ihe Galculation of the Effects of Sscondary Interactigns

There are two main assumptions on which the detailed
calculations for the secondary effects are based:

i) that the probability of annihilation on a neutron
is the same as the probabllity of annlhilation of an anti-
proton at rest on a proton, and

1i) the multiplicity distribution of the white stars,
after adjustment for a neutron/proton ratio of 1,29 which
is typical of heavy elaments, 1is the true distribution
resulting from annihilation. This 1s modified subsequently
by the secondary interactions of mesons. Both these
assumptions are borne out by the experimental results
mentioned earlier. Hence there 1s an advantage over
previous calculations which are based on theoretical
values of absorption and distribution of pions. The
details of the calculation are given in the appendix.,

2.6.,1 Effects of charpe exchange

To calculate the effect of charge exchange of mesons
it 1s necessary first to know the number of neutral mesons

which accompany each charged particle multiplicity. A
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sunmary of the previous estimates based on the observa-
tion of pair production in heavy liquid chambers and on
the method of energy balance has already been given in
Table 6, of Chapter 1. These include charged multi-
plicities of 2 and upwards. Extrapolation to ng values
of 1 and O is uncertain but the number of zero and one
pronged stars en&rinﬁ the calculation is small. Figure
5 (Chapter 1) shows the variatlion of mean number of
neutral plons with each charged multiplicity. The mean
number of neutral mesons averaged over various values of
charged multiplicity is (2.02 + 0,15).

The relative probability for the charge exchange of
a neutral meson on a neutron or a proton in the energy range
of the secondary pions has been estimated from the isospin
amplitudes and is twice the corresponding probability for
the charge exchange of a charged pion. From the known
cross~-section for charge exchange and the mean path length
in large nuclei, the expected probability is about O.l.
At this value the effect of charge exchange 1s to increase
the mean multiplicity by about 5% and reduce the odd/even
ratio by about 20%.

2.6.2 Effects of absorption

The absorption of mesons will tend to reduce the mean
multiplicity and the odd/even ratio. This can be observed
from curve 1 in figures 7 and 8. The probability of

absorption can be estimated from the observed charged
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particle multiplicity from Figure ¥. It is found to be
0.27 4 a rather high but not unexpected value since it
corresponds to annihilations in the heavy elements of
emul sion.

The observed odd/even ratio for the black stars is
shown in Figure § for the value of absorption probability
corresponding to the mean multiplicity of (2.36 + 0.03),
and 15 in good agreement with the calculated value.

If the effect of charge exchange is ignored (curve 1
of Figure 8) the probability of absorption is reduced to
0.19 and the agreement between the expected and the
observed odd/even ratios can be brought about only if the
probability of annihilation on the neutrons is reduced to
about 0.75 of the probability of annihilation on the
protons. DBoth Amaldi and Ekspong find a ratio close to

this wvalue.

2.6.3 Compari of observed and expected
particle multiplicities

The charged particle multiplicity for the white stars
when normalised to the neutron/proton ratio of 1.29 for
the heavy elements of emulsion gives the multipliecity
expected before any secondary interactions take place.
This is modified by charge exehange and absorption. The
final distribution 1s computed for the values of charge

exchange and absorption expected in the experiment and
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is shown in Figure 9. Also shown in the same fipgure is
the observed distribution for the sample of black stars.
There is good apgreement between the computed and the

observed distributions.

2.7 Conelusions

The mean multiplicities, the multipliclty distribu-
tions and the odd/even ratios have been determined for the
annihilation in the light and heavy elewents of emulsion
of stopping antiprotons. The isospin amplitudes for the
T =0and T =1 channels are found to be the same for
annihilations in the light elements of emulsion. The
apparent lack of equality of the probabilities of annihila-
tion on neutrons and protons found in heavy elements results
from the interactions of the annihilation products in the

parent nudlel.
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CHAPTER 3
General Features of Antiproton Annihilation At Begt

3.1 Average RNumber of Secondary Pions Interacting Inside
the Parent Nucleus

After the annihilation of an antiproton on a nucleon
at the surface of a nucleus, some of the mesons created
pass through the nucleus and may interact with its nucleons.
A part of the energy of these interacting mesons is given
to the nucleus and manifests itself in the form of knock-on
and evaporation tracks in the emulsion. These nucleonic
tracks incleate the extent to which secondary interactions
of the mesons have taken place. In the absence of any
such collisions there are no heavily ilonising particles
and the annihilation event is called a white star.

The number of pions interacting within the parent
nucleus, after the antliproton has annihilated on one of
its nucleons, can therefore be determined from the relative
frequency of white stars. This method of analysis is
derived from Amaldi et al. (1959). The probability of
observing Nw white stars out of a total number Niot of all

type of stars is given by

N
2 - N ceee. (1)
Ntot K

where 7| 1s the probability that a secondary pion escapes

from the nucleus without in teraction and(N“> is the
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average number of charged and neutral mesons produced in
annihilation. It is expected that there will be a contri-
bution to white stars from interactions in hydrogen and
from stars in emulsion nuclel in which all nucleonic
secondaries are neutral. The latter will be small and the
former has already been shown in Chapter 2 to be negligible.
Relation (i) is, therefore, valid.

In the present experiment the fraction of white stars
i3 (0.2% *+ 0.01) and the total multiplicity is (4.92 + 0.15)
(see section 3.31), substituting in (i) gives a value
(0.75 + 0.0%) for . Now 7 is related to the numberV, of

plons interacting within the nucleus bhy

- A .
%—1-41\11\.) esee (ii)

Hence the number of interacting pions, V, is (1.23 % 0.05),
This number is not very sensitive to the value of N“. It
comprises the number of pions which has been absorbed and
those which have been scattered. 1In the next section thelr

relative proportions are determined.

3.2 The Absorption Probability Calculated from the Number

of Pionsg that have Interactad

The value of charged multipliecity found for black
stars is (2.36 + 0.03). TFollowing the methods of Barkas
et al. (1957) and Amaldi et al. (1959), 1if we denote by "a"
the fraction of interacting pions absorbed in the emulsion

nucleus, we have




= Ny
N> ;l - » {Bpa> + av
moT
where

<N“) = Average total

multiplicity

<N“=> = Average charged particle multiplicity

V = Number of pions which interact within

the parent nucleus,

and e_w

= is the efficiency of detection of pions.

This expression is valid if absorption is the only

mechanism by which secondary mesons interact.

as was pointed out in Chapter 2, charge exchange may be

an important process by which charged particle multi-

plicities are altered.

The expression would still be

valid under the followlng restrictions:

a) the charged particle ratio Ny/Ng+ =

b) the probability of
mesons by a proton
of charged mesons,

¢) the neutron/proton

In the energy range of the
hplds whereas restrictions

approximately.

3/2
charge exchange of neutral
or a neutron 1s twice that
and

ratio is unity.

experiment restriction (b)

(a) and (c) hold only

However,

65.

