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ABSTRACT

The annihilsation of stopped antiprotons in nuclear
emulsion involves two distinct steps. The antiproton first
enn’n*letas with a nucleon of one of the nuclel of the emul -
3101,VEO rroiuce plons: these plons way then Interact with
the nucleus, so that the final product of annihilsation con-
sist¢s of pions and nucleons.

The annihilation into pions i1s a strong interac-
<1on and thus isospin should be conserved. Isospin conser-
vation was applied in a statistical manner, to the annihl-
lation process, so that the frequency of certain pionic fi-
nal states, not observable experimentally, could be predicted.
The results wefe found to compare well with a simple Fermi-
statistical model having Q= 8_§lo.

~ne second step in the annihilation, involving
the ' -reraction of the opions with the nucleus, was simulated
by & onte Carlo calculation. TFor the calculation 1t was as-
sumed that the pions interact with individval nucleons to
form an isobar. This lisobar could then de-sxc: 2 by colli-
Aing with another ngcleon, thus absorbing the pion, or by
decaying back to a pion and a nucleon, which corr2sponds tO
pion-nucleon scattering.

The “onte Carlo calculations were also applied to



necative pion capture in several nuclel.

In both cases satisfactory agreement could be ob-
tained.

Finally an experiment with mono-energetic plons
was started, in the hope of obtaining more information on
plon-nucleus interactions. For this purpose a stack of
nuclear emulsion was exposed to a beam of 250 Mev positive
pions. The flux of pions inside the stack was measursed at
several places and compared to expected values. From the
attenuation of the flux, the pion interaction cross-section
in emulsion was estimated and found to agree well with pre-
vious exrerimental results, and with the cross-section ex-

nected on the basls of the isobar model.
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Statement 6f Originality

To the best of the auﬁhor's knowledge, the following
contributions are original:

- The application of isospin conservation in a statis-

tical manner, to supplement the Fermi Statistical model.

(This allows a more complete comparison of the theory

with experimental data.)

- Application of the above to pp and pn annihilation to

determine the branching ratios, of the various charge

configurations for specific pion multiplicities; and to

determine the average neutral and charged plon multi-

plicities.

-~ The analysis of p annihilation data available in the

literature to gilve the following:

1. The average number of neutral pions emitted per
Tp annihilation, assuming that the neutral plons
have the same average energy as charged pions.
‘This showed that, contrary to what had been
assumed, on the average more neutral pions are
produced than either positive or negative pions.

2. TFurthermore, the analysis sets a lowest experimentally
permissible limit for the average neutral pion
multiplicity, which is still slightly larger

than the positive or negative pion multiplicities.



3. The probability for pion absorption by emulsion
nuclel as a function of energy (this is at
presént the best indication that pion.absorption
occurs through isobar formation; it also indicates
that plons see a potential well when they enter
the nucleus) .

- A programme to simulate p annihilation on complex
nuclei (complicated by the fact that only an IBM 1620
was conveniently available).

— The consideration of p annihilation as a source of
charged and peutral pions, having a definite energy
spectrum, in place of many beams of mono-energetic
pions. The pions from annihilation have the
advantage that they do not have to overcome a coulomb
barrier. (It should be noted that neutral pions have

a very short life, thus this may be one of very few
methods for investigating the behaviour of neutral pions
in nuclear matter).

— The use of the isobar model in a Monte Carlo calcula-
tion to simulate the interaction of pions with complex
nuclei.

- Demonstration that the isobar model easiiy explains
the observed ratio of n-n to n-p pairs produced in T
capture by complex nucleil.

~ From the calculation an indication was obtained that
in m~ capture, the pions are absorbed at, or near, the

centre of the nucleus.



l

— The use of a tilted stage to do scanning of emulsion.
(A tilted étage allows for a rate of scanning, two or
three times faster than a conventional stage . A simple
way of modifying a conventional microscope was found) .

—~ The method employed for the analysis of tée flux of
pions inside a finite emulsion stack based;ﬁpon
multiple coulomb scattering. |

- The method of analysis allowed a determination of the
actual pioﬁ‘flux attenuation due to pion interactions
only. b
-~ An improved value for the positive pion cross-section
in emulsion for pilon energles from 100 to 230 Mev. This
cross~-section compared favourably to the

cross—section calculated on the basis of the isobar

model.



Chapter 1

INTRODUCTION

When an antiproton annihilates, it does so gene=-
rally with a nucleon. The product, or final state of the
annihilation 1s a number of mesons, predominantly pioqs.
The annihilation process is a strong interaction, ani thus
various quantum numbers are conserved; in particular, it is
eipected that 1sospin (isotopic spin) is a good quantum
number in the annihilation process. If this is so, then
the probability of certain final states mav be calculated.

(1)

Fermi proposed a statistical model, based on

phase space calculations, to explain the annihilation Into
mesons. With modification, by Cerulus (2), this modsel can
predict the probabllity of occurrence of certaln groups of
final states. These groups contain subgroups of different
charge states. By including 1sospin conservation, and ap-
plying 1t in a statistical manner, the model can be expan-
ded to predict the probability of occurrence of these sub-
(3)

groups Since experimentally, only some of these sub-
groups, but none of the complete groups, can be observed,.
the introduction of 1sospin invariance should allow for a
better comparison between theory and experiment.

When antiprotons are allowed to annihilate in



nuclear emulsions, they generally do so by annihilating
with one nucleon at the surface of a nucleus (4). The an-
nihilation centre then radiates pions isotropically, so
that approximately half must pass through thse nucleus. A&s
i1t pesses through the nucleus, a plon may be scattered off
a nucleon, generally producing a fast nucleon which also
leaves the nucleus, or it may be absorbed by the nucleus,
which then ridS'itself of the excess energy by emitting
energetic nucleons. Exactly how these processes occur 1s
at present not at all certain. It is generally assumed
that the pion-nucleon scattering process inside and out-
side the nucleus are identical except for the Paull exclu-
sion principle. In 1951, Brueckner, Serber and Watson (5)
proposed that the pion i3 absorbed on a pair of nucleons,
present as such in the nucleus. This process (BSW model),
however, is not well suited %o the absorption of fast
pions, since the probability of a pion meeting a pair of
nucleons which are sufficiently close, 1s too small. In
1963, Fraenkel (6) proposed the following method of ab-
sorption: the pion (W) when interacting with a nucleon
(N), in the nucleus, forms a meta-stable state (N*), known
as an 1sobar, resonance Or excited nucleon, which lives
sufficiently long (10-25 to 10 -22 seconds) to allow 1t

to interact with another nucleon, and thus de-excite on



this nucleon. Schematically:

1l N-——QN*

N#-

+ N—»N + N
and thus the pion is absorbed. If the scattering of a
pion is then also assumed to occur through the 1sobar

formation, that is:

w+ N—N*

N ——s ww+ N

then the two processes will have the first step in com-
mon.

If one further assumes that the cross-section for
the first step 1s the same pion-nucleon cross-section as
measured outside the nucleus, (that is on free nucleons),
then the model becomes rather simple; in particular, it
lends itself well to a Monte Carlo type of calculation (7).
To accomplish this, pions having the energy distribution
tvpical of antiproton-nucleon annihilation were considered
to be emitted isotropically at the surface of & nuclsesus;

these pions were then followed through the nucleus and al-

lowed to react according to the isobar model. The energy



of the pions and protons thus obtained were compared to the
experimentally determined spectra.

The model was then also used to simulate negative
pion capture at rest in several heavy nucleil (8). In this
case both neutron and proton spectra could be corparede.

The interaction of energetic pions was also si-
mulated, but in this case little experimental data 1s availe
able , This group, thus, started a study of pion interac-
tions in nuclear emulsions. In this thesis a preliminary

experiment in the energy region of 100 to 250 Mev. is de-

scribed.
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Chapter I1

ANTIPRO'TON=NUCLEON ANNIHILATION INTO PIONS

I1-1 Introduction

An antiproton (P) is a particle having the. same
mass as a proton (p), but opposite charge (-1), parity
(~1) and baryon number (-1). The antiproton and proton
both have spin (J) 1/2, and together with the antineutron
() and neutron (n), respectively form two j1sospin doublets.

In & nucleon-antinucleon collision, the combined
state has & baryon number of zero, making it identical to
a very heavy meson, which in this case 1s highly unstable;
in 96% of all cases, 1t breaks up into pions(9’lo)through
strong interactions. The other 4% contains kaons, which
also eventually decay into pions, but through weak interac-
tions. Since the kaons form only & small fraction of the
total, they can be neglected.

The antinucleon-nucleon system has a total mass
of about 1880 Vev, while the pion mass 1is aﬁout 140 Mev,
so that a maximum of 13 pions can be produced. In rea-
11ty, though, one finds that the production of 4,5 and 6

pions accounts for approximately 80% of all annihilations,



and that the production of more than 7 pions 1s rare.

The antinucleon-nucleon system can have an iso-
spin (T) of O or 1,end a charge of 1,0 or -1, depending
on which nucleon-antinucleon pair is used. The particular
case of interest here 1s the antiproton-proton system, also
called protonium. The antiproton'replaces'the electron in
a hydrogen atom, and from this atomic state the annihila-
tion occurs. It a~pears that the majority of annihilations
occur from an S atomic state; that is, elther a triplet
(351) or singlet (lSo) state., The principal quantum num=
ber may, however, be quite large.(ll)

The annihilation into pions i{s reasonably well
describved by a modified Fermi-statistical* model. The cen-
tre of annihilation can be pictured as an extremely hot
cloud which expands, and emits pions in the processe. Since
this is a statistical process, the energy distribution and
the pion multiplicities can be calculated from phase-spacse

integrals. Good agreement with experiment can, however,

*mop this model one calculates the number of available
states in a volume (JS2) and a momentum space limited by
the available energy. The interaction volume i{s generally
assumed to be determined by the Compton wave length of
pions, however, in practice it 1s found that this volume
(£1.) 1is too small to give the expected results.

F 5



only be obtained 1f one takes into consideration the emis~
sion of heavier meta-stable mesons. The model can predict
the frequency with ﬁhich a certalin number of plons are
produced, but not the frequency of a certain charge confle-
guration; for example, 1t can predict the frequency with
which five pions are produced, but not specifically the
frequency for _“o em” 21T production. Experimentally
only this latter case can be observed*, but the five plon
state also contalns the 511’o and zn°TW*T” charge confi-
gurations, SO that a direct corparlson cannot be made. In
general only the overall multipliclty and the energy dis-
tribution of the pions are compared.

Since the annihilation proceeds through strong
interactions, the conservation of {sospin should applye.

The antinucleon-nucleon system has & definite isospin at

annihilation; if one then assumes that after a pion 1is emit-

ted the remaining centre st111l has a definlte jsospin, the
relative rates may be predicted. Such calculations have

been performede.

*Neutral pions can not at present be detected efficlently,
so Lthat their presencse 1s only known from the missing mass
in a kinematlc fit.
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1I-2 Experimental Data

For the calculation, pion multiplicities up to
seven only were considered. Table 1 shows the possible
modes (charge configurations) and their experimental fre-
quency(g’lo’lzl when known. From the six values marked
with an asterisk (*) the remaining ones &are to be calcula-~
ted and compared to the experimental valusse.

Also shown in table 1 are the total, neutral
and charged pion multiplicites (N, Ny and Nu*d
respectively) for annihilations having 0,2,4 and 6 charged
pions, and for all annihilations. The charged pion multi-
plicity is simply the number of charged plons multiplied
by the fraction of annihilations having this number of
charged plons; this can easily bve calculated from the avail-
able data. This same procedurs cannot be used for the
neutral plonsg; instsad, one has to assume that the neutral
pions have the same energy distribution as the charged plons,
and thus thelir multiplicity can be caleulated from the aver-
age ©nergy of the charged plons. For example, in the case
of two charged pions and moré than one neutral plon
(wwW¥), the average charged pion energy(ls)is 381.3 Mev
(estimated to be accurate to better than 1%). Since, per
anninilation, 1878 Mev 1is available, from the ratio the
average number of pions per annihilation in this case is

4,93, Since two charged plons accompany the annihilatio,
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Table 1
Observed Frequencies (%) and Pion Multiplicities of Various
Pionic Final States in Antiproton-proton Annihilation.

No. of Charged Pions

No. of
Pions.
o - 2 I 6
o S e o
2 2w 0.36 0.0l *
o
3 3 6.3£0.6 *
+ -
- 2
L Lo 2wt 52.);: 3.2 N
- no2nton”
5 5w° 3womrar 20,2+ 0,8 *
o P 2mwo2nt 2" 317'*311"
6 6 YOt 12.5x1.6 1.9% 0.2 *
o o - 302t 2n” 0 3nt3n”
7 7 S L.8£0.9 1.7%0.2 * Total
Total. 3.2+ 0.5 L2.6%1.1 L5.8+1.0 3,8+0,2 95.4,x1.6
(Nﬂc> 0.16% .02 1.05% .04 0.65 * .03 .020x,004 1.88 =.05
{Ng=) 0.0 0.85% .02 1.83*.04 .23% .01 2.95% .04
(g Yy 0.16=.02 1.90 %= .05 2.48%* .05 .25% .01 L.83 %+ .07

*These six values were used in the calculations.

TIncluding more than 7 pions.




the average number of neutral plons 1is 2.,93. From table 1,
this case occurs with a frequency of 34.8%*1.2 %, so that
the contribution to the neutral pion multiplicity for all
annih!lations is the product, or 1.02% .04. (The error
comes from the uncertainty in the value of the frequency).
To obtain the neutral pion multiplicity due to annihllations
having two charged plons, the contribution from LU 2 At £ A
must be added: also a correction, amounting to about 3%,
must be made for electromagnetic dscaygk. The values

thus obtalned (table 1) agree well with those compiled by .
Apostolakis et al.(lzz from earlier experiments.

The total pion multiplicity 1s simply the sum of
the charged and neutral pion multiplicities. Table 1 also
shows the multiplicities for all annihilations. These
values are based on all experimental data

available (9’10’12’13’1h’15).

An examination of the multiplicities for all an-
nihilations shows that more neutral pions are produced,
than either positive or negative ones. This can also be

seen, if 1t is assumed that no annihilation leads %o more

¥
We are 'ndebted to Professor J. Vandermeulen (from Univer-

sité de Lidge) for bringing this to our attention.
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than two neutral pions: in this case a lower limit of 1l.47
1s obtained for the neutral plon multiplicity: since this
is also the multiplicity of poslitive and negative pions,
there will be more neutral plons produced than either ne-
gative or positive ones.

The fact that the multiplicities are not equal
indicates that the charge is not selected at rendom, but
that there is a definite process by which the charges are

determined.
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II-3 Application of Isospin Conservation to Antiproton-

proton Annihilation

The antiproton-proton system is assumed to an=-
nihilate predominantly from a le and 3Sl state, in which
case table 2 1lists the quantum numbers*'and the allowed

(182

pionic final statss T4 mey be observed, that starting

from a T=1 state, an even number of neutral pions only can=-
not be obtained due to elther C- or G-parilty conservatione.
Applying isospin conservation imposes thils same restrictione.
A similapr case is found starting from a T=0 state’ . Since
all other modes are allowed, isospin conservation alone
imposes all necessary restrictions.,

For further discussion 1% i1s convenient to denote
the three states having T=1 by’oﬁ)d? and & , and the state
having T=0 by @. The following four schemes may then be

w#ritten for the bresking up of an ol or B state:

*3ee appendix 1 for an explanation of the quantum numbers.
T The two neutral pion final state 1s forbiddey from all

S states, however it 1is allowed from either a “Ip. or Spy
state having T=0. For the calculations, since the contri-
bution from two neutral pions is small, 1t was assumed
that it could occur through these P states.



Table 2
Selection Rules for Antiproton-proton and Antineutron-neutron

Annihilation from an S Atomic Statee

1l 1 3 3
So So Sy S
JF o~ o~ 1” 1”
TCG 0+ + 1+ - 0 - 1 -4
2w° P PG GC C
' P PG G
3w® C GC
ik il G
Lwr® G GC c
2P
rasbad G G
5we c GC
37n° w
e 2w o G G
6'r° G GC C
L o~ G G
22wt 2w G G
3w 3T G G
7re G GC
57 W G G
3w 2w G
w3 3T G

?,C,G indicate parity,C-parity and G-parity forbidden respectivelye
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X —> A d eeees (1)

A —+ AP cevee (2)
p — x& ceees (3)
g — B P ceres (4)

Processes 3 and 4 should statistically be egual-
ly probahle; processes 1 and 2, however, differ in that
process 1, like 35 and 4, produces two indistinguishable
particles. Thus pfocess 2 may be written elther as
og-—»ok(s or o(——»@a(; these are equally probable and it
was assumed that_each is as probable as process _le

Processes 1,2 and 3 may be considered as the
emission of a pion, in accord with the Fermi-model, and
process 4 would have to be considered as the splitting
up of the centre inté two new centrese.

With the help of Glebsch-Gordan coefficients™
the probability for A1fferent charge states may be computed.

mable 3 shows all possible combinations and thelr probabi-

*Sge appendix 2
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Table 3

Relative Frequency of Decay Products.

Initial State Final State Probability
o(o nt 1/6
«© ' o 1/6

° ™~ e 2/3
&t -~ 4 1/6
«” - L 1/6
<" " o 1/6
X" A S 2/3
P wt L 1/6
& - ° 1/6

g - o 1/6
e e e 1/2
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11ty of occurrences From experimental data (9,10)

1t appears
that all of these combinations are possible; there 1s, how=~
ever no way of observing & FP state since this would result
in at least two neutral plons.

By allowing the centre to emit pions, or bresk up,
with the probabilities just calculated, the relative rates
of different charge configurations may be found. Since we
are, however only tnterested in pionic final states, any mode
containing a ﬁ state should not be counted. Thus the
associated pion states have to be renorralized.

For example, the case of antiproton-proton anni-

hilating through the T=1 state to two plons:

o° — T Probability 1/3

— T e Probability 2/3
but ‘ﬂ°P is not a two plon state, and thus:
o® —» W' 100%

Similarly for the antiproton-proton annihilating through the

T=1 state to three pions:

N
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Renormalized
Probability Probability Probability
X T Xt (1/8) —— WTTW  (1/18) (1/6)
—s TR (2/18) 0]
T o~ (1/6) —— T (1/18) (1/6)
—s TS (2/18) 0
— T e (2/3) — W (2/9) (4/9)
— WwWw (1/9) (2/9)
— Tpp (1/3) 0

so that one obtains: s /W Te = 2/7. Since TV Tw°
ocrups with a frequency of (6.3%*.6)% , the charge confi-

guration 3T ° should occur with a frequency of (1.8t.2)%,
provided the antiproton-proton system annihilates through
the T=1 state.

This procedure becomes tedious for wore plons,
end will not be shown. Tnstead the final resuilts for the

antiproton-proton system to annihilate through the T=1 or

T=0 state are shown in tables 4 and 5, respectively. Only

]

the neutral pion maltiplicity is shown 10r SOVE
the other two multiplicities are contained imrplicitly in the
total charged prong frequency and the neutral pion multipli-
city. For corparison, the prediction of the simple Fermi-
statistical model having.fl=852m {s shown (19); this par-

ticular case was chosen because it has approximately the
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right total pion multiplicity for all annihilationse.

The agreement for Twl state 18 very reasonable,
however 1t is expected that the antiproton-proton annihl-
lates at equal rates through both jsospin states (11’12);
in that case the agreement is poor. This leads us to be-
1jeve that some channels are strongly dominated by a speci-
fic resonance;in particular, from antiproton-neutron dapa(zo),
it appears that in the 5 plon case the T=1 centre emlts &
pion to leave a T=0 state. If 1t 1is assumed that this oc-
curs in all cases, the results shown in table 6 are obtained.

Finally table 7 shows the experimental pion mul-
tiplicities for all annihilations and the calculated mul-

tiplicities for-all three casesSe.
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II-4 Antiproton-neutron Annihilation

In the case of antiproton-neutron annihilation,
the same procedure may be used; in this case, however,
the system can only be in a T=1 state. The experimental
data (12,20) 13 shown 1in table 8%*. The pilon multiplici-
ties were calculated 1n'the same manner as for the antlpro=-
ton-proton annihilation. The neutral pion multipliclty was
calculated from some of the antiproton-proton data (13),
on the assumption that the antiproton-proton and antipro-
ton-reutron annihilation produce comparable energy spectra;
the calculated multiplicities were found to compare well
with data from Apostolakls et al.(lz), and to improve sta-
tistics, were combined with it.

The experimental data was obtained from antipro-
ton annihilation on deuterium, and thus 1% would again be
reasonable to assume that annihilation occurs from an S
atomic state (21). Table 9 gives the relevant quantum
numbers, and lists the allowed and forbidden decay chan-
nels. No channel 1s forbidden 1f annihilation occurs from

an S atomic state.

Application of the simplest version of the mo-

% In this case, kaons were not separated.
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Table 8

Observed Frequencies (%) and Pion Multiplicities of Various

Pionic Fin§1 States in Antiproton=neutron Annihilation.

No. of Charged Pions

Noe of
Pions.
) 1 3 5
ol
2 0.7% 0.3
o - Padi
3 g 1.6% 0.2 *
- oo "
b 3 21.8%2.2 %
o~ ot 3‘W-2W+
5 Lww 2w 2w 5.2% 0.5 *
- Om = _+ 17"311"211-"'
6 St 32T T 15,1%1,0 *
O™ on =t P33 ot b3
7 Gwor A 0.4+ 0.1 * Total
Totalo l6ol+: 005 5907-‘: 102 230‘f:007 OOLI’: 001 9909:]-.5
(N ©0.64% .03 1.05% .07 0.23%.02 0.0 1.92% .08
(Nﬂq—) 0.0 0.60 .01 0.47%.02 .012 ¥,003 1.08%* .03
{Ng=) 164 005 1l.19% .02 0.,70% .02 .016 * .00, 2,07 .03
N 0.80* .03 2.84 .07 1.40% .03 0.03* .01 5,071 .09
is case K-mesons have not been separated.

Note- In th
%* Thesgg

values we

re_used in the calculations.
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Table 9
Selection Rules for Antiproton-neutron and Antineutron-proton

Annihilation from an S Atomic State.

2w°

b of

WO

2w’

Lt G
Ve il audh G

3wt G

51r°1r—
+

3 vo 217'—1'7-
'1'7‘03'77’ 21r+

6wl
L° vt
23w 2w

L 3wt

Q QO QO @

P and G indicate parity and G-parity forbidden respectively.
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del vyields the results shown in table 10; the agreement 1is
found to be poor. A re-examination of the table shows that
only the five plon case disagrees badly with the simple
Fermri-modeli, thus surgesting that it may be responsible for
the poor result. Bettini et al. (20) did in fact find that
the 3 Ti-2T* 1s strongly dominated by a resonance. That
i{s, they found that the antiproton-neutron emits a negatlive
pion to leave either a T=0 or T=2 state, which subsequently
splits into two ¢p-mesons. (a p-meson decays into two
prions) It seems highly unlikely that the intermediate state
has T=2% ; thus 1t will be assumed that 1t is a T=0 state.
In that case several schemes can be worked out
which will give better results. None of them are, however,

entirely satisfactory. Ona example 1is the following:

A~ — T p——TT PP—> 5T 37F

A —r AP AP 5T 63%

The results for this is shown in table 1l.

“The 1inclusion of a T=2 state glves the ratio 3T1 2T :

o 179 1~ v = 1:14 which leads to absurd resultse.
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Table 12 shows the experimental and calculated

pion multiplicities for all annihllations.
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II-5 Discussion

From the analysis of antiproton annihilation
with nucleons, 1t is apparent that a statistical model
can predict the proper frequencies, provided some resonan-
ces are included. In principle then, one could start from
a Fermi-statistical model and predict all pion final state
frequencies. For a statistical model however, 1t 1s éssen-
tial that no resonance dominates. This can-be achleved
either if there is no resonande possible, or if so many reé<
sonances are possible, that none 1is preferred. The latter
appears to be the case here.

In this analysis, 1t was assumed that the anni-

hilstion could occur with egual probabillity from either
the triplet or singlet S state. This is not a necessary
condition (21). In the case of antiprotoh-proton annihi-
lation this would not affect the results gignificantly, un-
less annihilation from either a T=1 or T=0 state also does
not occur with equal frequencye. However, in the annihila-
ticﬁ with neutrons this could be important, and may in fact
account for the poor agreement. Thus 1t might be necessary
to include the relative rate of triplet to singlet annihl-
lation as an addltional parameter.

1t was also found that the charged and neutral




- 32 -

plon multiplicities tmpose'strict conditions on possible var-
iables < In particular, starting from a T=Q state one must
end up with equal plon multiplicities for all charrce states.
But experimentally more neutral pjons are observed 1in anti-
proton-proton annihilation. Thus this excess must come
fpom the T=1 state. This partially explains why the as-
sumption of a T=1 state going to a pilon and a T=0 state
gives better results; 1t ensures an excess of neutral plons.
We seem, however, to have too many neutral plons now, in-
dicating that perhaps only some channels follow this as-
sumption.

Finally, variations in the statistical factors,
that is the relative rate of « and B production, may affect
the results slightly. The inclusion of higher 1sospin

states (such as T=2) will also affect the outcome, but to a

much greater degreo.
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Chapter III

ANTIPROTON-NUCLEUS ANNIHILATION.

III-1 Introduction

When an antiproton annihilates on a nucleus, it

annihilates with one of the nucleons at the surface of the

(4)

nucleus . The annihilation centre emits pions in all
directions, and consequently some will traverse the nu-
cleus. Inside the nucleus, these plons have a chance to
interact with the remaining nucleons, thus decreasing the
total pion multipliclity observed, and adding nucleons to
the final products of the annihilation.

Most experiments on antiproton-nucleus~annih1-
1ation have been performed with emulsion (4’12’16’17’22),
although some have also been done in propane bubble cham=-
bers (14). In emulsion one finds a charged pion multi-
plicity, {Ny>, of 2.44%.07 (about 22% less than in an-
tiproton-nucleon annlhilation) and a mean plon energy of
36518 Yev. (about the same as In antiproton-rroton anni-
hilation). On the average an antlproton star (annihlla-

tion event) will have 3.20t,11 protons, of mean energy

12926 Mev.

.rn r XN R I sdhming Tl
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Figure 1 and 2 shdw the charged pion energy dis-
tribution and proton enefgy distribution respectively; the
number of particles per Mev per 1000 annihilations have
.been plotted,on a log=-log scale,versus the energy of the
particle. Also shown in figure 1 1s the pion energy dis-
tribution for antiproton-proton annihilation, determined by
the Nevils Laboratéries (13). A surprisingly large differ-
ence between the distributions is apparent between 100 and
200 Meve. To illustrate this, .the fractional difference
between these two distributions, was plotted as a function
of energy (Figure 3). In this figure, & peak is very ob-
vious¥, and reserbles the peaking observed in the pilon-
nucleon cross-section (23) (Figure 4). In pion-nucleon
scattering in free space, the cross-section suddenly in-
creases to a very large value at a pion incident energy of
about 180 Mev, which is associated with the resonance pro-
~duction of N* 3/2,3/2 (1238). This isobar is & meta-sta-
ble particle of very short 1life (10"2:5 seconds), having in-
trinsic angular momentum 3/2 and isospin 3/2; its mass 1s

centrsed about 1238 Mev. The pion-nucleon cross-section

*S1nce only half of the pions go through the nuclsus, an
absorption of 50% indlcates that the nucleus is completely
opaque torplons of this energye.
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shown is, however, for elastic scattering, while figure 3 is
a measure of the absorption of pions by the nucleus; this
tends to suggest that at thls energy absorption proceeds

(6)

via resonance prodﬁction « That is, the following pro-

%

cess occurs:

W + N— N*

Nx + N— N + N leading to absorption.

The pion and nucleon combine to form the resonance, which
subsequently de-excites by colliding with another nucleom.
In free space the resonance cénnot exist much longer than
10-22 seconds, but inside the nucleus many of its decay
modes in momentum space are fortidden by the Paull exclu-
sion principle (PEP) thus prolonging its 1life; also, the
proximity of other nucleons allows interactions with them

-25 _ 14722

within a short time (10O seconds). Nonetheless

some of the isobars will decay, thus giving:

T + N—>N*

N —» TT + N

which is simply elastic scattering or charge exchange

scattering.
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The energetic nucleons produced by the Interac=-
ting pions set up a cascade of secondaries, allowing many
nucleons to leave the nucleus, thus producing relatively
large stars.