The application of the expression must be understood

to lead only to an approximate estimate of the relative
numnbers of secondary mesons which are absorbed and are
charge exchanged or scattered. It is now applied with

the assumption that the three restriections hold.
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The efficiency of detection is defined as the ratio

of the number of pions found to the true number of pions
present. Besldes the emulsion and microscope properties,
it depends on the energy and angle of dip of the track and
on the distance of the star from the glass surface, This
last factor can, however, be easily avolded by excluding
stars very near the top and the bottom of the emulsion
surface. In the present work each star was examined By
two physicists after its initial detection by the scanners;
it is considered that the efficiency of detection of pions
1s almost 100$%. The detection efficiency in previous work
has been estimated and found to be quite high. EBarkas

et al. (1957) ~ 90%, Amaldi et al. (1959) - 93V Fkspong
ot al. (1969) - 98%).] Assuming that the ratio -l‘; is 3/2
and taking the value (2.90 + 0.04) for the charzgg particle
multipllcity from section 3.31, the number of plons absorbed,
a¥, is (0.81 + 0,08), a value which compares quite well
with that of unity found by previous workers, (Barkas

et al., 1957, Amaldi et al., 1959). The number of inter-
acting pions is 1.23 + 0.05 (V) made up of (0.81 + 0,08)
pions which are absorbed and (0.42 + 0.09) pions which are
charged exchanged or scattered. These average numbers
refer to the total sample of white and black stars and

are representative to the extent that the restrictions

mentioned earlier hold.
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3.3 Average Pi Mult cit

The mean charged multiplicity from white stars is
(2,90 + 0,0%) from Table 12 of Chapter 2. The neutral
multiplicity corresponding to this is (2.02 % 0.15)
giving an average total multiplicity of (%.92 + 0.15).
The charged particle and total multiplicities for anti-
proton annihilation at rest and in flight obtained by

different workers have been summarised in Table 5.

3.4 Correlation of Charged Pion Multiplicity and the
Number of Heavily lonising Particles

From the considerations of section 3.1 it is clear
that there must be a correlation between the number of
charged plons observed and the corresponding average
energy shown by the heavily lonising nucleons. On the
average a high pion multiplicity probably implies few
secondary collisions and should be associated with a
small number of heévy tracks and vice versa. If such a
correlation does actually exist, it will confirm the
assumption that nuclear excitation depends chiefly on

the secondary interactions.

3.4.1 Relation %etgeeg shower and pgrey tragks

On account of the lnelastic and charge exzhange
interactions of mesons produced on annihilation, the
nucleons of the parent nucleus will be knocked out and

the protons will give rise to grey tracks emerging from




68.
the star. From the sample of black stars, the mean number
of grey tracks was determined corresponding to different
values of charged particle multiplicity. The results are
summarised in Table 1k,

Table 1k

Mean Number of Grey Trac

ers
Charged P Mu icit
Number of Shower
Tracks 0 1 2 3 4 5
Mean Number of
Grey Tracks 1.7 1.4 | 1,47 | 1,08 | 0.88| 6.73
hd X s X X X
0,17 0,09 0.09 0.08 0.1 0.21
The results of Table 14 are shown in Figure 10. The dotted

line corresponds to the average number of grey tracks per
annihilation star and the full line is the best straight

line through the experimental points.

3.4.2 Relation between shower and black tracks

Whereas the number of grey tracks associated with a
star refleet, by and large, direct collisions between
the mesons and the nucleons, the emission of evaporation
prongs is a more lndirect phenomenon. Nevertheless, the
energy release in the form of black tracks does represent
the excitation produced in the nucleus on account of
A correlation between the two

This is shown in Table 15,

mesonic lInteractions.,

should, therefore, be observed.
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FIG. IO The variation of the mean number of grey tracks with
the charged pion multiplicity
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from the mean number of black tracks assoclatéd with

different charged particle multiplicity.

Table 15

Number of Shower Tracks Versusg
Mean Number of Black Tracks

Number of Shower

Tracks 0 1 2 3 L 5 6

Mean Number of b1k | 3.81 | 3.50 | 2.93 | 2.90( 2.90| 2.2

Black Tracks + 4 t + + + +
O.45 | 0°16 | 0.17 | 0,15 | 0,19 0.3%| o5

En Figure 11, the mean numbers of black tracks are plotted

against each value of the charged particle multiplicity and

a linear relationship similar to that of grey tracks is

found,

black tracks per star.

line through the experimental points.

3.’4‘.3 Relati

It has been explained hefore that the number of grey

hetwae

gy and black trac

The dotted line represents the average number of

The full 1line is the best straight

tracks represents the extent to which the secondary mesons

have interacted with the nucleons.

The excitation energy

of the nucleus should therefore be large or small according

as there are more or less grey tracks.

Since the energy of

excitation 1s released in the form of evaporation particles,

the number of black tracks should vary as the number of

grey tracks.

Thus a linear reletionship, similar to the

previous two cases, ought to be observed if the mean
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numbers of black tracks are plotted against each grey
multiplicity. This 1s confirmed by Figure 12 and shows
that the mechanism of annihilation proceeds through the
primary production of about 5 mesons which may interact
with, and transfer some of their energy to, the nucleons
which escape from the nucleus, leaving it excited. On de-
excitation the heavily ionising particles are emitted.
Some of the energy is shared by neutrals which do not

leave any visible tracks in the emilsion.

3.4 Variation of mean number of plons with grey
and black track multiplicity

Arother way of looking at the correlation of shower
and heavy prongs in the annihilation stars would be to
find out the mean number of shower tracks ecorresponding
to a particular grey or black track sultiplicity. This
is just the reverse of what has been done in the previous
sections. The results of this analysis are given in Tables

16 and 17.

Table 16
M Numbe Shower Tracks versus Grey Track M 1icit
Number of
Grey Tracks| O 1 2 3 L 5 6 -7 8
Mean Number
of 2.61|2.39| 2.13{2.13| 1.67|1.84%] 1.17 0.5
Shower *x X X s X g X - hd
Tracks [0.17{0.17| 0.18]{0.,30| 0.33|0.67}! 0.59 0.5
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Figures 13 and 14 give in a graphical form the relation-
ship expressed by the results of Tables 16 and 17. In
both cases the variation is linear as expected from the
considerations of sections 3.4.1 and 3.4.2. From the
slopes of the best straight lines through the experimental
points 1t can be seen that approximately,

mean number of shower tracks = 0,85 Ng = 0.53 Np

3.5 Size Distribution of Annihilation Stars

The size distribution for ths total sample of white
and black stars has been determined. The average number
of grey tracks is (0.99 + 0.03) and that of blacks tracks
is (2.43 + 0.09) giving an average size of (3.38 + 0.06).
The results of Ekspong et al. (1961) show that the mean

number of heavy prongs (grey and black) is for annihilation

at rest <N = (3.18 % 0.2%4)
in flight {Ng> = (5,77 % 0,34)

combined <Nh} = (4,51 + 0.22)

The average number of heavy prongs per star for annlihila-
tion at rest (3.18 * 0.2%) thus compares very well with
the number found in the present work (3.38 + 0.06).

The size distributions for the sample of black stars
with ng = 2 and 3, and for the whole group contalning all
multiplicities are displayed in figures 15, 16 and 17

respectively. They bring out the general characteristics
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mentioned in the previous sections and are given hers since
they will be required in Chapter 4 for the analysis of
antineutron annihilations. No attempt has been made to
measure the energy of heavy prongs, though an initlal
measurement on a small sample of stars confirms the
estimate of Ekspong et al. that about 6% of the total
available energy of annihilation is seen in heavy prongs.
This estimate of energy carried away by the visible

nuclear fragments is multiplied by a factor 2.6 in order

to ti&ke into account the energy carried by neutrons. The
empirical formula used by Chamberlain et al. (1959) is

U =-h~{ 2Eg?, where U is the energy taken off by the nueleons
and h = 2,6.