An attempt was made to simulate thelpion inter-
actions inside the nucleus by means of a Maonte Carlo
(Mc) calculatfon. Pions having the energy distribution
particular to antiproton-proton ennihilation were allowed
to radiate isotropically from tha annihilation centre at

the surface of the nuclsus.

If they went into %ths nucleus they wers allowed
to interact according to the isobar model. That is, the
cross-section of interaction is the sams inside as out-
side the nucleus; an isobar 1s then formed which can de-
axcite by colliding with another nucleon, or by re-smitting
the plon. The relative rates of these two ways to de-
axcite was the only parsmeter of the programme.

When a pion is scattered, it can again interact
with another nucleon in the same nucleus. Similarly,
the energetic nucleons produced can interact, to set up a
secondary cascade. .

The final products of these calculations were
recorded and analysed as though they were regular experimen-

tal data. To normalize the number of plon events to the
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1II-2 The Monte Carlo Calculation

The work was started on an IEM 1620-I1 computer
and continued on an IBM 360/40G. Only minor changes had
to ve made to convert the programme; in particular the
random number generator had to be changed.

A Monte Carlo calculation is a thought experi-
ment, where a process is imagined to occur according to
definite rules. The process 1s however not completely de=-
termined, and thus during the calculation at an appropri-
ate time a choice must be made. This choiee is made with
the help of random numbers. If the calculation is now re-
peated many times, each time using different random numbers,
the different outcomnies can be analysed statistically; that

13, an expected distribution can be drawn.

T1I-2(a) Random Number Generator

Thus of prime importance to a Monte Carlo cal-
culation is a supply of good random nunbers. Since 1ln a
complex calculation many random numbers are required, 1t
1s not practical %o store all these numbers in the compu-
ter; instead the numbers are generated (calculated ad-

cording to some specific formula). Of course,if the num-
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bers are calculated, they are not truly random, and they
are thus called pseudo-random numberse. The design of
pseudo-random number generators has, in the last few years,
become a highly specialized field; new number generators
are being invented, and old ones are being rajected be -~
cause they have falled some special test.

The generator must produce numbers which at.
least appear random. That 13, one should not be able to
predict the approximate value of a number from any previous
number, or sequence of numbers. Since in Monte Carlo cal-
culations one often requires a sequence of random numbers
to make a decision, this latter is especlally importante.

The most successfull generators, up t1l1l now,
are those empleoying a multiplicative congruential method.
Here the last random number generated 1s multiplied by a
fixed constant, and then divided by one plus the largest
number allowed. The remainder of this division is the
new random number. For the IHEM 1620-II, a decimal machine,

the followihg formula. was used (Zh):

R,,1 =23R, {mod (108+1)} , where R, 1s the nth

random number gensrated. The generator was coded in SPS,
rather than FORTRAN, so that 1t would be sufficiently faste.
The generator can produce approximately 5x10% numbers, be-

fore 1t repeats 1tself. The numbers obtained were divided
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by 108 so that they would have an equal chance to take on
any value between zero and one.

For the IBM 360/40G, a binary machine, the pro-
gramme RANDU, supplied by IBM (25), was used. Basically it
1s also a multiplicative congruential method, having a pe-
riod of about 5x108 numbers. It is also normalized to take
on values between zero and one. .

Both generators have been tested (27,25) 4n4
found to be sufficiently good; however, the generaiors may
fail more speclalized tests;(zs). Thus the output obtalined

was always spot checked for randomness, when possible;

these tests never showed any bias,

IT1-2(b) Programme

For the calculations the nucleus was consldered
to be a spherical potential well, in which the protons and
neutrons form two Ferm!i gases. The characteristics of
these Fermi gases, such as the potential depth and Fermil

(27)

level, were obtained from Metropolis et sl e« The late
ter paper and that of Werbrouck (28) were used as a basls
for the programmeée.

The programme itself may be divided into the

following parts:
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A) 1Initialization: The relevant cross-
sections, distributions and constants

are read in, and all counters are sete.

B) Start: By means of random numbers,
the incldent energy, rosition and direc-

tion of the plons is determined.

Cc) Penetration: The mean free path of
the particle in nuclear matter 1s cal~-
culated, and by means of another ran-
dom number the distance to the colll-
sion is obtained; from the old position,
the direction of motion, and this dis-
tance, the new position 1is found. If
the new position 1s inside the nucleus
the programme proceeds with the next

step; otherwise 1t continues at step H.

D) Collision: The tarret nucleon 1s
jientified, and 1ts momentum and direc-
tion are dAetermined; the type of inter-
action (that 1s elastic scattering,

charge exchange oOr absorption) and the



outFoing direction (in the centre of mass).
of twe scattered particle are found; all
these require the use of random num-

ters.

The outgoing direction and energy
of the scattered and target particles
(in the laboratory frame) are calcula-
ted using relativistic mechanics; both
energies are tested to ensure that the
Pauli exclusion principle 1s not being
violated; if 1t 1s, appropriate action
is taken (the exact procedure depends
on the programme and will be discussed

later).

%) Struck Particle: If ths struck
nucleon is sufficiently enersetic af-
ter the collision 1t 13 stored in ine

merory to be followed later.

F) 1Incident Particle: The ensergy of
the incident particle 1is tested to
determine whether 1t 1is sufficlently

enerretic to be followed; if so, the



programme p
the particl

gramme perf

G) Stored
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roceeds with step C; if not,
g 1s abandoned and the pro-

orms step G.

Particles: The memory 1s

tested to see whether there are any

particles s
their posit
become that

cle, and th

£111 to be followed; if so,
ion, direction and energy
of a 'new' incident parti-

e programme executes step

C: if not, a new event 18 started

with step B.

H) Output:

the outgoln

The energy and direction of

g particle are printed and

step G 1is initiated.

At the end

number of events have
lar distribution of &
are printed.

A schematic
showvn in figure 5, an

found in appendix 3.

of the programme, when the required
been simulated,the energy and angu-

11 incident and outgolng particles

flow chart of the programme is

4 a sample programme and output may be
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Constants,distributions, etc.

Determination of incident energy
and direction.

©

Coalculation of distance to collision
and new position.

Is particle

inside nucleus ? - no

T
yes
]

Determine energy,direction and
identity of struck nucleon.

®

Is incident particle
energetic enough to
be followed?

Data output.

Are there anymore
nucleons :h memory

to be followed?

%
N TN|_° N2+N3

Data output.

direction of
after

Calculate energy and

collision.

nucieons

N — 7 + N

®

Calculate energy and
direction of particles
after collision.

no P.E.P. violated?

be followed?

Is struck nucleon
energetic enough to

T
yes

yes

Store in memory.

R ——

Figure 5- Schematic Flow Chari ot Programmse

yes
]

Consider nucieon to
be followed as

incident particle.

Calculate energy and
direction of nucleons
after collision.

PE.P. violated?

1 ]
yes

Collision has not

loccurred.

©
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ITII-2(c) Use of Random Numbers

As pointed out bofore, an Important part of
Monte Carlo calculations is to chose between alternatives.

For instance, when the incident particle is to collids,

it may be known that the probabllity of collision with a neu-~

tron is x, and with a proton,naturally,l-x (where O<x<1).
If random numbers, which are uniformly distributed between
O and 1, are available, then these can be used to choose
the nucleon struck in any particular case. If the random
number (R) is less than x, a neutron will have been struck;
if it 1s rreater than X, & proton is the struck particls.
Thus, 'f the choice were masde many times, the ratio of nsu-
trons to protons would be the desired vglue of X to 1-X,
For a multiple cholce, for instance n possibil-

g th

ities having probabilities al,az...ai...a the pos~

n,
sib3l ity would be chosen if:

Again, if many choices were made, the different rossibili-

<
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ties would occur with the correct frequency.

This last formula can be easily adapted to con-
tinuous functions. For instance, let p(x)dx express the
probability for a variable to take on a value between x
and x+dX, where dx is infinitesimal ; then the N

surmation becomes &an 1ntegral, and the resulting formula

is:

Xmax X

R p(y) ay = p(y) ay
x x
min min

If the 1ntegrais can be found snalytically, then for every
R selected the value of x may be calculated.

Defining P(x) as:

p(y) dy

min

P(x)=
Xmax
p(y) ay

min



then x = P~1(R)

A practical example is the calculation of the

distance to 1nteractlon (L) travelled by a particle in .

‘a medium, if the particle has a mean free path.A. In -

this case the following formulae apply:

-e"I‘/A

L
p(x) dx =
0]
~ and oo
p(x) ax = 1
0
Thus R = 1-e"/A = P(L)
and 1-R = e'L/A

‘Since (1-R) is also a random number between O and 1, it

may be replaced by R.

and therefore: R = e'L/7\

and. L =-Alog R
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11ITI-2(d) Kinematics

i
i
|

Another important part of the programme is the
kinematics. The energy and direction of the incident and
struck particles are known, and the outgoing direction, in
the centre of mass, has also been determined. From this
information the energy and direction after the collision
must be found. To accomplish this, a series of rotations
and relativistic transformations are performed. The rota=-
tions ars performed toc keep the gransformation formulae
simple. In the laboratory frame both particles are mo-
ving, but not generally along the same line, or along any
of the axes; thus the first rotation is one such that the

struck nucleon moves along the x-axis, followed by a trans-

formation of both particles to the rest frame of the struck
nucleon. Now one particle is at rest, while the other
approaches from some general direction, which still 1is not
along an axls. Consegquently another rotation is perfor-
med, in the rest frame of the struck nucleon, to have the
incident particle move along the x-axls. The particles

are then transformed to the centre of mass system, and
will now be approaching each other with egqual momentum and
along the x-axis. After the collision, they will have

equal but opposite momentum and will move off in the pre-



- 52 -

jetermined directions. The inverse transformations and
rotations are applied, and finally the energy and 1irec-
tion of both particles after the collision will have been
found. Since all transformations are relativistic, any
change in the rest-mass of either of the particles will
not cause any difficulty.

The remaining problems 1in the programme are
those of logic and computlng language, both of which are

predominantly characteristic of the computer and will not

h N 2
bs discussed.




TII-3 Simulation of Antiproton Annihilation

As mentioned earlier, to simulate the annihila-
tion, nions were considered %o be emitted isotropically
from the surface of a nucleus. These pions were adjusted
to have the charge and energy distribution typical of antl-
proton-nucleon annihilatione.

The nucleus was consldered as & spherical poten-
tial well of radius 1l.5A 1/3 fermis, in which the protons
and neutrons form two Ferml gases. Furthermore, the anti-
proton could annihilate with equal prouvabllity on any of
the nucleons.

The pions traversing the nucleus could interact
with the nucleons and set up & cascade, which penerslly
resulis-in nucleons leaving the nucleus. The outgzoing
pion and proton enersy distributions and maltiplicitlies
were compared to the exrerimental ones.

Different fethoﬂs for determining when a npion 1s
scattered or absorbed were tried, and the ones glvinyg the
vest results will be showne.

It should be noted thsat all scaunering was As-
sumed to be isotropic In the centre of massz. At first
glance thils appears to be a poor assumpilon. dowavar, &

trial was performed in which the scattering was strongly
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peaked in the forward and backward direction; this did not
rroduce any significant difference in the energy distribu-
tion of the pions of protons. Thus, for simplicity, the dif-
raprential cross-section was left as a constant.

Two more trials were performed to test the vall-
dity of some of our other assumptions. In the first omse,
the pions were assumed to be emitted from the centre of the

nucleus, rather than from the surface. This test gave far

too many protons, and an insufficient number of plons.
For the second ons, it was assumed that plons could not

be absorbed, unless they had insufficient energy to leave
the nucleus. After all, 1t 1s possible that only very low
enargy plons are absorbed. This test gave too many pions,
especlally low energy ones,and not sufficient high energy
protons. From these two trials it 1s clear that the anti-
proton does indeed annihilate on the surface and that there
is some way for fast plons %o be abscrbed by the nucleus.
For the next trial, then, it was assumed that a
constant fraction of the plions was absorved. The psercen-
tage, before the application of the Paull exclusion prin-
ciple, was setiat 20%; the Paull excluslon principle will
tend to increase the percentage for low energy pions,
since, 1f the 1sobar cannot decay the first time, the pilon

has acrain a 20% change (that 1is 209 of 80%, or 16%, which

&
/" )
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1s tn addition to the inltial 20%) of being absorbed, and
so on. The Paull exclusion principle 1s not liable to for-
bid an isobar to de-exclite Dby collision on a nucleon since
an additional 140 Vev 1s available. The agreement of this
trial was founi to Dbe surprisingly reasonable, however 1t
was felt that an energy dependent absorption rate would
~ive still better results.

Several energy dependent schemes were tried (7),
and the most successful one was onse in which the absorp-
tlon rate 1is inversely proportional to the exponential of
the pion energy; the actual formule for the absorption

fraction (FpR) was

~Ey /200
Fap = @

whers Ef 18 the inclident plon kinetic snergy. (The incl-
dent rion energv 18 approximately proportional %o the iso-
var energy and mass). The results of this calculation, de-
noted by M4, are shown in figures 6 and 7. The grapns are
again a log-log plot of the number of particles per Mev peT
1000 annihilations versus the particle energy. [Figure 6
shows the calculated plon ditribution, and the solid line

13 the best 1line through these points; this line 1s repro-
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duced in figure 10, which al
points, and an alternate mod
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so shows the experinmental

el. Similarly figures 7 and
jon. The agreement 1s very
crudeness of the model; par-
fact that no normalizing con-

1, shown in figures 8,9,10 and

11 involved &an entirely different approach. 1In this cal-

culation, the programme allowed the isobar oné attempt at

decaying; if, on this first

chosen by the programme was

atterpt, the particular mode

forbidden by the Pauli exclu~-

sion principle, then the pion had to be absorbed. This

nethod was called one shot (
method doesn't have any vari
prising that the results agr
tal values.