3.6 Mome Distribution of Reco Nucle

In Chapter 2 a method is deseribed by which the
annihilation of antiprotons at rest in the light elements
of nuclear emulsion may be distinguished from the larger
number of annihilations in the heavy elements. It 1s shown
that in the light elements carbon, nitrogen and oxygen,
there is a high probability that after the annihilation
on a target nucleon, the residual nucleus recolls intact
since the excitation is low. The momentum of the recoil=~
ing nucleus may be determined from the range of the

recolling nucleus.
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It is considered that the momentum of the recolling
nucleus is equal and opposite to that of the annihilated
nucleon. By examining a large number of annihilations,
the distrihution in momentum of the target nucleons is
determined. In this sense the antiproton 1s used as a
nucleayr prohe.

There are two main difficulties. TFirstly the ranges
of the recoil nuclei are only a few microns long and great

care has to be exercised in their measurement. The point

of origin of the recoil nucleus is determined by the inter-
section of the lightly ionising secondary particlaes accom=
panying the annihilation. The end point of the range is
more Aifficult to decide since the grain size is about
0.55Mand this leads to an average uncertainty of about

0.3 pon the range. Moreover the minimum range that can

be determined 1s about 1A,

Secondly the ildentification of the recoiling nucleus
is ambiguous. Carbon 12 and oxygen 16 are the predominant
light nuclei in the emulsion. On the annihilation of a
proton boron 11 or nitrogen 15 1s produced; if a neutron
is annihilated carbon 11 or oxygen 15 is produced. From
the even (or odd) number of mesons accompanying the
annihilation it follows that a proton (or neutron) has

been annihilated. However, no way has been found to

distinguish between the nucleides of mass 11 and mass 15.
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Consequently it is necessary to assume that when a proton
is annihilated carbon 13 1s formed and similarly that
nitrogen 13 is formed when a neutron is annihilated. In
fact, for the ranges in this experiment a sufficient com-
promise is to take an average of the various curves of
Figure 18. The error associated with this is about 40 MeV/c.
The range-momentum relationship (Papineau (1956) and
Heckman (1960)) are shown in this figure for the nuclei
boron 11, carbon 11 and 13, nitrogen 13 and 15 and oxygen 15.

3.6.1 Measurement of recoi

As mentioned in Chapter 2, a total of 733 stars from
the total sample of events were selected which were con-
sidered to be annihilations in the light elements. Of
these 298 were accompanied by visible recoll tracks. The
range of each recoil ws measured on a Koristka R.% micro-
scope under a magnification of X100 x 15 x 1.5.

The distribution in length of the recoil nuclei is
given in Table 18. By use of Figure 18 the ranges are
converted into momenta and their distribution is given
in Table 19, for a momentum interval of 40 MeV/c. Only
ranges in excess of 0.8 are considered. In Figure 19
the momentum distribution is expressed as a fraction of
the total number of annihilations in light elements which
includes those without visible recoils. This latter

group will include the annihilations at rest in the
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hydrogen of the emulsion. However, in Chapter 2 this
number has been shown to be negligible. The erros shown
in Figure 19 correspond to the numbers of events in the
sanple and to the uncertainty on the range.

3.6.2 Discussion and interpretation

The distribution of momenta of protons in light elements
has been determined by Gooding and.Pugh (1960) and Garron
ot al. (1962). Similar investigations have been carried out
by Hillman et al. (1960) and Pugh and Riley (1961). For
carbon 12 (nucleon states 1 s 1 p3/2 for both protons
and neutrons) the momenta for the protons in the p and s
states have been determined by Garron et al., and it is
found that within the renge of momentum imposed by the
technique (about 0-200 MeV/c), the distributions are given
by

4n
n(pldp = -EQ (p/po)2 exp[} (p/po)gj(%g)

.++ for s protons,
where p, = 160 MeV/c, and n, = 2 and
. 8n o)
n(p)dp = —2= (p/po),+ exp[} (p/p ) J(QB)
3T °© J Po
s+ for p protons,

where p, = 95 MeV/c and ng = k.
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Distributions of these kinds are expected from the

harmonic oscillator model. Similar distributions are
expected for the s and p nucleons of oxygen (1 s% 1.p§/2

1 pz). Since there are no published results for oxygen

the distributions are assumed to be identical with those

of carbon. These s and p distributions are also plotted in
Figure 19, where they can be compared directly with the
momenta of the recoiling nuclei and hence with the momenta
of the anq}hilated nuclsons. The greatest correspondence
appears to be with curve 3bof Figure 19 for a mixing of s
and p nue¢leons in the ratio 1:2, as in carbon. DBecause of
their higher frequency of oécurrence, annihilation occurs
chiefly on the p-nucleons. A similar result has been found
by Chadwick et al. (1958) for K -meson absorption in the
light elements of emulsion.

Scanning criteria may bias the selection of events to
those involving p nucleons. From Garron et al. (1962),
after the (p,2p) reaction in a light element the residual
nucleus is formed in the ground state if a p-proton has
been struck or with an excitation of 20 MeV if an s proton
has been involved. If similar considerations apply in
the annihilation process the break up of the excited resid-
ual nucleus might lead to a loss of events involving s-
protons. However, it is expected from Ajzenberg and Lauritsen

(1959) that de-excitation by'Y'emission will follow and the

recolling nucleus remains intact.
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3,7 Conclusions

It is coneluded that:-

a) the momentum distribution of nueleons in light
elements 1s of the form given by Garron et al. for the
protons of carbon. This confirms the use of the anti-
proton as: a nuclear probe. The momenta extend at least
to 400 MeV/c,

b) the annihilation appears to take place on p
and s-nucleons in the same proportions in which they
occur in light nuclel. Since the majority are in the
p-state, annihilation is chiefly on the p-nucleons,

¢) at annihilation, from the white stars, the mean
multiplicity of charged mesons is (2.90 * 0,03), Allowing
for neutral mesons the total multiplicity is (%.92 * 0.15),

d) in complex nuclei the secondary mesons interact
before escaping from tho nucleus. The number that interact
is estimated to be (1.23 + 0.25) of which (0.81 * 0,08)
are ahsorbed. The remainder are scattered or undergo
charge exchange,

e) the secondary collisions lead to the knocking out
of nucleons and the excitation of the residual nucleus so
that correlations exist between the numbers of black,

grey and lightly ionising tracks.
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CHAFTER 4
Ihe Production and Annihilation of Antinsutrong
in an Emulsion Stack
4,1 Production
%.1.1 Production in hydrogen

The production of antineutrons by the charge exchange
of antiprotons has been described in section 1.4, and the
results of various experiments in hydrogen and complex
nuclei have been summarised in Table 4. It can be seen

from the table that for energies of antiprotons above

150 MeV, the value of the charge exchange cross-section
is about 10 mb, whereas at lower energies, in common with
the annihilation cross-section, it rises with decreasing
energy of the antiproton. Throughout the energy range
of these experiments, charge exchange represents about
13% of the total inelastic cross-section. The useful
range of antiproton kinetic energy for a copious produc-
tion of antineutrons in hydrogen 1s below B0 MeV, where
the average value of charge exchange cross-section may
be several tens of millibarns.

Hinriehs et al. (1962) have determined, in a
hydrogen bubble chamber, the cross-sections for the elastic
and inelastic charge exchange production of antineutrons

at 930 MeV. It 1s found that the inelastic charge exchange

1s less than 20% of the total charge exchange cross-section.
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The momentum distribution of the antineutrons has
also been determined. It is found that 80% of the
annihilating antineutrons have energies between 800 and
930 MeV. The cross-section for annihilation of the anti-
neutron, the mean multiplicity of charged particles and
the mean energy of the secondary products are found to
be similar to those for antiprotons. Counter experiments
of Elioff et al. (1962) and Coombes et al. (1958) sub-
stantiate these results so far as cross-sections are
concerned though the latter experiments yield no informa-
tion about the secondary products of the annihilation.

In hydrogen bubble chambers the track of an anti-
proton may come to a sudden end. If an annihilation star
appears at some distance from this end it confirms unam-
biguously the creation and subsequent annihilation of an
anti-neutron. The disadvantage of the technique is that
the density of hydrogen is low and the mean free path for
the annihilation of antineutrons is long, so that the
yield of annihilating antineutrons corresponding to a

given beam of antiprotons is small.

%.1.2 Production in complex nuclei

In cemplex nuclei, the incident antiproton collides
with a nueleus and may charge exchange with one of its
nucleons. The antineutron thus produced must escape from

the parent nucleus before it can be observed. The
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probability of such an escape is small since the antineutron
may annihilate on a nucleon during its short passage through
the nucleus. The beam of antineutrons will thus be strongly
attenuated. To what extent this attenuation will act can he
judged from the following expression for the charge exchange
crom~section for the production of antineutrons 1in complex
nuclei (see Appendix).
ST, = (T Z/A) {(1-(1+2KR+1<2R2) 9*21‘33/1:*}

whore f is the fractional yield of antineutrons in hydrogen
and K and R are the absorption coefficient and radius of

the nucleus. The expression 1s relatively insensitive to

the size of the nucleus. In Figure 20 the cross-section

is shown as a function of K, for the known value of f, in
carbon, silver and lead. At the estimated value of K,

~3eH 1012 ¢p™ the cross-section lies in the range (8-1¥mb.
For antiprotons at 30 MeV, the charge exchange cross-sections
for carbon and lead have been measured by Button et al.

(1957) and found to beQ+.0:i:g)mb and (3.8:3:§)mb respectively.
The values for 320 MeV antiprotons in beryllium and carbon are
(llf%)mb and (10:$)mb. Considering the experimental inaccura-
cles and the assumptions made in the calculations the agree-
ment between the calculated and the experimental values is

good.
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FIG20 The variation of charge exchange cross-sections with
absorption coefficient
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The above considerations justify the use of the

expression obtained for the charge exchange of antiprotons
in complex nuclei to calculate the cross-gsection in emulsion.
The average cross-section in emulsion is determined by the
heavy elements (such as silver) with a cross-section of
about 19 mb, by light elements (such as carbon) with a
cross-section of 8 mb and by hydrogen with a cross-section
which is energy dependent. Hydrogen contributes more than
half the charge exchanpge cross-section in emulsion and hence
introduces energy dependence. At the energy (~125 MeV) at
which the antineutrons are produced in the present experl-
ment, the calculated cross-section is about 12 mb. From
the above it is seen that nuclear emulsion is no more
effective in the production of antineutrons then hydrogen.
However, since emulsion has greater density than hydrogen,
it offers a much shorter mean free path to antinucleons for
annihilation with a consequent greater yield of antineutrons

followed by thelr annihilation in a given volume.

4.1.3 Production in the emulsio

The exposure of the stack of emulsion to an antiproton
beam of momentum 700 MeV/c has been described in section
2.3.1. Antineutrons are produced by charge exchange and in
turn are annihilated. In the appendix an approximate

calculation is given of the flux of antineutrons at any
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point down the antiproton beam, namely,

n_ = R H: o™/
Since the range of the antiprotons (~13 cm) is less than
the mean free path in emulsion (~18 cms), the flux of
antineutrons is a maximum at the end of thelr range and
drops exponentially beyond that range. The density of
antineutron annihilation stars will also, therefore, be a
maximum and at the end of the antiproton range. It would
seem advantageous to search for antineutron annihilation
events in this region of the emulsion plate. However,
this is also the region in whose proximity the maximum
number of antiproton anninilations at rest take place,
with the resultant creation of large numbersof pions,
some of which travel in the forward direction and may
interact with the emulsion nuelei. These interaction
events may confuse further the recognition of genuine
antineutron stars which already have to be selected
arainst a background of events due to contamination
from the beam. A compromise has, therefore, besen made
by seeking for antineutron events a few centimetres
further downstream than Just beyond the antiproton range.
The background from contamination of the beam can only
be reduced by use of selection criteria which enrich

the sample in antineutron annihilations.
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4,2 Scanning for Antineutron Stars

Area scanning has been carried out between 3 and 10 cms
beyond the end of the antiproton range under a magnification
of 10 x 15 x 1.5 on Cooke huooo microscopes. A low value of
magnification has been chosen to allow the volume of
48,8 cm3 to be scanned within a reasonable time. The
reduced efficiency of detection of stars on account of the
low magnification, is estimated to be about 85%. Since
there will be many stars due to 650 MeV pions contaminating
the beam or due to 300 MeV plons and low energy neutrons
from annihilations of antiprotons, a scanning criterion has
been adopted to reduce the acceptance of a large number of
these spurious events, namely, an acceptable stgr should be
accompanied by one or more lightly ionising tracks. This
discriminates against the low energy neutron stars. Again,
if there is only one lightly ionisling track it must lie in
the forward direction. Thils discriminates against the
pions. The breakdown of the original sample of stars

recorded on scanning is given in Table 20,

4.3 Contamination

The stars found by area scanning contain a large
proportion pf spurious events which arise from different
types of cdﬁtamination, the chief source being the flux
of lightly ionising particles, mostly pions, which is

as large as one=-third of the antiproton flux.
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Table 20
Breakdown of original sample of stars recorded on
canni _antine ons
Number of
Shower 1 2 3 L 5 6 7 8
Tracks
Frequency
of 65 | 226 5 13 1 2 3 2
Stars

Total number = 367
Total Volume scanned = 48,8 cm3

Number per em3 = 7.5 stars/cm3

2 2).

(0.17 x th per cm® against a flux of 0,49 x 10# p/cn
The energy of the pions 1is about 650 MeV and it is esti-
mated that they will give rise to a maximum number of 10
stars per cm3. The second major source of contamination
are the saecondary pions produced as a result of anti-
proton annihilation in flight and at rest. However, the
isotropic emission of these pions leads to a rapid reduc-
tion of their intensity beyond the range of the antiprotons
so that the density of the pion stars falls quickly. The
average of these plons 1s about 220 MeV and they are
expected to produce about 2 stars per cm3. From the
scanning criterion the stars produced by pions from the two
sources mentioned above, will be classified as possible

antineutron stars of ng 2 2. A large proportion of these

will consist of two only lightly ionising particles as the
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probability of the creation of a third shower particle is
small. The ng = 2 events are, therefore, expected to
contain the largest amount of pion interactions. This is
confirmed by the number of such stars shown in Table 20.

A third source of contamination arises from a small
flux of plons moving in the backward direction through
the scanning volume which has resulted from the back
scattering of plons further downstream. This consists
chiefly of the beam pions which are scattered backward,
thus hosing about one-half of their energy. They will be
absorbed in the emulsion nuclei giving rise to one-shower-
track events and may thus be classifiedras possible anti-
neutron stars with ng = l. Their number is estimated at
0.5 stars per cm3.

Other sources of contamination include energetic

neutrons and K-mesons; these are produced with too low a

frequency to introduce any significant contamination.