Finally, table 13

served charged plon and prot

08), for obvious reasons. The

ables, and it 1is thus very sur-

eo so well with the experimen-

shows the calculated and ob=-

on multipliclties.
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11I1-4 Discussion

The calculations using the isobar model give sur-
prisingly good results, even though the nuclear model 18
crude and many simplifying assumptions wers made ¢

The model does not give the correct nucleon ensr-
gy distribution below 30 Mev, because below this
energy evaporation adds to the specirume In principle, the
average ensrgy remaining in the nucleus after the initial
cascade may be found from the programme, and from this the
consribution of evaporation can be calculated.

In the calculations it was assured that the plons
see a potential well; this, nhowever, introduces some prob-
lems with energy conservation when the plon 1s absorbed.
There is some evidence for the validity of this assumption
in figure 3; that is, the peaking, in the graph, occurs at
an energy of 140 NMev, rather than 180 Mev. Tnis difference
can be attributed to 'a potential welle

Many 1mprovements can be made tO the programmeé,
such as the inclusion of non-isotropic scattering,the ef-
fect of nucleson motion on the average pion-nucleon cross=-
section, inclusion of the nucleon-isobar cross-section to
determine FAB’ and so onjg these are not expected toO produce
major changes, and until {mnroved experimental data is avall-

able , are not considered to be worthwhile.
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Chapter IV

NRCATIVE PJON CAFTURE TN COMPLEX NUCLEI.

V=1 Introduction

The study of antiproton annihilation on complex
nuclei has yielded soms {nformation on the behaviour of
pions inside the nucleus, and 1t seems that the capture of
pions by large nuclei should yleld more. A considerable
amount of experimental and theoretical work has been done
on the subjecte.

The early experiments were done mostly in emul-

(29)

sion , but the only information obtained from these eXxpe-
riments is the energy spectrum of the emitted protonse. Since
neutrons cannot pe observed in nuclear emulsions, and since
g ~-stars (the stars produced by nacative pion. capture)
are mostly neutron vielding stars, & large uncertainty re-
gults in ths jetermination of the total number of protons

per stars the fast proton multiplicity is also very lowe.

As a result of these two factors, the proton spectra obtain-
ed Dby the various resesrcn groups are statistically poor and
often very differente. Thus , although this data was taken in-
to account, it 1s not considered to ve significant.

The later experiments (30’51’32) are mostly counter

sxperiments, where a neutron 18 detected, and 1ts
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energy measured by time of flight. In some experiments two
neutrons, or a neutron and a prroton, were detected, and 1in
these an angular correlation could be established. One ex-
pariment of particular interest was performed by Ozakl et
al. (32); they measured the ratio of neutron-neutron pairs
to neutron-proton pairs emitted back to back, after negative
plon capture. The ratio was found to be 5,0%¥1.5 for carbon
and 3.9%¥1.2 for alumlinium, in favour of the neutron-neutron
palrs.

This experiment led to a considerable amount of
theoretical work (33), nowever without much success. In
thease theoretical models the pion . 1is generally assumed to
pe abhsorbed on a palr existing as such in a nucleus, and
thus the ratlio of neutron-neutron palrs to neutron-proton
pairs emitted represents the approximate ratio of neutron-
proton palrs to0 proton-proton palrs present in the nuclesuse
The highest ratio obtainable with these assumptions is 3.5
for carbon, but, taking into account secondary interactions,
this ratio is not high enough. Thesse models have howsver
been very successful 1In reproducing the X-ray spectra from
i-resic atoms.

Using the 1sobar model the ratio 1is easily at-
tainable. In the caso of an equal numbeT of neutrons and

protons, as In ¢arbon, the plons w11l ‘nteract with a neu-
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tron 75% of the time and produce é&an N*=, This isobar must
interact with a proton, to yleld a neutron-neutron pair.

The remaining 259% produce an N*O, which will have egual
chance of interacting with a neuvtron or proton, to glve neu-
tron-neutron or neutron-proton palrs respectively. Thus a
maximum ratio of 7 1is obtained for neutron-neutron to neu-
tron-proton pairs. The nucleons produced may cause seconda-~-
ry interactions, which will have a tendency to reduce this
ratio. Since aluminium 1s a larger nucleus than carbon, the
reduction will be greater, thus explaining why the ratio is

less for aluminlume.




- 68 -

TV-2 _The Monte Carlo Method and Negative Pjon Capture

The Monte Carlo calculation was set up to simu-
late negative pion capture in carbon, aluminium, cadmium
(or large emulsion nuclei), lead and uranium. The neutron

spectra obtalned were compared to those of Anderson et al.(so)

To perform the calculation, it must be known where,
inside the nucleus, the pions are absorbed. The experience
with antiproton annihilation would suggest that the pion
1s absorbed on the surface, but the pion nucleon cross-sec-
tion at low energies is much smaller than that of antipro-
ton-nucleons: thus the pions might bhe absorbed throughout
the nucleus: the pion could also 'sink! %o the middile of the
nuecleus because of the coulomb attraction, and then be ab-
sorbed. All three were tried for the cadrium nucleus, but
only the last one produced some agreement. Flgure 12 shows
the calculated distribution for absorption of the plon at
the surface and at the centre of the nucleus, and figure 13
shows how the latter calculation compares with the experimen-
tal results.

For these calculations 1t was assumed that the
negative pion-neutron cross-section ( Gf“-n) and the posi-

tive plon-proton cross-section ( Ofﬁ*p) are equal, since
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this 1s predicted from isospin conservation:; however, iso-
spin conservation also predicts that G"“-n 1s three times
the negative pion-proton cross-section (O'ﬂ-p). Experi-

mentallv it is found that T #$3 G _.~_.  at low energles,

o TP

and this is sttributed to coulorb interference. Since
O’_n,-n cannot be measured directly, it is not certain which
assurption,that is a’“-n = O—TT*p or o‘,n.-n = 30"“_-p, is
bvetter in this case. Again, the calculation was performed
for both cases: this time no difference was found in the
neutron spectrum: but the proton spectrur did show some
change. Figures 14 and 15 show the proton spectra calcula-

ted on the assumption that O-T\'-n = g and G'_n,-n = &

-
U—n-p respectively, while figure 16 showl:a the experimental
and the calculated distributions.

Negative pion capture was also simulated for lead,
uranium, aluminium and carbon. Figures 17,19,21 and 23

show the calculated distributions, and figures 18,20,22 and

24 show the experimental and cavlculated results together.
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IV-3 Discussion

The experimental distributlions were reasonably
well reproduced by .the calculation. In the case éf cad-
miur and lead, both of which are near spherical nuclei,
the agreement was excellent. For uranium and aluminium,
however, there is a slight disacreement. In the case of
uranium this mav be attributed to 1its non-spherical shape;
thus in reality the secondary nucleons, on the average, do
not traverse as much nuclear matter as our model assumes,

resulting in more fast nucleons. The discrepancy in alu-

minium is probably because the nucleus is getting small
and 1s no longer well described as a Fermi gas. This would

also account for the larger dlscrepancy observed in carbon.
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Chapter V

ENERGRTIC PION INTTRACTIONS IN EMULSION.

V-1 Introduction

‘Antiproton aunnihilation in emulsion and negative
pion capture by large nuclei contributed some 1deas to the
processes governing pion interactions 1in nuclei. For nel-
ther of these, however, 1s 1t possible to specify an inci-
dent direction; thus no angular distribution can be found.
In the interaction’of mono-energetic pions 1t 1is possible
to determine an incident directior, and thus 1in princlple
an angular distribution of the scattered pions and of the
outroing rrotons may be determined, allowing a more compre-
hensive comparison with calculated results. Unfortunately,
at present no such data appears to be available.

This grouplhas thus undertaken a study of the
interaction of low energy pions (1less than 250 Mev), with
complex nuclel. This energy reglon was selected because
it contains the first, and dominant pion nucleon resonance.

To be able to compare the experimental data with

theoretical results one must be sure that no bias is Intro-

duced. As one 18 searching for stars, for instance, several
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types may be consistently overlooked. To be able to estimate

the bias , the
be found, so tha
pected.

In thi

the attenuation

pion-nucleus cross-section in emulslon mast

t one can calculate how many stars are 6X-

s case the cross-section was estimated from

of the pion beam &8 1t traversed the emul-

sion. As a result of the analysis, one also expects to be

able to determin

lysede.

e the pion flux anywhere in the stack ana-
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v-2 The Trradiation

In December 1966, in a joint experiment between

Centre Nucléalire, CMRS at Strasbourg-Cronenbourg and the

University of Ottawa, a stack of emulsions was irradiated

at the CERN proton synchro-cyclotron by a beam of positive
pions. The stack consisted of 70 pellicles of Iiford K5
emulsion, clamped between two slabs of bakelilte (figure 25).

The stack measured 9.5cm x 4.2cm x 34.7cm, while the whole

assembly (stack, bakelite and covering material) measured
about 10cm x 10cm x 35cme The stack was assembled and ma-

chined at Strasbourg, and after irradiation the emulslions

were also daveloped and mounted there.

The plon beam*had, at the focus, & nominal ener=
gy of 25020 Msv, an angular spread of 60, a muon contamli-
nation of 15%, and dimensions 2cm X OCmMe The stack was,
however, not placed at the focus, but 3 meters behind the
focal point (Figure 26). At this point, the maximum an-
gular spread in the stack 18 1.50, and the beam of pions
is gpread over & large area, S0 that at the rront of the
stack the pilon flux sg fairly uniforme. Since the pions

have to travel an cdditional 3 meters, some may decsy,

*This pion beam wWas assembled for Dr. N. W. Tanner.
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Figure 25- Schematic Diagram ot Emulsion Stack
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increasing the muon contamination to about 18%.
A scintillator was placed in front of the stack,
so that the flux could be monitored; the counter measured a

total flux, entering the stack, of 7.2 x 103 particles/cmz.
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V-3 Energy Determination

The pion beam had a nominal energy of 250%20 Mev,
but since it had to traverse 3 meters of alr and a scintil-
lation counter, and since only a small part of the beam was
used, the conditionslin the stack might be slightly dif-
ferent.

Since positive pions have a definlte range, the
distribution of stopped pibns, in the direction of the
beam,is a measure of the 1ncident energy and energy spread.
“"hen positive pions stop, they decay into a muon and a neu-
trino, thus producing a very characteristic event. The
number of pion'to muon decays per unit interval was found
in two plates (P 21 and P 35)Ias a function of the range in
emulsion. The observed distributions were compared to a
gaussian test distribution (figure 27) and the 7? value was
calculated. Tihe parameters of the test distritution were
then adjusted ti1ll a minimum‘X? was obtained. These para-
meters were considered to be the best fit to the experimen-
tal data.

Table 14 shows the observed flts, and the corre-
sponding energy. The spread in range 1s due not only to a

spread in energy, but also because of straggling; this was

taken into account in the calculation of the energy sproad.
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V-4 BReam Characteristics in the Emulsion

The beam entering the stack was found to have'an
angular sprggd less than 1.5°, and to be parallel to the
stack withiﬁ .5°, As the beam traverses the stack, howev-
er , due to multiple scattering, the angulaf spread of the
beam increases. This angular dispersion, &y , may be
calculated (34) at any distance, t, in the stack from the
following formula:

1/2

Jde = 15t k/pp degrees

where t is measured in cms., and
k = (29.5 + 3.2 log,, t)

i1s the scattering constant, p 1s the momentum of the par-
ticle in Mev/c and p 1is the ratio of the particle veloclty
to that of the speed of light. 1In this particular experi-
ment pp 1s not a constant, but decreases with increasing %3
thus for the calculation of the angular dispersion the aver-
age value of (1/pp ) over the traversed path was used.

The an:ular dispersion was determined experimentally at sev-

eral points and these values,itogether with the theoretical
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curve are shown in figure 28

Since thére is an angular dispersion of the beam,
there will also be a dispersion in 1ts physical dimension,
thus causing a decrease in flux as t incrdases. 1If a very
fine beam of pions had been Injected Into the emulsion, then
after a distance t the beam would have spread, to give a
gaussian distribution (figure 29). Letting I, be the stan-
derd deviation of this distribution, then the flux, é(y),
at a distance y from the axis would be given by:

v2/2d

d(y) = ke

In this experiment, a uniform beam of pions is incident on
the stack; decomposing this into many fine beams, and ad-
ding the contribution of each to the flux at a point x

£rom the edge of the stack (figure 30) ylelds the formula:

[:c -y2/ 2612
P(x) = k e dy
-a |

where a 1s the width of the plate. J) can be calculated

from d/e, using the formula:
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Figure 28 - Observed and Predicted Angular Dispersion of the Pion Beam as

a Function ot Traversed Disftance
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gL = ¢t g e /\/EET

Thus the flux at any point can be calculated,
except that the flux also decreases because pions interact
with nuclel. Since the pion flux in the central 4 cms of
the plate does not decrease appreciably due to multiple
scattering for t £ 21 cms, an estimate of the interaction
cross-section can be made. The flux, in the central 4 cms,
was found at several values of t, and from the.observed
decrease a mean free path of interaction was dqtermined.
Pgure 31 is a plot of loglo(ﬁ) versus t, and the slope
ylelds an average plon loss of (3.38%,17) x 102/cm, assu-
ming a muon contamination of (18%2)%.

Using this, the flux across the beam at several
values of t was calculated, and figure 32 shows the caicula-
ted and observed values. One can see that indeed in the
central 4 cms the flux 1s not appreciably changed due to

multiple scatteringe.
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v-5 Detection of Stars

Plates 21 and 35 were area scanned for pion in=-

duced stars. In both plates nine areas of lcm x 4cm were

scanned at 3cm intervals, from 3cm to 27cms Stars were ;f
accepted as pion induced stars if they had a miaimm track %ﬂ
i{n the right direction. I

Plate 21 was scanned on & normal flat stage,
while plate 35 was scganned on a t1lted stage; the latter

was done in an attempt to find a more efficient method. of

area scanninge. Normally, with a flat stage, scanning is done
by moving the gz-motion on the microscope; this is tedious

to do, and also causes the motionm to wear out quicklye With

a tilted stage, the emulsion 1s not perpendicular to the
optical axis,but at a slight angle to the plane (figure 33)e
As a result, the top and bottom of the emulsion can be seen
simuitaneously through the microscopee. When the plate 1is
moved along this diredtion, a volume 1s scanned, rather than
an area. Thus 1in one motion scanning in depth, as well as
along a line, 1s performed;-and to view any point in the
emulsion only two motions, rather than three, are requirede

In principle, then, this method should be more efficient* .

%« Tt should be noted that this is another application of a
tilted stage, which are at present being used extensively by
this iaboratory. (See M.-A. Vincent, M.Sc. thesis, University
of Ottawa)



- 9T -

Objective

Direction

" ot motion

—— Fisld of view

e — R ———

Condenser

Figure 33- Schematic Dlagram ot Tilted Stage

@
Y
;
1
!




- 98 -

However, there are some diffsiculties. Since a
larger volume 43 scanned in a period of time, scanning thils
way requires more concentration. Then also, since scanning
has to be done while the emulsion is moving from left to
right, one has a tendency at first to become motion sick;
however, with practice this may be overcome*. These diffl-
culties would not ve present for an automatic scanning de-
vice, such as the flying spot microscopee.

Another problem is due to the thickness of the
emulsion. The stage needs to be tilted enough, so that the
top and bottor of the emulsion are visible_through the mi-
croscope. For scannling, & total magnification of 300x is
considered to be desirable; for this magnification, the
f1e1d of view is about 550 4 x 550 . The original emulsion
was 600am thick, but because of shrinkage 1t 1s presently
only 250Mm thicke. Since a dry objective was used, and the
refractive index of gir and emulsion differ, the apparsht

depth of the emulsion 1s at most lVQpl. Thus the stage needs

* Tt was found to be especially important that the stage be
moved smoothlye. ,




- 99 -

to be tilted at an angle € given by:

tan © = 170M /550m

or: e = 170

The actual angle used was 17.7°%.

With such a large angle the regular objective
could not be used, because i1ts working distance is too
short; thus an objectlve of inferior quality, with a lon-
ger working distance had to be employed. This, plus the

fmct that the condenser also had to be modified, resulted

in an image of relatively poor quality. At optimum condl-
tions, however, & minlmum track could be resolved.

When scanning for stars, in both plates, black or
grey tracks ending in the emulsion were looked for; thess
are generally the results of stars, and thus pilon induced
stars will Dbe found.l (Since there are many electron tracks,
1ookines for minimum tracks to produce stars ifs a near impos-
sible task.) This method is not totally efficient: any plon
producing & star having onl- minimum or almost minimum tracks
will be missed. Add to these the mneutron stars and the vl-
sible stars missed, and the total sfficiency 1s poor. How-

ever , an estimate of this efficiency may Dbe made from the
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observed pion flux, and the appropriate corrections can be

introduced.
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V-6 The Pion Interaction Cross-section.

A cfgss-section may be determined in two wayss
first by measuring the attenuation of the beam as it passes
through matter, and second by measuring the number of in-
teractions per unit volume per unit flux.

The attenuation of the piocn veam as 1t passes
through the emulsion was measured and a mean free path of
29.1 ¥1.0cm was found (figure 31). This 1s an average val-
ue in the energy interval froml20Mev to 230 Mev. The
value compares well to data for positlive dndsnegative plon

mean free paths at various energies in emulsion (table 15).

(It 1s expected that the negative plou mean free path will
be less than that for positive pions because of the cou-
lomb barrier).

The interactlon cross-section can be calculated,
1f 1t is assumed that the pion nucleon cross-section inside
and outside the nucleus are the same. In that cass, if G;oul
is the geometrical cross-section, then: |

-3 G/ wr?)
g = Oc:oul 1_(Ecoul/ET‘)][l-e | -nN/“'I‘o-_\l

£s the actual cross-section. The second term is the cor-
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Table 15: Mean Free Path of Pions in Emulsion

Particle Energ¥M£3§?rval Mean ?2;? Path Reference

™ 190-230 27 o 35
o 295 26,8%1.4 36
" 70-80 25.5¢3 37

T’ 35-50 38 *4.5 37

ot 144-196 . 31.7:3.3 | 38

™t 1517 31.8+1.9 39

’t 217+6 27.1:1‘.3 1,0

art 120-230 29.1%*1.,0 This work



rection for the coulomb repulsion, where Ecoul is the cou-
lomb barrier and E the plon incident energy, and can be
derived from the Rutherford scattering formula. The last
term accounts for the opacity of the nucleus to pions; A
ijs the atomic mass number, 0_;_,_;; 19 the average pion-nu-
cleon cross-section, and r, 1s taken as 1l.3f.

Figure 34 shows the effect of each of these terms
on the total cross-section for pion interactions with small
and large nuclel in emulsion. Since there are many types
of nucleil in emulsion, the collision probability, rather
than the cross-section, was plotted; that is, the percen-
tage of pions that jnteract per centimeter traversed. Also
shown is the collision probabllity due to the hydrogen in
em:lsion; for the total collision probability in emulsion,
this last factor must be added.

Using the calculated cross-sections, the expected
number of pions lost per centimeter 1s 3.40%, which i1s to be
compared to the experimental value of 3.38%t ,17%, which was
previously found.

Since the calculated cross-section appears to be
sufficiently accurate, 1t was used to calculate the total
flux along the beam, and this is compared to the observed
values in figure 35. The calculations were performed as-
suning the 1imiting cases of 15¢ and 207 muon contamination.

Finally, the cross-section was calculated from the
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Figure 35-Observed and Calculated Meson Flux
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number of pion induced stars found. A total number of 166
and 154 stars were found in plates 21 and 35 respectivelye.
From the number of stars found and the attenuation of the
beam, a detection efficlency of 73t7% was found for the first
12em, and an efficlency of 59%8% for the next 15cm. The
decrease in efficlency 13 probably bhecause in the last 15cm
there were less stars per unit volume, and more secondaries.
Correcting for the efficlency, the collision probability was
calculated at several energies. The experimental results,
as well as the dalculated collision probabilities, are shown
in figure 36. 6?;?& inside the nucleus had been calculated
on the assumption that the pion saw & 30\NMev potential well;

if this 1is not assumed, the dashed curve 1s obtained. At

the energies in this experiment no difference can be Seemn.
The error bars, 1isted in order of magnitude, in-
clude:
a) uncertainty in the number of stars,
b) wuncertainty in the efficlency of detecting stars,
¢) uncertalnty 1in the muon contamination, and

d) uncertainty in the total fluxe.



ove

A1111qDqoagd  UOLODIRIU| uOld  PBIDINJIDY pup peAsssqQ -9¢ einb1 4

(A8W) ASY¥3N3 NOId
002 os| 00l

DM IDHUSIOD INOYIM  ——-=
IIOM ID}USI0d UHM ——
~ poIoINdIE)

poalesq0 O

%

wo ¥3d ONILOVHILNI SNOId dJO



- 108 -

V=7 Discussion

The tilted stage was used to find plon to muon
decays as well as plon jnduced stars< In both cases 1t was
found to have the same efficlency for detecting stars as a
flat.stage, while the scanning speed was better by a factor
of two to three. With some improvements in the optics, thils
method 1s to be considered more efficient.

Our overall efficliency of star detection was found
to be verv low; however, this low efficlency was primarily
due to our method of scanning. That 13; we only looked for
stars that had a black or grey tpack attached to it. Our
efficiency for detecting these was ostimated at 85% to 90%;
thus the remaining stars missed must have had only white
tracks. Missing these stars may introduce a bias in the
experimental distributions, which will have to be corrected
fore.

The good agreement petween the cross-section found
and calculated using the isobar model is again encouraging.lt
should be noted that the BSW model (5) would predict a higher
transparency (41) and thus a smaller cross-section.

Finally, the cpbas-sections below 70 Mev should
give an tndication as to whether or not the plon needs to

see a potential well.
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Chapter VI

CONCLUSION

It was found that the lsobar model is very con=-
venient to use, and by far simpler than the BSW model of
pion absorption. The jsobar model can explain the relative
ratio of neutron-neutron to neutron-proton pairs produced in
negative pion capture, while the method of absorption on
correlated pairs cannote The isobar model does not require
a nucleon pair to be close together for fast pion absorp=-
tion} and thus pion absorption can occur in the required
short time (1022 geconds), while the pion crosses the nu-
cleus. The isobar model, however, need not be the only pro-
cess by which pions are scattered inelastically from nuclel,
as 1s indicated by recent data (42).

The analysis has shown that in our nuclear model
the pion may seeé & potential well, resulting in a shift of
the peak in the pion-nucleus cross-section. The cause of
the potential well is not exactly understood.

The analysis of antiproton annihilation into
pions has shown that a statistical modsl, incorporating
isospin conservation, glves & reasonable description of the
annihilation processe. It should be realized that the sta-

t1stical model 1s 8 simplification and the actual processes
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occurring are probably far more complexe
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Appendix 1 Some Quantum Numbers

A1l strorngly interacting particles have an in-
trinsic varity, p, which determines their behaviour under
raflection in physical space. By definition the proton and
neutron have p=+l. The parity of all other particles are
determined from this. Thus, for instance, since antiprotons
and antineutrons have opposite parity to protons and neu-
trons, they have a parity of -1l. Pions also have a negatlve
parity. The parity, P, of a system of two particles of re-
1ative angular momentum L, and intrinsic parities p3y and pPo

is:
P = py Pg (-l)L

so that in the case of a nucleon and antinucleon:

P = (_1)L+1

In strong jnteractions parity 1s conserved, and thus mus t
be considered in nucleon-antinucleon annihilatlione.

C-parity 1s defined only for particles which trans-
form into themselves under charge‘conjugation, and are thus

their own antiparticles. Nucleons, strange mesons and charg-
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ed mesons do not have a C-parity, while photons, neutrai B
pions and the antineutron-neutron and antiproton-proton
system do. The neutral pion has C=+1. For the antl=-
neutron-neutron and antiproton-proton system, C depehds on
their relative angular momentum and their spin orientation.
Since both particles in the system are fermions, they must
be anti-symmetric under the exchange of all space variables

(charge conjugation, angular momentum and spin). Thus:
¢ (-1)F (-3t a2

where S, the total spin, is one when the spins are aligned,

and zero when they are opposite. From this one gets:

¢ = (-1)b*5

in the case of the antineutron-neutron and sntiproton-pro-
ton systems. C 18 also conserved in strong interactions,
and must be considered when the systems decay into neutral
plons.

It is also possible to deflne & quantity, called
G-parity, for all non-strange mesonse One finds that, 1like
parity, the G-parity is the same for all particles in an

1sospin multiplet. It may be shown that for a mescn, which

r
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has a C-parity, the G-parity is glven by:
¢ = c(-1)7T

where T is the isospin of the multiplet. Thus, for instance,
in the case of plons, the G-parity 1is found to be -1, since

c=+1 for wt° and T=1 for pions. For the anfinucleon-nucleon

system, recalling that:

c = (-1) L+S

in the case of the antiproton-proton system, 1% is easy to
see that: .

+

Again, G-parlty i1s conserved in strong interactions. Thus,
if the annihilation centre has G=-1, 1t can only decay into
an odd number of pilons, while if G=+1, 1t can lead to an
even number of plons.

Finally, the intrinsic angular momentum of &
particle, as well as the intrinsic angular momentum of &
system of particles, 1s denoted by J in slementary particle

physics. For & system of particles, their relative angular
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momentum and their spin orientation are commonly denoted

using the spectroscoplc notation, When considering the

interactions of elementafy particles with a nucleus this

can lead to some confusion, and care must thus be taken.




ADDENDUM

P10l - to obtain the opacity of the nucleus from the known
average pion nucleus cross-seqtion 5;; , the sphere is
replaced by a disk of thickness 4/3 R. This gives the average
thickness of the sphere, and glves a good approximation to

the opacity. The density of nuclear matter is:
(4/3 ﬂrQB)"l

so that the mean free path_X is:
3
L/3 mr

A=

onn

The fraction of pions traversing a tnickness A4/3R = 4/3 A;/Bro

is given by:
W3 e T
R g |
—Al/3 3;; / nr°2
= e

so that the opaclty is:

1/3 — 2
o A o / T

1l ~ m
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Appendix 2 Use of Clebsch-Gordan Coefficients .
e text,that is:

Adopting the same notation as in th

|T=1,Ty= D= &, 11,0=0C, 1,-D=ot", and [0,0=f , th

ol can be decomposed into two & states as follows:

%= 1V Ko + LNZ ook

|
However, if @ state

decomposed into the following two ways:

s are also allowed, then it may also be

o _ o° P
o(°=pok°
To calculate the relative frequency for the o° state to go
to ok oL ,for instance, the product squared is taken: |
[¢ex°| N I, T S LY a2 ARG L
= lo+2pZ [?
=1/2

Similarly:
| (&l k™ DF=1/2
| (x| et® pHZ=1
|<do| (5°<°>|2=1
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sothat the probability for oL° to go to o('o(* is 1/6.

From the relations:
+ + +
A =1A2A" &° + LAZ A"
* p4
oA = L (3
s *
A = (3 X
B =1/Fct* ™ — 143 &° L +1AT o At
pepp

the probabilities for the other modes can be easily cal

cu~-

1atedo
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Appendix S Sample Programme

Following is a copy of the programme (08) for
antiproton annihilation in emulsion; also shown, on the
last page, 1s & sample of the output obtained.

In the coding the conventions used were: all
symbols starting or ending in X,Y,Z2, refer to space posi-
tions or directions; all symbols starting in T,E, Or W refer
to kindtic energy in Mev, momentum in Mev/c and mass in
Mev/cz, respectively; all symbols starting with NUCL refer
to pions 1if their value is negative, neutrons if thelir va-
lue 1s zero and rrotons 1f their value is positive; all
symbols starting with SEC or SIG refer to cross-sections
measured in millibarns; and all symbols ending in CHAR
refer to the charge of the plon.