4.3.1 Contamination from cosmic rays

The stack of emulsion has been transported by air
from London to Genevaat an altitude of 18,000 ft., the
flight taking about two hours. Some contamination on
account of cosmic ray interactions may be present. These
interactlion events are expected to consist largely of
higher shower multiplicities since the energy of the

cosmic ray particles will be high. The emulsion stack
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was shuffled and the pellicles rearranged before it was
exposed to the antiproton beam. Since the tracks from
cosmic ray events, (which were produced before the
shuffling), cannot cross between adjolning plates,
whereas those from the genuine stars produced after the
exposure can be followed through the plates, the cosmic
ray events can be easily distinguished from the rest.
Contamination from this source can, therefore, be
eliminated by looking at the final sample of events and

tracing the: tracks of a star from one plate into the next.

4.4 Selection Criteria

With the exception of cosmic ray interactions, all
other sources of contamination discussed in section 4.3
can give rise to stars of low ng values only. The inter-
actions with high shower track multiplicities (n, )
can safely be taken as genuine antineutron annihilations
provided their tracks are traceable into plates adjacent
to the one in which a particular event occurred, so as to
enéhre that it was not a cosmic ray star.

For the lower ns values, selection criterla have been
developed by comparing the distribution of sizes of stars
of antiprotons with those of pions which have energies
similar to those in the present experiment. It is assumed
that the star sizes for the antiproton and antineutron

annihilations are similar. By star size, here, is meant
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the number of grey and black tracks associated with a star.
The data used for this comparison have previously been
found in these laboratories in experiments on the interac-
tions of pions and antiprotons in G5 emulsion. The compari-
son of star sizes can be based on several combinations of
the numbers of grey and black tracks and different selec-
tion criﬁeria devised. From thls varlety of criteria,
only those have been used which act most preferentially
against the background stars. For each value of ng, therefore,
the most selective criterion has been employed as éonsidered
belov.

(1) n, = 1: in this category, the background events can
arise from pions in the beam which have been scattered back-
ward further downstream from the area of scanning. On
average their energy will be about 300 MeV and for pions of
this energy, previous experiments from these laboratories

show the following distribution of star sizes.
Table 21
St size dist ut fo 00 MeV ons in G5 b 5
+ + =
(ny Ng o)

n
g 0 1 2 3 4 | Total
Dy

0 - 7 2 - - 9

1 8 L 2 1 - 15

2 8 7 - 1 - 16

3 16 3 1 - - 20

' ) 4 - - - | 10

5 6 1 - - - 7

6 3 1 - - - &

7 - 1 - - - 1
Total 45 30 5 2 - 82
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From Table 21 it can be seen that only 9% of the total
number of stars which arise from the back scattered pions
are expected to be accompanied by two or more grey tracks.
Compared to this, 43% of the antiproton stars of n, =1

have two or more grey tracks as.given by Table 22,

Ta 22
Size Distributio i t Sta of = 1
in K7 Emulsion
n
e 0 1 2 3 4 5 6 | Total
Ny
0 - 1 3 - - - - 4
1 6 6 2 3 2 - - 19
2 7 8 5 - - 1 - 21
a 10 12" 6 3 - - - 31
8 6 .2_ 1 2 - - 20
9 5 3 ) - 1 - - 15
6 1 3 b . 1 - - 1 10
g 2 - 3, 1 2 - - 8
1 - - 1 2 1 - 5
9 - 1 1 1 - - - 3
10 - - 1 - 2 - - 3
11 - - 1} 1 - - - 2

From the total number of 65 events with n, = 1; there are
only 12 which are accompanied by two or more grey tracks.
The comparison of Tables 21 and 22 shows that these must

be made up of about 8 antineutron annihilations and 4 pion
stars and that the original sample of 65 stars comprises

18 antineutrons and 47 pion étarSe --8ince events with ng =1
from the backward direction have been rejected at scanning,

the above number of annihilations must be doubled to give
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the total estimate of about 36 stars in this category.

(11) n, = 2: there are 226 events in this class.
No selective criterion based on star sizes can be chosen
for this category as each leaves more pion stars in the
selected sample than genuine annihilations. The method
applied here is to select stars with both shower particles
in the forward direction, since the probability of their
production due to back gcattered pions is very small. There
are 1% such events which are accepted as genuine annihila-
tions. This number must be multiplied by % to allow for
other orientations, thus obtaining a total of 56 estimated
antineutron stars and 170 pion events in this category.
In Figures 21 and 22 there are compared the size distribu-
tions of selected events with éhtiproton annihilations of
Ng = 2, ~

(iii) ng = 3t this sample comprises 5% events, Only
pions in the beam are energetic enough to give rise to
stars of this class. It 1s, therefore, assumed to be
the major source of contamilnation. Some contamination
may arise from the interactions of energetic secondary
pions from antiproton annihlilations. The selection
criterion for this category is based on the relative
propertions of events which are accompanied by two or
more grey tracks in the interactions of 750 MeV plons and
antiproton annihilations in K5 emulsion. For the inter-

actions of 750 MeV pilons it has been found (Major, private
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communication and Blau and Oliver, 1956) that about one-third

are accompanied by one or more grey tracks. The corresponding
number for the antiproton annihilations can be estimated from

the distribution 8f star sizes given in Table 23.

Table 23
Size Distribution for Antiproton Stars of n., =3
| in K5 Emulsion.

‘e 0 1 2 3 y 5 | Total
By

Q - 8 2 1 - 1 12

1 13 14 L - - - 31

2 17 6 6 5 - - 34

3 11 17 2 2 1 1 R

W 7 10 3 1 - - 21

5 2 6 Y 2 1 - 15

é 3 2 2 - - - 7

7 1 1 1 1 - - N

8 2 - - - 1 - 3

9 - 1 - 1 1 - 3
Total 56 65 24 13 4 2 164

The number of events with grey tracks equal to or greater
than one is 30. Since 66% of the antiproton and 33% of the
pion stars are accepted by this criterion, the number ful-
filling the condition must comprise 24 annihllations and

6 pion stars. The original sample of 5% is thus made up


http://An.fr
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of 36 annihilations and 18 pion stars. This number of
pion stars agraes/3gggogggagg%imate/fggmlglgégnn:v:ngf
The fact that the original sample of ng = 3 1s rich in
genuine annihilations can be seen from a comparison of
Figures 23 and 16 which give the star size distributions
for this sample and for the antiproton stars of corres-
ponding category.

(iv) ns')'hz the 21 events are assumed to be genuine

examples of antineutron annihilations.

4.5 Begults

There are 76 events which emerge after the application
of selection criteria to the original sample of 367 stars.
These must be examined for any cosmic ray contamination.
Of the 76 events examined only 8 failed to be traced between
neighbouring pellicles. Two of these were in the last
pellicle and all their tracks passed out of the stack,
thus leaving their identity difficult to establish. Never-
theless, since there 1s some doubt, these events have also
been excluded from the final 1ist of accepted events.

After the application of selection criteria and correc-
tion for cosmic ray contamination, an enriched sample of 68
events 1s selected which comprises about 62 amnihilations
and 6 pion stars. It is estimated from the considerations
of YW.4 that the oripginal sample of 370 stars contailns
(138 + 29) antineutron annihilations.
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h,5.1 Multiplicity dis;gﬁbutigg_;ﬂliygglggggxgn

annihilationg

From the criterion of demanding at least one lightly
ionising track in the forward direction, the events with
ng = 0 have been rejected at scanning. The multiplicity
distribution can only be estimated for values of ng 1.
From section k.4, the number of antineutron stars in each
category of n_ is shown in Table 24, The multiplicities
are also represented as percentages and are compared with
the corresponding values for antiproton annihilations at

rest in emulsion as found in these laboratories and dis-

cussed in Chapter 2.