In the subroutine CMSLOB, symbols starting with
U refer to total eneregy in Mev, and symbols starting wilth

P refer to & component of momentum measured in Mev/ce




GOL*I=0 ¥ LU £E7V0°S
C12'1=1 &% WU ¢700°S
. SNOJJLIUNUD -1VILINL -1 3S sk
tcM*NTIVdL J30LL=NNIVdd 170U°S
(1M¢aIvdl)3UL1=d INVd3 uuu®S
.~3.2_2p~uc»kuz_: 6e00°S
e AEMSNT WA ) 301 IANI WS e o BR0UTS
2H=20CM LeOU®S
Us=dlisl ] 9£00°S
VivVd wUd3 w»2<»w2cu L3S wedrxl) i .
OlletZo3uléonl) Jdvwdid. &1 [ XeTORAN
. dVhH OAT
CNTONUICNTINVGL d IV L NIWL S TNUDL G VENV AV Ve LR CM TMhlDT *e ) uh—cqm UERVIVARN
1% °4VHD *INI%®lavd 30 cz*oz WOONVY®_N 1I0vdx d - 1Wivdx .4 “hlwWwx*3 1. ... —
0% l * N v #SSVR NULd%SSVW N % SSVUW d *s)dVmdid Uc (X VIVAEN
(GC*c) J1luM 2e0°S
(21) _1vmdus o1 1€00°S
|1ammu& (L14T) (v3dx 0 QU°*S
.Axm o.¢u~w.»xm e°Gid)7) ivViwaUd 9 6C¢ul°®>
dv CNVAVVENTNVEL dTINVdL NInL* IN00L (941) Uv3d 84U0°S
SNNLiANG) 611 Lduu®s
: . Naf=Ndl B1I1 G Z00°%S
61148114811 (wNal)dl §200°S
(91%011) ivwidid ¢ LEAVIVAES
Ni¢hdl (¢*1) Gv3u 00l €200°S
Z_av3Id _
' ((xc*e°013)e) Lvwdld 1 FXAVIVAR
eMéZAtIn (T41) uv3d 1¢00°S
w0 CIXT41°94)0) 1vwdud 11 0¢00°s
= — o Ra03S (11410 QY Sa eluu®S
((XT*T°9d)11) 4VWYLD ¢ §100°S
' 11035(e*1) W3y L100°S
((x241°94)L) Lviwdud el 9TUGu"*S
AiNfi_(el®l) Q¥3a Sluucs
) 1 uvdae J
VAV dV3dssxsxs)d
0=39val y10u°S
—— oo et1=0834d . el10ussS__
) eosly1%ce=1d cluu®s
M=G "% (MxM33x3)=(M*3)iuls Tiv0°S
S*x% (Lads®ce3lxl)=(M*1)oULL VARVIVASN
- »uczll:C:itb buulL®S_
Nd VIR VO V13 c0eh ¢ M WUhWUD Buuu >
,ﬂnv‘avz NOISNIWIG FRVIVIVR
(00T*1Z) LIONN® (0CT ¢ ﬂmykzcuaz.mccp L) tian NUISNaWlU Guuu®S
AGILIDE (1T )1l 103> NUEsNgwiQ. Sulu®S .
pﬂa.»¢_k NUISNIwlU 7900 °S
(0c)iSHoNN NulSNanl( EULU®S
X (0c)2dVI* LUCIAdVI) NUISNIWIG FAVIVIVAS
(UC)Xovd4(02)3eulsd? 10C) 38ULS 1whbtm.uzrpm»..ra,uacbmx NGISNAwid T Oudts_
SINVAISNUGY GNV SNUTL uvitd JTHISwHIT oV NUWaU IS SNul SNdn U s %%%D
Nivau J
NOTLVITAWGD (3) Al Nvdld0s DISVu 09e/SO Wul Ly oo J13AGT




¢el 01 UY Lg00°S
*us=rivls lel 9300°S
B4 0 9 SLEOY 9 T 5. .\g|~b S SEUUSS
(cM*35)l0i3=1 8¢ #800°S
SNOle dud NUILJd3=X 41V HIDIVD J )
: yo18921%6¢ (1UON) 31 911 £wO0°S
Nug 100N 30 N3ld-3J
J
T+(ANI*LWIINTIION=(LNI ksbvzwwaz ¢s0U°*S
*l+(°1+dluz)**01=4KI 1800°S
*1+iINlixIc=1N] udud*s
) ‘ MOTTUE U
SNO11IONOD M3IN UNI3 UNV SINIYLS LI 11l 470113vd MU IO k%] .
*9=udlux 6L0U°S
(] uZ)aSXk0s=210A o wiuu®S
Nux*¢-* =310l LLOO®S
Nalf=hdl GLUU®S
(No*Nar*Nd1)INGNYE 11V) GLud°®S
*1=S0d2 U EVIChAN
*U=SUdA gLud®S
‘ - *0=50dX CLV0®S
NOIL1SOd 1JVdWl 12373S w
=X 1200°S
1=1 ¢LO0°®S
dVHI%=dVHII 6900°S
[ == 120N 89uu*S
' COTM=13VM L900°S
eM=CIlM 990U°S
o . LINI3=3 $990°S
= (gM* INLLD30LA=LINIT 7900°S
e~ ?szwa_0u»| iNI1l= IN1l (A JVIVRE
' (CANI)INILA-(I3LND)INTL) #NB3 ﬁkzh_»z_pupwzw» PACTVIV RGN
Nal=Ndl 1990°5
(NS4 N NG 1) NONV Y 11V U900%S
“TYNI%* Uc=1Nl bsUU®S
N3lf=Nal BYUU®S
(NY*NalM*Ngl)NONVYE 1TV La0G*S
. .B=ON 990U°>
J=Wwal 10t $5u0°S
1dviesS D
U=d1%sl B %500°%
(71%s  d9vde*vuell)AViNEUd 70t £GU0°S
30Val (Hue®t) 311 oM Zsuu T
133d9vol=d4uval 1900°S
ﬁ*zcw»;uawa*.UCQw
iteé‘i,zzmebm«u:u % AD9dIN3 % (A3w) ga.whDusvvmcr* ASd3INT  xd0aVrdx AUGINIC B .
*35avRd¥ UN xHLO® HLi/=® U ON = NOgahidlv # NUludd ¥ aVueUl o
Sl % ovduSl xNuld Lhux 10U *zcwa *uNl%x  IONL * »aqa*pzmc.haracu LUt Jsud°®sS
i (eut®e) JLluM cut bruu®S
..... . <gteveflor LOY —al%51)4l eOL __ b%0U°S
: NIYT=1"C% Cd L7005
U= (F*IILOUNN €Y G90u°*S
U=t *lINLLON S7UU°S
u=¢(rC*1) L0l dN ¥900°S




4

SN3I00N 3HL 3GISND 71LS 31 NJ3HI w
18102810235 Udd=Sual S 0 Tl NS
1S1UxdlUA3SUdA=SLAA 7e1U°®S
15 10% 91 0X350dX= woam 1<t e lO®S
NU111SC0d M3N dHL wwqqu vo __J _
........ *0=1510 dlx— ti!aNmchMillln
1cedicet 2ee (1dNiwd-3) 41 Ocx 1ei0°S
12e¢1éef0ce (100N) 4l 0el10°*S
NO31DNN Y0 NOId 2
(NG SOV Yk == iS1d p210°S
NULLVYL3N3d 3HL 31lvINolyd MON ]
ndf=Ndl BZ10°S
(Nd*NIPONGTINGNV G 11v) ¢O1 L210°S
e = =¢VION 9€ . .- 9<¢10°S
Zul ui Go 5210°S
1=¢1JNN 4t %210°S
. B sE£46¢*9¢ (Nd=dwLdd) 3l £cli°s
NG3.LN3IN Vv 30 NOLlUad V_HiIM S1 NOISI1102 41 dhlwddlsd 9! i
Ndl=Nudl ¢¢10°S
(NZNafeNu1)AaNyd 11v) 101 1210°S
{(NS35a)/Sd=duluyd (074 SVRS
(ceeteete’ ﬁuqdeqswpvb\cmwNw*cauNa*amm.~¢nqcmra L 6l116°S
V/INS3Sd)=vWIlS B¢ gl10°S
LI9IS #NV=NS L1T0°S
F191S #dv=5d ¢t 911uU°S
ge Ol U ¢l1ID0°S
FI91S #NV=NS vIlu°sS
| ) 1191S%dV=5d tt et l0°S
o . eEéhretye (1ONN) 4l 2110°S
« 0s146/(0 u»uw*m do3l3uxl 8- c—.qmbnn—¢~MIIEI:E;asy-wchmlill
~ Us13u/ (0SL3d%o *¢¥313d%co *62-£9°*ul)=11915 0110°S
m.&ucv»wmu»um 6010°S
| {(1M=1M3053)/0S3=0S134d 8I10°S
— _ 333=0S3_9Ul L0O10Q°S
i SNO3 1ONN du3 NOLL1J3s—X EICARTERLS] J
ge 0L 09 90lu°®S
FI91S =NV=NS sulu°®s
—_ k1913 %dv=54d.8Bxl yOLusS
vt UL U9 VY VRS
GoR(MI9ISTIIOIS Y *NV=NS i ¢UT0°S
Sex{fluls __;hv,*n<uma Lel 1oiv°*s
gk _ul 0 . buloc
1T9LS xNV=NS bLUU®S
) FID15S%dv=5d 9tl Boud S
gEldLeltyel (avHIl) 4l sl LO6UU®S
: ii{r_»z_gbbuuu‘.ﬂwF7_~__nmu_*» b4/ (Tosxihlv-1))3(1 LNL)11245=1191S 900V °S
1=AINI=INIV YTV IVAGN
*13°8G/1i=Lil ctl oJ0°S
gel udr UY rolu®S
e ‘utmu__upwxvrﬁ-.i!thb@ﬂhm
LT e 1%€el (“Usu-1) 3l ctl lTouuw's
..F:_vﬂwumV|-qu~vﬂ~puu,*..cc\, GoOXANIV=1) )3 (aNLYC1I3>= 101> Uou0®>
L—iinI=iN1V bduw S
*135°0b/1=1Nh1 Otl 550U °S




N 4

WILSAS 6V NI NOILJ3d1CG OGNV AOY3INd 3HL GN1d MON w
191469146214 222mM3d1 0s10°S
(VidL)INIS=01A 6L10°5
(vi31)530=01X gLIV®S
No#los®¢=Vidl LLLu®S
_ Nal=hal __G110°S
ING*NYr* Ny 1) AaNYd V) 9210°S
(1542 )8SXxnwUsS=1S 40 wL10°%
Nux*Z2-*1=154l €i10°S
NuL=NY1 cL10°S
~ (Nz*NYl*NYl)IONY Y 11vd 1L10°S
LeLEEet “xxNux]l lilvdi=IWY¥3d3 ULlu®S
Nal=Nal 6910°S
.zmrzmhuzawutc?ﬁhﬁuuhpitwNpa;;ikmmwthMIllll
NHivd3i= 1 Hivaed ecl L91U°S
7¢l 0L 09 $910°S
i ‘ dMNvda=1ililvad ¢cl 6910°S
. Z204e21%¢21 (¢ 100N} d1 %3910°S
NCG313NN 0N3LsS 30 NU11J3810 UNV A9¥3N3 3HL UNld w
3=13 £910°S
wl@z=14 2910°S
d1UA=1A 191u°®S
_ ©lax=1X U9t0°S
131021=1031 111 6510°S
Naxldx*Z=hIIHd 8S1v°S
] Nal=Nyl LGIU®S
(NG*Nal*N31)JNUNVE T11V)D 961U°S
— Nax*¢-°1=4100 6610°S
N N . _ Nuf=ndl _ 7510°S
~ (NG*WUlr*NY L) 1NV E 11V ¢ | £s10°S
' WD NI S3TONV 1233135 w
aVHII-NN=CTIINN %51 ¢G1u°S
. T 1%=dvHOl g%l 1610°S
LuitLwldeyT (ONY) D 9%1 us10°S
%91 01 OV 6%710°S
. xx!,:,;cWﬁhﬁvwzhww:ltfxamwwbwu
951 01 09 L7iu°S
[-=dVHI1 4%l 9%1u°S
-w¢~.~¢~.w¢~ (9ng)d]l vyl S%10°S
LN (2et9yltyyltce) UL U9 %%i0°S
¢IwWN=NN AT
C1JIN3 BVHI I= NN ¢H1u®S
Ltk " =NI=UNY 171u°®S
L - Nuf=Nal . 0%10°s ~
(Na*Nal®ival)NGinVa 11VI7 ov be10°%
cevectunl (1onN) 31 ¢sl B 10!

SYnudu S9NVHOX3 39¥vH) 31 361030 3

_ T 7T Nuadgnh_du Nold 3

J

SN4TUNKN 30 3ulsSliu 4 T dhalOu UL uo J
eulteslitic VIS RV IVVIVIVIVAR B =) Lelu®s
uch*ucQNwmcr>*uca>wucax“ucaxuc elu®s




(W W

MO0 Ul 3TTHMHLYOM 3uV $31011yva 41 %I3dD J NV ak k&

] SA=ZIIM .9226
(2352ZVZA ZX 15 aZ CIA‘DIX 1od0) aviisa VI $CCU 7S
ZICM=CITM ©¥Z2U°®S
) 2 I1M=GM €<20°S
mMmbywbu>uLkh#w&~wap>bbhkwkmao*imau»vﬁthcosl - 4C20S
_nume.N>.ux.zuw:a.a~co.awpﬁN.~>1~x, gUISWI 11V 1¢¢u°S
(13T2TATIX ‘Twuad34 1S CIACDIX 1500 g1Sagl 11vI 191 02e0°*S
A SNOISIT10D 211Svild 9] i
v b 09 clz2a°eS
Jauls Ui U9 U .
£ 1N N=1J0N g1eu°sS
.Nm.mw.N>.~x.pmuN.o~>.chx.»mmo~ gviiSa 11v) L120°S
Aﬂm.ﬂs.ﬂ>.ﬁxwkuaNch>howx,»uaa~‘mq~+wa;uw¢Ua‘:li.::q[m«ma.n
o , ) ZJCR=C¢IIM $1¢0°S
,Nu.mN.N>.Nx.xu~Ia.cho.~w.-.~>.~x~ goISKI 1V 71¢u°®S
. COCM=1dVHM e1¢0°S
apw.ﬂN.ﬂ>.~x.~zmmuw._nzu’:~>.3~x._nzsy 4iS3de1-11y¥d 2120°S
SNJ3 120N ONIWIJ1NU Jnd 40 NUGILD3wlu OGNV ASadNd 3Rl SAVINJIVI J
cM=¢lcM 2Ll 1120°S
: JANILNDD 691 01¢0°S
.i\tl:ll|NNhnmNpmmwpibmuu:zv 4] 6uCUS
. 0=1021 8020°S
. ) ) ) ¢3dINS1=diNSl L0¢0°S
.m».xﬂa.w.cau.xﬂ.m.om.xmﬁ.N—u*zﬁ.xm.N.ou.x«.mw.x~.¢~.xm.¢1_.k<zmcu 7 9020°S
J0O1¢ 13 M NN LINIL S nVHON T {#4¢) mmwmw TG G020°S
dinog J
¢ (13¢TZ* TA*IX*LSUZ*OIACOIX LSa0) uVIZY 1V 4020°S
o~ *0=CICM EUCuS
~ o _4M=2J1M 20duS
4 (TG 16SXKOS/ (T3x1wdd-WlddN)=49M Tudu*sS
wilad/13=1TW08 QUCU°S
'  (221M*13)dus 1S>3cIer=iladl) 6610°S
wvg0Sl dHL H0 AL1JJ3EA Shi ONV SSY Ak ALY 1Y) 2 .
] ) ) C=CIONN=UNN= 1JNN golUu®S
.ﬂu.ﬂk.~>.ﬁx.Hzmwum.pmou.o»>.cwx.kw 0) 94Sd¥ds1 1V 891 L610°S
1=¢ 100N 99l 9619°S
!&;ziiliz;tz\:iwma:c»ucpzai\itzizrowﬁcrill
. . ‘ 0=2 100N 991 %o10°S
ONNS (e 14991499146914¢91) 0L U el £6l0°S
¢TAN=UNN 291 ¢6l10°S
el 0L LY 1619°5
eSnN=0NN 91 UET0®S
. ¥91%%91%e91l (vv/dv-NY) 3l bdlo*s
NUGL(3N V ¥0 NGiU¥d Vv S1 37011dvd oy ini 341 Iwlwedl3d 4]
- e ‘ “hNuf=ENdl o BBLUTS
(NG Wal s NBLINUNV Y 11V) 91 Ld10°S
G34dUStEV NUld ) ‘
Nd¥ld»*¢=hJlHd 9810°8S
. Ndf=Ndl Gulu's
(NY Nar*waItihva 11V 7el0®S
Nox*¢—=°1=4100 gkolu®s
 haf=Ndl o ¢ulu®s
(NGsNal*nNsl)ituvvs 11vd  uel 1uld°*S




-
o
-3
U!
C
<
<
>
-
=
<
Q i
W ;
b4
<
I
—
o
L
—
<< .
(V8] ;
O. i
& |
c |
]
{
> i
&' H
<t :
c i
< o]
c [ o o
o i [ ey
wc Lo o
Vi T < INe
[ 3 i » g gt .0
c.C g N - [o¥1 o
— ! -_—C 0 ("N
> - ' ——— —
[ & : - — ‘rs
oCO ZwC o ot
U e OO i
L—e < < «alz
QA CC Q —~~C (T <ir
uw JJu e~ =IO
—C N O i
e s Ll
Y2 W Z E O N
C=C o=k 2Zuid
W « < D
Iuooamuuccauu
LJ""\-L-ULLM'—"—%LUL i) el e
|
Q. 0 CCee— NN
(SR ¥ T gl JNE_E ol (o
- ’-"—‘F" F i o]
1
C } g
s i
‘ !

& O1C — N U O
S a2V [xalask atT T4 NN
NNN&NNR&NNNR
ccdoccooc ca
..IO0.0.00.'
VIV UV NV DOV,

i

0) *1,31,30

THF SFCONDARY
X2

CHECK 1F WITHIN DIMENSION
FUI-2

STORE

25 1

cew Lo

r229

€7

ammvbm
>~ CoOC
pwHocoal
- Aﬂ)()-N——
o =ttt ) —
va—w-—-“r'-“w
TR TS T g L]
Vil o o s
clcoocx>nNnadw
CHir-r~aan o™
ZUNNVTAID |
gQX>-~NuwLoovoOZr

-
-

—
(2

C— 0N \‘TL"()N@
Q’\f\f\f\'}"*”\"\f\f
NN(\(NNNNNN
clcococcocc
oo @ ¢ 20 0 00
(Ve Vot ValValVe) Vel Vol Vol g

T,27

2741C0441C4
7647

INCIDENT PARTICLE

CLENN

NUCL)

EVINY

105

XDIR=XT

YN TR =Y

NU
{
El

FOLLOW
F

GO TN

ION OR
27

S.0249

IniR=71
NLLOYW

n 10O F

N O
TaY T o
SU VN
Sl ele]

[ N

Tl 1%}

W NEXT PARTICLE

n FOLLC

=
outY ROUTINF

11

coT1n

Cexx£0UTPUT AN

C G

S.02Z57

ETOTIL
TFINST

—_—

Toltel
o
ol
° 0
2172

T
T
TP U
15 I
16
‘”"”—_“-—‘TFTTfF
141

1
1
TIIMT,INT)+1

NPINU

Oy

F

1+
G243

g

v

(TMT, INT)

f
{
F
MTTTKY
GO TO 139

NP IDUT




- 124 =
sl g |
1 L
Z
, ao o
L I [ ]
C Q
-
-
oo c
e -
cC O =
| [ ()
l w
| &~ >
: * e —
: cC.o -
i ! -
‘ 7]
- [ o]
< e o
. LI )
C 28] [av) o o
u: < < L
- . [« 4
[a g ] (o 0 [ [ 2 (Ve
(& —C —0 wv co -
C. C—, [ S - ] —
c < N g c = v, 2
— C - - - - — = =
+ C o+ oo C: on) ~ & -
P [— — e — | o Pt | s @ ]
- o+ cc' + Cuw + w (Ve (ole) -
Z e~ b P > e« - w Poomi ] w
L= LT k- - b - - . >
L4 c - < e = -l o
- — — 0 — = — (3] o o,
= [ e o Coe ! - o7 ; (&) () <t
_— > - T - < cc |
1 ®>< o > - ey b > ) w
| ] 4 et — o — v zl
D o~ Cor - G -~ w < - =
cC =z [ s OF--' C o .- o o ; =i r~C N )
b— —em T e NN DD (] ‘ i —iC o o s~
e - -0 ST » e 4O - ; u o * i OC Qt:
=z o ZOM ~Z ZOC - ; z C T+ .
no< ! —un e (= BTV 34 o | — -8 -
—~ i W eC =l W el e <o | - I C > =2
= o~ X skl X o4 - QO & mm—e— - = C [N Q «
< e e O oty b o C ¥X¥ b4 C o~ - o =,
— Z W L ] e T W] D s seem o o0 - - -~ - —D
s = L qemZCr U emZCwa| = e~LULUNXXXxk ; o —C ) e~ e
= -~ — e LY S G Simipay w] S C MO O N — I -t N ~T T -
ZO0F YO e1lCUFC oTCU~kY F-CoCxD>NIT N O} Z ee X T Nk eOF O
—ETUV O | F#S O F #3530 Wm0 a0C L 30 CMe W P e Co & oMLl )l
et T e (T e 773 0t (N T 3 O]l ey YUV NN (:D(\'q—l Clomt| bt ‘-—: bt B b e (e | 8
L }—v—-ﬂg.-l ot C o KD C >N T - oz +EFco -~
:CzhcouquO~P£WG&J#FQHXWPM""N"""“"WJO el gkdad U UaC—
Che=k eSS Il I DI R I S U X SN WO WX S X -z
K eIy g e O e OYCW UG CC Ol Y o INZ oY o0 —
CCAaCVCoOCUZS ZCrou sz Tu npeccapaD-k) O Wy, ORCCC—~Ol xrorC
zuzq~c3u~»~203u~_~z~~U~w5>NxvNzxkxow XFUCODULU o o) T30
| : b —~ a L
N O O e cw & c no co oFafN
¢ S o Comd o C C‘NI ) AR lal el v b «
— S — o g - o Lo C +
i : j
: : (&) | (SR STS) L O
} i 1
i | | | !
| ! L
T CmNEGU O~ DO AT OND O ONMSInO~obo  — el o e O
NN o o o T S N - o a1 - - 1o & -SRI oY oM o s o <Y o 2 o sl ead ol o Y o o SRR &b oc| © cpc £ C ot
CRAAANNANNCNANANANAA NN AN NARNNNM e 0 mfen fr e e
SLAR S el Y o i oY A Sy HET N af ST=T A K COECCC'OCGDO o oc|l © co Cccoo
'OOOVOOOO‘..O......O..'. o 6l 9 & ¢ 8]0 0 0 o/0 ¢ [ ] L N ] L] o|® O s & ¢ 0
vvmwmmwmvvwmmmvmmmmvm I T P VL L R T Y AR Y, B VoY Vol Vg vIvnw
i ; l ‘
! : i ‘
| i i | l




 C

N~

S
= =

CuvCivvido oo oo
CoHZCZzZ—X3 33

K JTaRVel o
PEEIFRET N SN[ oW M oM

—i

[ 2l o

[Slalal &
e o o q
wviv.wnvi

1

oC &
w & IO\~
—z3 ~0
W o et [aalaaiE g
—{ o L e (o o e €O

TR T [ TR TR TR T

DITIN(T,J)

A DIST.NEGATIVE(UNITS) AND NEUTRAL(THOUSA

No
Ise

HT,J)

W T+
PTIN
45 ‘,+7

i
- o~ -~ :
aNﬁ
Na g

&.4

o

ot 2 U ot

15 % =

(S T e i et s e

o

o~ i
[Tal ¥ o

~
X RS 5

1

1NUTPUT PION E-

-X
o

- — #C
Wl e ™ 4
T emnESTHE
—a vt O Z

un

COOmIN T

{er e e ener en e
ccoccicocc
o ¢ o g ¢ o o ¢
VNNV VI

o CCCVEWY
ILZOZ2CDI
-
T gt
lr.
!
O ©OC —0\
[V 2N OO0
ier e
cc ccoccC
L .. o & o @
vV VYV

|
|

R5 =

-
v
[ ]
o
<

f
8]
—

.

.
(%
Q
<
<3
(72}
>
(ws)
I
-
-4
o«

o
o

-
-
tu
pd

[ ]
=
=
v
<
o
-
o
= ¢
o}
-

-3
p
v
<
»
—
(&) [}
o =
- <1
° o=t
L1 -~
Pt (%2
- [ aad
-~
et
o o\
- e
[ et
= | o L
[ :O—d
[l v
DA o~
c= Q- =
— Pl
O~ -~
g g «C
+P—G)§ bl Vol e
ﬂ:¢‘ wz| o
— - =)
~E¢\ 5
~Fad~ —~—~ O
NC < "(\J oC O\~ =l
o) & OC et oG T
— S \'f" «C: = o &0
T et sl el ok 25U
L e SNRURINN] VEL -8
NEZ b E
(o DD e it bt et e P X,
vl oo oy U
CZZz—IXXEIFTL
|
3 & ¢ ™~
TN
YO~ Cr—NN
;f“ff,(f~f“nff1ff‘~m\1 RS ¥
t‘"("\("‘l"'~:\""f"vﬂ'\f°mm
coclceoccooco
o 00 ot; e 0o 0l 0 8
U,V)Wm‘ 1NNV

(=

- O
N —C
- - o—t
C G |
oltt 4 N C
("'*"""“')"‘

AR *Lag
Sl
PO ee o0 0
oo
e e oo
TalV17eL7g)

$.0343

{TY+NNDUTI(T )

M+NNDUTHLT o J)

-
o~

SOMm

—

sofonl il )
SEAAN
e o0 000
eleldle]
e & ¢ O
NN

14,20) ¢ NSUM

(NNOUT(T,J) 1

)
18) JEN,

Y 4G, 66,49
ey 6721

O ST U
Vo Tl Vel T g
O EO OO0
alalelo
o o 0 O
VorVelValVel

(NSOMTI T .1

1,21

G

[yalsp}
o

e
(ValVe}

o O
f OO
PO 00
boc
e 0 0
N

LA X+) 8 ¥4

PRUGKAM

END OF COMPILATION

Jou0LS

COMMeN

Uy

R A4S

MAIN




gy 11Sy  NOILVI1dwUD 30 UN3

¢590UGL  nwVadlud 91ouul  Nown03J 30 3215

Jind 910U°S
e za:»uanai|s:|zll;m~cpwulila‘

AxUIX3IW0D%0IA=A 210U°S

AxOLA=-n0D 01X =X ¢£100°5

(%03 X%cl=L c100°sS

Zxc 1=Xx0=hWUI 1100°%S

ANTrOS #4=L 01u0°®S

ANIWIOS %A=A 6000°S

CANIWHS #X=X 8000°S

WS/ T=ANIWAS L000°S

3xWNS =3 90U0°S

(Z4ASX ) gOSWINS=RI S0UU°S

Kb Lo

3 S = °S

e . GYUS M TR Nuwk0) ¢0v0
(34ZSASX4CZPO1ACOIX*0) @VILSa INELAUYENS 1000°S

NOILVIlaWuD (3) Al NvY¥lidUd 2ISVE 092/50 wWdl

191201 013A31

¥1S¥81 NOliv1ildh03) 40 ONJ

96L00UC Wvadldd 910000  NOWKOD 30 3ZI5

'
Ne) _ON3 £100°S
X NdhL3d 9100°S
ANLSxdl=1 G1u0°S
[ ANIS%HdA=A 2100°>
ANISxdX=X e100°S
] WS/ T=ANTS ¢Tuu®s
IxhNS=3 110u°S
{GZ*dA*dX ) eOSKNS=WOS 010G°S
CZSASXS3 M3N 3AVINOIVI__ D e
(F/NEVIIg=dX ) VWAV I=dX 6ULL*S
VIN=WOW NO NGI1LVmdU3SNvad JIL1SIATLVIZE U 3 o

] (IM¢5)u0SLSS=0 BUUJ®S
(vi3y)gSXnwuS/ 1=vinnVy LUUu®S
(¢H¥S3) euS1SS753=Vi3d ] Goui"sS

I OGNV VWkVO* V138 SINVAISNUD D1iSIALLIViad UNLJ J

ViNawdih Jhi uNid J
B  (A®UIABXzQIX)s21-1%0=dl ~ 2000°S
XzUIA=A% 01 X=dA AVIVIVAR
N*an.>mch>Mx«o_x.*ouax AVIVICASN

NU1i0n 30U NOTILJ3d10 OaNI SIXV jilviuy w
T ‘ VRRVO VIido  Ch* TR NOWn 0D 2000°S
(34ZCASX*S34CZ LAY OIN'0) da uomd INLLiludElnsS 1uub*s