Table 24
Comparison of the multiplicity digtributions of mesons from
the anpnihilations of antineutrons and antinrotons
ng¥* 1 2 3 b 5167 |8

Antineutron| (36+14)| (52+14)| (34+21) 1l 1l 1 2 1
Ahnihila-
tions

Antingutron (26+10) | (38+10) (25+15) (8x2) (+ £ 2)

Antip%oton (23+2) (3022) | (26+2) | (17+2) (5 +1)

8 only multiplicities ng > O are considered.
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It can be seen from the table that the annihilations
of antineutrons and antiprotons are very similar, thus
confirming the method of selection and estimation of the
antineutron annihilations. From this similarity the
number of antineutron events with n, = O is about 8
(6% of all annihilations), leading to a mean multiplicity
of (2.2 + 0.5), which 1s to be compared with (2.19 * 0,11),
the corresponding figure of Ekspong et al. (1961) for
antiproton annihilations in flight at similar energies.
The results of Table 24 are displayed in Figure 2.

4.5.2 Me ements in t ched sample of sta

The characteristics of the enriched sample of 68 stars
have been determined, and also of the events rejected on
the application of various criteria mentioned before.
Comparison is then mede between the selected events and
the antiproton annihilations in emulsion studied by the
various lsboratories, The characterlstics of the rejected
stars are contrasted with those of antineutrons and anti-
protons.

(1) Mea e o @ meson_secor

Scattering measurements have been made on the long
flat tracks of low ionisatlon which are assumed to be due
to pions. An average value of (224 + 37) MeV is obtained.
This is to be compared with a mean energy of (216 * 11) MeV
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found for meson secondaries by the combined results of
Uppsala, Berkeley and Rome groups (Ekspong, 1961). For
the rejected stars, the mean energy of the shower particles
1s (360 + 60) MeV. The energy spectra of mesons from the
above mentioned three sources are shown in Figures 25 and
26.

(11) Ihe star gizes

The mean star-size 1s represented by the number of
black and grey tracks and may be denoted by Nh wvhere h
stands for heavily ionising tracks (black and grey). For
the final sample, the mean star size is (5.7 % 0.2),
which is to be compared to a value (5.77 + 0.34) found
by Ekspong et al. for antiproton annihilations in the
range (0-250) MeV. This range is approximately the same
as the range of energies for the antineutron annihilations
in the present experiment. Figures 17 and 27 display the
distributions of sizes for the antiproton and the selected
sample of antineutron annihilations. Since the selection
criteria are based on star-sizes, the above mentioned
agreenent as well as the similarity between the two distri-
butions shown by Figures 17 and 27 may be a consequential

result.

4.5 Cross~gection for Charge Exchange

As mentioned before the number of antineutron annihila-

tions of ng = 0 are estimated at 8 from the antiproton
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results of Chapter 2. Including these n_, = 0 events, the

S
volume density of annihilations is (3.0 * 016) per omS.

From the calculation of this quantity given in the appendix,
the mean cross-section for charge exchange of antiprotons by
complex nuclei of the emulsion is (17 + 6)mb. The error
does not ineclude any estimate of the accuracy of the cal-
culation. In Figure 28 the cross-sections are plotted as a
function of euergy of the antiprotons, and both the values
for complex nuclei and hydrogen are shown. Also shown is

the charge exchange cross~section in emulsion as measured

in this experiment.

4.6 Conclusions.

If the antiproton beam is free from contamination,
(Amaldi et al., 1964) an emulsion stack provides a convenient
and sultable way of observing the annihilations of anti-
neutrons produced by the charge exchange of antiprotons.

It i1s found that the star characteristics for anti-
neutrons are the same as for antiprotons. The charge
exchange cross-section for production of the antineutrons
has been determined for a mean kinetic energy of 125 MeV

for the antiprotons and is found to be (17 + 6) mb compared

to a calculated value of about 11 mb.
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CHAPTER S
Comparison of Meson Multiplicities with Theories of Nucleon-
Antinucleon Annihilation
5.1 General Features of Annihilation at Rest

The nucleon-antinucleon annihilation is characterisaed

by the creation of about five mesons. In general these are
made up of pions though in about 5% of all annihilations a
pair of K-mesons is produced. The multiplicity of mesons
ranges from a minimum of two up to about eight for which the
charged multiplicity is concentrated in the values 2, 4 and 6.
On average there are about 3 charged and 1.5 neutral pilons.
The production of resonant particles takes place in about

10% of all annihilations.

The models of annihilation must account for the
features mentioned above., All are based to some extent on
the Fermi statistical model for meson production of which a
brief description is given in the following section. This
is followed by subsequent modifications to the theory.
Experimental results are then compared with the predictions

of various models in an attempt to distinguish between themn.

5.2 Fermi's Statistical Theorv

The statistical theory of Fermi has been successful
in accounting for the multiple pfoduetion of pions in high
energy nucleon-nucleon interactions. It can, therefore, be

expected to give good results in the similar phenomenon of
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nucleon~-antinucleon annihilation where large amounts of
energy are suddenly released.

It ig considered that when two nueleons collide with
very great energy in their centre of mass system, this
energy will be suddenly roeleased in a small volume
surrounding the two nucleons. This energy leads to the
creation of mesons and is distributed between them and
the original nucleons according to the statistical laws
associated with their spins and charge states. The
probablility of the creation of & certain number bf mesons
with a given energy distribution can, therefore, be cal-
culated.

The probability of producing a glven multiplicity of
mesons is the probabllity of finding the mesons in the
volume into which the energy 1s concentrated. Hence the
multiplicity distribution is determined by the size of the
volume. Since the pion field surrounding the nucleons
extends to a distance of §/msc, the volume into which the
energy of the two colliding nucleons is concentrated will
also have linear dimensions of this order of magnitude.
However, when the two nucleons approach each other with
very high energies in the centre of mass system their
surrounding pion clouds will be Lorentz contracted and the
volume will be correspondingly reduced. The volume is,
therefore, taken as energy dependent according to the

relationship
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_ 2 Mc2
0 =0 2.t

3
wherell = -JT<:E— is the uncontracted volume.
o 3 \me

Ferml obtained good agreement with experimental results

of nucleon-nucleon collisions with a volume of radius of the

order of the pion Compton wavelength ﬁEE 1.0, 14 x 10'13cm,

but suggested that the choice of the volume was arbitrary and

could be changed to improve agreement with experiment. It
was also pointed out that the theory was only a rough
approach to the actual state of affairs since many factors
affecting the statistical equilibrium such as the spin of
the particles and the conservation of angular momentum had
been ignored.

The statistical tnheory of Ferwi has been applied to
the nucleon-antinucleon annihilation. lere, the interac-
tion volume, the only adjustable parameter of the theory,
has been found which best fitted experimental results. Thus
values of () ranging from two to fifteen times the uncon-
tracted volume (2,) heve been used to €it the experimental
results of charged multiplicities and cenergy spectra of
pilons. Thils is physically unsatisfactory since the inter-
action range between a nucleon and an antinucleon should
be of the order of the Compton wavelength of the pion.
Moreover, the theory fails in its prediction for the
K~meson production which is much larger than the observed

value. The observed K-meson production can be accounted for
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only 1f the interaction volume is about one tenth of the
volume required for pion production.

A modification to the statistical theory has been
used by Desai (1960 II) who has imposed on the production
mechanism the selection rules which follow from the applica=-
tion of the conservation laws of angular momentum (Desai
(1960 I) has shown that ' for protonium  the capture takes
place from the 180 and 3Sl states). The effect is to change
the multiplicity distribution of all pions (chargsd and
neutral) by the suppression, largely, of the two-pion
annihilation., However, when the multiplicity distribution
of charged pions 1s abstracted, there is little difference
between it and the distribution when selection rules are
not imposed. This implies once again that an interaction
volume of about 10110 is required to account for the
observed multiplicities.

In the work of Cerulus (1959), the production of some
mesons by resonance formation is introduced into the
statistical model. Two resonant states were considered,
one with a mass of hm, the other with a mass of 3my.
Multiplicities were calculated for annihilation at rest for
interaction volumes of 0.5, 1 and 2 timesn ,. Since the
work of Cerulus, pion resonances have been observed, The
iaportant ones in this connection will be the P and w-mesons
with masses of (5-6) mg. Further calculatlons are necessary
with this mass value before the predictions of the model of

Cerulus can be tested by the experimental results.
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At finite enerpies the interaction volume required to
interpret the multiplicity of plons decreases with increase
in energy. HMcConnell and Shapiro (1963) analysed the exist-
ing data at momenta below 2 GeV/c and of low statistics and
determined the cenergy variation of the volume. HNormalising
at the "best" experimental result it was claimed that the
variation of the interaction volume was consistant with
the Lorentz contraction of a rest volume of about 6110.
More recent results at 3.25 GeV/c (Ferbel (1963) - thesis)

are Inconsistent with this.

5.3 The Theory of Koba and Takeda
The difficulty of the statistical model is the large

K-meson multiplicity. In the model of Koba and Takeda (1958)
this 1s avoided by considering the production of mesons from
two independent sources, the meson clouds surrounding the
nucleon and the antinuclceon and their cores. The production
of K-mesons occurs only in the core-core annihilation so that
relative to the total number of mesons, the creation of
Kaons is reduced,

The core is supposed to have the following two properties:

1) it acts as a nearly black body for the incoming
antiparticle wave, and

ii) its characteristic time for annihilation (‘ﬁ/2MN0.2)
is much shorter than the oscillation period (h/o5 where Wy

is the energy of the pion) of the outer pion cloud. Upon
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overlap of the nucleon-antinucleon cores, annihilation
proceeds without changing the state or the number of
pions in the cloud. Devold of their cores the meson clouds
then emerge from the interaction contributing from 2 to 3
pions on the average. The core annihilation contributes
about 2.2 pions. The latter number is determined hy
applying the statistical theory to the core annihilation.
A total pion multiplicity of 4.8 per annihilation is
predicted by this model.

On account of assumption (i), annihilation occurs
every time the incoming antinucleon wave hits the core
surface. Considering annihilation in flight, therefore, a
eross-section of1ra2 is expected for the antinucleon. lere,
a 1s the radius of the nucleonic core. When the distance
between the nucleon and the antinucleon is greater than a, a
potential due to pion exchanges acts and annihilation occurs
if the antinucleonic wave passes through a region within a
distancer from the core surface, whers is the reduced
de Brodglie wave length of the antinucleon. The annihila-
tion cross-section thus becomes (a +A)? instead of the
classical valueTraz. Comparing this with the experimental

results, Koba and Takeda estimated the radius of the core

A
to be § x .o *
This model has successfully explained the high pion
multiplicity in annihilation at rest as well as the asym-

metry of negative and positive mesons for annihilations
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at finite energies, The model, however, does not take into

account the resonant mode of production of mesons.

5.4 Summary of the Models of Meson Production

S5.4.1 Multiplicity of charged pions in annihilation
at _rest

The charged pion multiplicities are almost entirely
contained in the 2, 4 and 6 pion modes. Because of this,
the results of calculations of the various models are best
summarised on an equilateral triangular plot (as in a Dalitz

plot) where a single point represents the percentage of

multiplicities in each pion mode as shown in Figure 29,

The lines represent the results of Cerulus based on meson
production through the formation of a resonance of mass
3mqror 4mgrespectively, and those of Desal for annihilations

s, and 33, states with and without

in protonium from the
the application of selection rules for volumes of 1, 4, 8,
10 and 120 ,» The size of the interaction volume is
indicated along the curves. Finally, the results of
Horwitz et al. (1959) from calculations based on the Kobha
and Takeda model, are shown.

5.4%.2 Variation of mean multiplicities of mesong with

the energy of antiprotons
For annihilation in flight, the additilonal avallable

energy may either increase the average multiplicity or the

momenta of pions. A correct model should be able to decide
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between these two posslbilities. The predicted variation
of the average pion multiplicity with the antiproton
cnergy has been summarised by Goldhaber ot al. (1961)
for three different models. This is shown in Figure 30
where the full ines indicate the variation predicted by
(a) . the statistical theory with a Lorentz invariant
interaction volume of (2= 8.4 ), (b) the same model
with Lorentz contraction of the interaction volume,
(1=80 x %@) and (c) the Koba and Takeda model.

The curves are normalised to an average multiplicity of
4.9 for annihilation at rest.
Also plotted on the figure are the experimental points

from some more recent determinations of mean multiplicities.

5.5 Cofiparison with Experimental Results

In Figure 31 the multiplicities of 2, 4 and 6 charged
mesons are compared with the predicted velues. The results
shown are those of Horwitz et al. (1959), Chadwick et al.
(1961), Barnes et al. (196%) and Apostolakis et al. (1965)
(this thesis). The first three experiments were conducted
in hydrogen or deuterium, the latter in the light elemoents
of emulsion.

For annihilation at rest in hydrogen and deuterium
(S-state absorption) the multiplicity distribution is
consistent with the statistical theory (with or without

selection rules) provided the interaction volume chosen is
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ZJLO. The results are also consistent with the calculations
of Cerulus with resonance production of mass my in an
interaction volume of.ob. However, if the experimentally
observed resonances with masses 5-6 times the pion mass
are introduced into the calculations an interaction volume
of (3-4)110 will probably be required.

The multiplicity distribution reported earlier in this
thesis (Apostolakis et al.) for annihilation in the light
elements of emulsion is seen to be inconsistent with the
results from annihllations in hydrogen and deuterium. On
the statistical model, these multiplicities are understood
by reference to an interaction volume of tho, Also, the
agreement with the Koba and Takeda model is close.

The reason for diserepancy between the two sets of
results has not been found. It may be due to the fact
that annihilation in protonium ocecurs from S-state whereas
in the 1light elements such as carbon, annihilation is from
higher states. The conservation of angular momentum then
leads to a reduction in multiplicity; the equivalent effect
is an apparent reduction in the interaction volume.

A similar variation for annihilation in hydrogen in
the interaction volume is observed at finite energles
(McConnell and Shapiro, 1963). There, the variation is
interpreted as a Lorentz contraction of the interacting
volume. However, increase in energy is also associated

with higher initial angular momentum, which, on the arpument
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above, would lead to an apparent reduction in the interacting
volume.

| On the other hand the Durham results are well accounted
for by the Koba and Takeda model of annihilation and it 1is
relevant to consider other successes with this model. 1In
Figure 31 the observed variation of mean multiplicity of

all mesons 1s shown and compared with the Koba and Takeda.
model and the statistical model with a Lorentz invariant

and a Lorentz contracted interaction volume of ZJLOQ

The agreement lies with the former model which predicts

that multiplicity is independent of energy.

A feature of antiproton annihilation in flight is that
the angular distribution of negative mesons 1s peaked in the
forward direction in the centre of mass of the pE system and
that of the positive mesons in the baclkward direction. On
the Koba and Takeda model there is a natural explanation of
this since the core~core annihilation is not supposed to
affect the motion of the peripheral pion clouds which are
free to proceed in thelr initial directions. A check of
the Koba and Takeda model could be made by examining the
centre of mass distribution of mesons from the annihilation
of antiprotons in deuterium. On the protons there should
be the forward/backward peaking described above, whereas
on the neutron there should be forward peaking only.

Finally, whereas on the statistical model the K-meson

production can be explained only by reducing the interaction
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volume to one-tenth of 1ts size for the pion production,
the reduced production of K-mesons follows naturally from
the Koba and Takeda model because of the smaller energy
availlable in the smaller core-core annihilation volume.
In general it is concluded that the theory of Koba
and Takeda gives a satisfactory picture of the nucleon-

antinucleon annihilation.
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Appendix
A.l. Interactions of the secondery pions within the parent nuclei

The effect to be considered here is the change of charged multiplieity
n, = M, by absorption and charge exchange of charged plons and by charge
exchange only of the neutral pions.

I the probability is P that a charged pion undergoes charge exchange
or-absorption in a nucleus then the probability that r out of M mesons will

interact in this wvay in a single nucleus is given by

Pr(r) = MCr (%) i QM

vhere Q=1 - P,

The charged multiplicity M is accompanied by a mean neutral multiplicity
m. To calculate the probability that r neutral mesons will undergo charge
exchange in a single nucleus the distribution of the neutral multiplicity for
a given M ie required. Since this is unknown it is assumed to follow the

Poiseon distribution. The probability can be shown to be given by

pr(r) = SE%Z.I.. e™"P

vhere p 1s the probability for charge exchange of a neutral meson in the
nucleus.
The charged multiplicity is increased by the charge exchange of neutral
mesons and reduced by the charge exchange and absorption of charged mesons.
The probabilities that the charged multiplicity changes by AnEI =0, +1, +2
etc. are calculated by combining the probabllities for the two processes above.
The initial multiplicity distribution which is expected when an anti-

proton annthilates in a large nucleus 1s given by mixing the multipliclties
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for the odd and even white stars in the ratio of the neutrons to protons
for the large nuclei.

The final multiplicity distributlon is obtained by taking each
charged multiplicity in turn and multiplying it by the probabilities that
1t will change by An_ and suming over all An_ and n_. This is repeated '
for seceral values of the probabllities of charge exchange and absorption.
The od.d/even ratio is computed from the final multiplicity distribution.
Its variation has been shown in Figure ®. The finel multiplicity distri-
bution has been shown already in Figure § for the probabilities of charge

exchange and absorption expected in the experiment.
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Appendix
A.2, Cross-section for charge exchange in a complex nuclei

It is assumed that within the nucleus the antineutrons are produced
mainly in the forward direction by the afxtiprotons. After they are pro-
duced the antineutrons are attenuated with an absorption coefficient K
in the nucleus and & mean free path A in the target material. These are .
assumed to be equal to those for antiprotons.

The number of antiprotons (see Figure 32) entering nuclei of radius R
at distance p, p+dp from the centre 1s given by

N,(p) = 2N pdp/nF°
vhere N is the total number of antiprotons entering the nucleus. These
are attenuated so that at distance x along the chord of length 25 the
number is

N (3) = 2 pdp e /R
Consequently the number of antineutrons produced in dx is

N(@)=Ng 2 pdp K e Pax/R
where g is the probabllity of charée exchange per nucleon. The number of
antineutrons escaping from the nucleus after attenuation along the chord
is

N (3) = 25 N pdp K e KX o~K(25-%) 5, /p
Integrating over the nucleus the number of antineutrons per incident anti-

proton is

Fa{l- (1+2KR + K*°R?) e-aKR] g/KeR®
= g C/K°R®
oy This fraction is also expressed as the ratio of the charge exchange

‘cross-section to the geometrical cross-section. 7y
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1.e. %c.e. © °g F
= n g C/K®
vhere 0 = nR2,

The probability, g, for charge exchange per nucleon is detemmined by
the ratio of protons to neutrons in the nuclei since the predominant
channel for charge exchange occurs on protons. If the probability is f
on protons then in the nucleus

g = £ Z/A to 5% accuracy
8o that finally
O o =% fC2Z/AK

This cross-section for carbon, silver and lead is plotted in Figure 20
for a range of values of the absorption coefficient K. The radii of nuclei
have been assumed to be rdA% vhere r, is 1.35 fermmis. The probability f,
for charge exchange on the proton is 0.13 (from the literature) over a
wide band of energiles.

The relevant value of the absorption coefficient 1s calculated from

K = 3A0/UbxR® = 30/Unr °
vhere 0 is the cross-section for inelastic interaction of antiprotons in
hydrogen. However according to Ball & Chew (1960), the inelastic cross-
section in hydrogen is large by the "finite size" effect represented by
the reduced de Broglie wavelength A and the cross-section is = (ao + AR,
Over the energy range (0 - 1) GeV &, 1s constant at 1.08 1078 cm (from a
survey of the literature). Using ﬂao? for the cross-section above the
absorption coefficient is 3.6 102 cm™?,

For this value of K, the cross-section for charge exchange in carbon



115.
and in lead are 8.0 and 12 mb respectively. Experimental values are
difficult to detemine and few measurements have been made. However
for antiprotons at 430 MeV, Button et al. (1957), the cross-sections
in carbon and lead are (4.0 + i.? mb and (3.8 + 2:2) ub respectively.

At 320 MeV, (Wenzel (1962)) the values in berylllum and carbon are
(11_+g) mb and (10':.6?) mb. Considering the experimental inaccuracies and
the simplifying assumptions of the calculations, there is reasonable
agreement between calculation and experiment. Consequently the calcula-
tions can be used to estimate the cross-section for charge exchange in
the complex medium of nuclear emulsion.

To the extent that the absorption ccefficient is constant the
cross~-sections for charge exchdange in the complex nuclei of the elmments
in the emulsion are independent of erergy. What energy dependence there
is of the average cross-section arises from that of the hydrogen in the
emulsion. At the mean energy of 125 MeV at which entiproton interactions
take place in the present experiment the expected cross-section is 12 nb.
In an inelastic interaction in emulsion this cross-=section corresponds to
a probability, P,, that charge exchange will take nlace, of 3.1% It is
made up of 1l.6% from the hydrogen of the emulsion, 0.7% from the other

light elements (C g N » O) and 0.8% from the heavy elements (S, Br, Ag, I).



116.

Appendix
A.3. Flux of antineutrons in the emulsion stack

If the energy dependence of the cross-section for charge exchange is
ignored, the flux of antineutrons, KN 2 at distance x down the antiproton
beam in the emulsion is given by

N =P, N x 'e-xﬁ‘/h
vhere A 1s the m. fop. for interaction of the antinucleons. Since the cross-
secion for charge exchange increases towards the end of the range of the
antiprotons (i.e. at low energies), Nx is an underestimate of the antineutron

flux.
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Appendix \
A.4. Density of antineutron annihilations

At distance y beyond the end of the range, r, of the antiprotons,

the number of antineutron annihilations per en®> 18 given by

- r/kei"y /7\ /}‘2

there the inequality refers to the underestimation of flux in A.2.

Nenn > P N, re

Substituting for ¥ and the known values for this experiment
Nann ~ 2 stars/cm®

in the region of scanning.
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