NOILV1I1daUD (3) AL NVBLdO3 D1ISVE 09¢/SU Wul

Ly 1301 0713A37




(F) COMPILATION

Iv

BASIC FORTRAN

IBM 0S/360

1NCTA7

LEVFL O

o e T L — ot gt o ot 0ot ] gt e gt et et ltotot b=t i
.C-JE-E:: ; ; -o-t Eo o gl el ol [t et gt el poad ot gt ot gt gt - -0—-u:
- CC cCcrocoor cC©o > C - 1 <
cdecc | O (& < OC copoocpr ©Oo :68 o 88@
[an [ @il o C:‘ [ C ol ele oopooCp OO ~C O € CcCo
S;ss‘ (}.; ; gg g gg gg OO O CQ & aco
= 2 X A IEITPE T . ¥
IIJ% T T F I3 FIEERIE IE g:i £ i
— Z '
oty (o)
X |-
Twg v ,
Cr -
[ [t Talbg S 8 | .
e TS W R P .
al v O
uw <
e N W
[&a 0] W8 thd
ol C i
w we
s [ a0 R TS
ulZ - g W
-~ | o
N W
U s> - X
eyl < L
ootior e
~NO W T e (W - of
suiZow | I Z
oaTU O |- o
>+ O i
e g Z [T
culzar- - -4
>< UL =
e C <t U !
T AT | C
(St [ . R o & (&
— 3 —
T ade— W - o
cag vCOC o Ly
oL 12U «1 - —~ )
o w2 o w | 8> >
-CI>0 T <1 -1 [TH
C e 22U << ca il
C T a1 b-2 53 ~~ -
wull Tu o, ; u o >0 > D (=%
sz CCa *u - 1 oZ| vl * N (
~NCG DO (e — # - = NN N o
—LCCow FiaaN 3 Ce=— C¥ 3t 3 - -3
Uiy «F LVECO A B A | A ) NN N (&)
LT C *Z <l X3 COUFIFON wuw -~ - =
X Z O F—'CZ’H\ 3] Vi Cwede & o« < ~ - 3
-~ - aeZ M*u.rw TP NIy I > aca =] N =
vVigr Oy < gL e JUXFEOTOL « w | - < ()
L D> =5 el Lenidt wer~a%<x > x > - <
C aaCNC~Ca.nNe am— ZICV& - & ¥ % C o. N -
Sl WU N VIR S N L.‘EC’*'—(ﬁﬁuau. C >3t .- L L
V<ot CcRXpooad = e w v Claa o x - o«
S FZIWATEITOAMC U UL —U e eaga a -~ LI et
uHucw'I?wawv'_ —Tig Nk Tk Preo QR - - %
et asd SEERN oW o) '.aU'((tQ"‘u T EIo>NEEa (im0 o N <l p-
LT VU W=~ CO3I— O s Ca>l Cod X oelwy o~ (@] e X E>NO ol
Z2a.Z w~w~\-wvm|~~yuyazdz<: <= MV N ooouu< oct
WGCVC’FUUPQPFNU?~PQ|ufﬂzu yep o~ kS O vrvnpaease— vVl
e e @l e SollcjinoCCad O 5 S L > p O ~ropnalioo<cihaxoo b
Zvik wgav2zwmv~~3w_x>uauu< m~uu& «ay v g\\\alnw NSNS
C LIoo“hpqmnuzunw,#d>uan Gl <t DeddMWC‘X>NJ""":mX>
LI L dLv<<m~m»-mmu<ru~zx —o ok lopocw-po SNXEG.O00. 0 —r
Cre S, o V5 T EXFTE ogULCU IOV I (TR Rl munnbuuu Wonon <
:r~IIc<anuuuuuuucpaodgdounux>ch>Nmuc~~~~2<<d:&NN\""
Uhcxkuu“mwabzhbzaua akazwamaaac&anawwmx>~aaaawwx>\wx
} [ ‘(\; (Al -0 - [} PN [\l
| i v ap o (3\] s} (o) o oM (o)
i i !
ureo o | & O -
)
5 ! :
| ! :
- N O T OCHN TINO]  CO O N T O OO T oMo C N
C ‘ Ci CLCICCOC rmimirmt iemrted st 9 OO TN TN SR PN N o N ea, OEOMEO TG T & TS
c c cccococcococco scoc © clcoocoocecocpooconcoo ococccaocceco
[ C. CcoQcCcccocCt oo © O cChbocopocopcOc| cookbccapoc
.l L} ..0....:... e & & 2 L ] .....C...Q.OOOQ.Q .....0.‘..
v o i mmmummv}mmm NV U RNV IV YT LY Y VoYXV A VLI Vol Vol VelVg




—Y

dOSWNS  NO1iv1idaw03d 40 UN3
95000 zmmummmS}ldqmodﬂiiamxmmutua!MMHWiili:K T -
N3 huou'S
Nul3d tuu0°S
w.**hnunw>*>wxuxvanWz:w Nccc.m
{ZCA*X )dOSKWAS NOI41ONNG 1ud0*S
NOILVIIaWOD (3) Al NVY¥L3U4 JISVH 09€/SO Wl SREVER
GSXKO0S  NOT1IVIIdw09 30 Oz
99 €000 WVd9Udd 000000 NUWWOD 40 3215
and GI90°S
NufiLlsd gU00°S
wLS= 95 XwOS %G30°S
G xx{xeX-10tul®U)=nusS LQOV°*S
WUS WulSlJzdd J1diiud [Z DI
(X)8SXWUS NOLILONNI 1ouu°®sS
NOILVTIdn0D (3) Al NVELY¥Od JISV8 u9e/SU wdl 191301 013A31
(]
© NoNVd NO11v1i1ah03J 40 ON3
m OUS000 wVEI0Uad  U0UUUG  WOnwJdJ J0 3715
4 L9OMiONVY UN3 BuU0O®S
9H0NGNY Y . Wuhiiad LovL®S
S7ONGNV Y B 6=S3ETI9959% "% 13A=1dA CEINTVIVARN
y9UNGNV Y ' Al=13A v 5039°S
£20NGNV U 1929989749 123A1=A1 & ENNNALS
Yy unNUhv Y 994G (Al)al [ RVIVIVR N
T2UlONVE RTEYELIELS! ¢coo0°S T
u7ONANYVY (M3ACAISX1)NUNVE aNIINGuaNs luuu®S
NOTAVIEdnGd (3) Al NVd1d0d 21Svd 09e/50 rul 4912301 vlaAdl
SO ISWY TRNUTIVIIdw0D 30 GNI T T T
96100 WVYLUYG #¢0000  NuwwUJ dU 3218
TR — TuNd BT IVIVRES
110G0unH NYlLad L70u°S
VEY. 990C°S
1A=A Yy7UJ*S




®
DAL AL AL

hNOTivildwdd (3)

Y6eL°0 0°0 0 gi1°Lel v gloeel U 1y _
269x U Vs S  hseel. U . BGeBD U Ve
1601°0  0689°0 0 0s°251 |
BoY¢°L-  dos80~ U L¢°901
ceBltu 21s0°0 £ 99 L] -
1 6¢°0<2¢ Lv*ledl I = Uiyl G bt
2L01°0~ %2L6°0 < 9L°C1
_60x9$°0 B9YS °y U Lu°11
SulLtU- 9olu°0- U ¥0°¢edll
OLLL°0- 8812°0 1 Leoe
690l °U~ £E90c *u- 0 Lé*ey
LolisU=_ 691%°0 g 6S°t .
S 96l ce®icll T %= 98°Lld ¢} 8¢
] .
o *0 0°0 0 0s°Le 0 ds°Le G Le
) 0°0 0 UG TIE U J5°T1¢ 0 9t
1 °0 0°0 0 69°6¢ J 69 °6¢ U Se
ll86°U VAV 0 T4 0 78°¢S 0 174
L1190~ 1.%¥0°0~ € 99°9
I1%61°0 £914%°0- S 61°9
1095°0 9lsl U 1 05*9¢< 0 ol *%et V] tE
0s6Y% 0~ 090%°0- 1 lE*o8
L1997 °0 - 0965 °0 5 (%°8
rtuc U t5 &L "0~ < 1A%
$696°C %$91°0 1 el°6 .
€G1L°0 LCEU0~- 0 (Va3
%¢S1°0 gleou- 4 cg*%e i
UIGU 0= 8599970 g LI9L9T _ ) ]
S i L6 98¢t ce*0s 1l 0 % 17ty 0 43
£865°C (Y U CL°9yl 0 52991 0 e
#NCI 103 0i0%° W6J% A9Y3N3 % AYa3N3 % (Ada) Jd s(AIW)SSVhy AOYSNI  #3VaVnJ%k AQY3Nd #30uvHIx ON %
i0N0 # ON * hUdLNIN % NO1Uod * wvdE0Sl ==  dvsdS1l xNUld 1nux" Ly NUld *JnIzx  Ohl %°ldvd#
u0S1SS NOILVIIdWUD 30 ON3
camccn;lzﬂmwGMM!s:dduoddi:zosxouzmo_MNHerff‘t<s|
UN3 yU00°S
Noliiad ' u0C*s
G R (AZAIX¥X J=30S1SS ¢vdavs -
(A*X)a0S515S Nulauniid Tuvd*sS

Al Nvdld(Ua DISvu 09&/SU Wdl L9120l 013A31




- 130 =-

Appendix 4 Kinematics

In this appendix, the explicit rotation and rela-
tivistic transformation matrices used in the subroutines
LBRSTB, CMSLOB and RSTLAB are described. With the help of
these subroutines the final momenta of two particles invol-
ved in a collision may be calculated.

The first subroutine, IBRSTB, transforms the in-
cident particle to the rest frame of the tarpget nucleon.
This is accomplished by a rotation of the laboratory f rame
so that the target particle moves along the x-axis, followed
by a relativistic transformation. Flgure 37 shows the di-
rection of the target nucleon in the laboratory frame, before
and after the rotation.

The total rotatlion (R1) consists of a rotation
about the z-axls through an angle 4, followed by & rotation
about the new y-axis through an angle (7C/2 - ©). The two

rotations are:

sin@ O cos@ cosg sing O
R. = O 1 O -sing cosg O

-cos®@ O sin@ ¢ 0 1
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sin® cosd 8ind sing cosO
Ry = -ging. cosgd 0

-c0s0 cosg -cosO singd sin®

The quantities sin®, cos®, singd and cosg are ob-
tained from the maln programme. This rotation is only ap-

plied to the momen tum ﬁi,

le

P. =

1 pyll/
P
21

of the incident particle, since the struck particle will Dbe

along the x-axls.
This rqtation is followed by a relativistic trans-
formation to the rest frame of the struck nucleon. The

b
tpansformation 1is applied to the momentum four-vector Pl’

le
a— pyl
p
Z1
ivu
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where U3 , given by* :

('15'12 + Mlz) 1/2

Uy

1s the total energy of the particle, and Ml,-is the rest masse.

The veloclty, @ l’J of the moving frame 1s the ve-

locity of the struck particle, given by:

- | e
€, *© -
(P22 + Mp2) 1/2

where ?2 and Mo are the momentum and mass of the struck par-

ticle. Also required 1s ¥y, given by:

1l

6T .
| 1- B2 1/2

Then the transformation (Tl) 1s given by:

%*Units, such that the velocity of 1ight equals unity (¢ = 1),
were used throughout the programme.
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0
% ° 12‘1(2‘1
7 = o 1 0 0
0 0 1 0
'1K1@1 0 0 b}

This transformation is again only applied to the incident
particle, since the struck particle will be at rest.

The two transformations may be combined, but in
computing it 1s more efficient to do them individuallye.

At the end of subroutine LBRSTB, the incident par-
ticle will have been transformed to the appropriaﬁe rest
frame of the struck nucleon. Thils information islsupplied
to the next suﬁroutins CMSLOB, which transforms both partl-
cles to their centre of mass, determines thelr new direction
and momentum in the cenire of mass after the collision and
then transforms them back to the original rest frame of the
struck nucleon.

First a rotation 1s again performed. This time the
frame is rotated so that the incident particle moves along
the x-axis. The rotation is identical o Ry, except that now
the values of cos®9, sino, cosg and singd are calculated from
the direction coslines (x,y,z) of the incident particle in

the rest frame of the struck nucleon. The expressions are:
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cose = 2z

stne = (1-32)1/2 ., (x24y2)2/2 - o
cosg = x/Q

sind = y/Q

so that the rotation¥ R2 is:

X y z
Ry =| -¥v/Q x/Q 0
-2x/Q -2y/Q Q

The rotation is not actually appllied to either particle, -
since 1t 1s knbwn that the incident particle will be moving

*Tf the particle is moving along the z-axis, Q will be zero,
so that x/Q and y/Q are indeterminate. In that case, £ 1s
chosen to be zero, and thus x/Q = 1 and y/Q = O giving the
transformation:
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along the x-axis, while the struck particle 1is stationary.
However, R2 will be used later , to obtain the inverse
transformation, Rz"l.

Next a relativistic transformation is performed

to the centre of mass frame of the two particles. If

Uy o= (-I_’.'z + M2)1/2
1 1

1s the total energy of the incident particles in the rest
—

frame of the struck particle,where Pi and M. are its momentum

1

and mass, and 1f Mg 1s the mass of the struck particle, then

the veloclity of the centre of mass, @2 , 1s givén by:
l Py |

1
Ul+ M2

B =

1

(1 -'@2

and b’ o

21/2

—

In the centre of mass, the momenta, P*, are squal but opposite,

and are given by:

EA NN S0
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since the velocity of the struck particle in the centre of
mass 1s pz. (This osn also be obtained by using a trans-
formation similar to Ty, where @2 and b’z have been sub-
stituded for ‘31 ahd 51’, and applying this transformation,
(T,), to the momentum four-vectors of elther of the parti-
cles).

The total energy, U* , 1n the contre of mass

system 1s glven by:
-2 2 2 — 2 2
v = (P77 4+ My )1/ + (p@:z + M )1/

and this quantity must be conserved.

Since both particles are now in the centre of mass
and moving along the x-axis, the collision can proceed. The
programme determines the new directions in the centre of
mass and the new momenta are calculated. If the masses do
not change , the momentum before and after will be the same;

however, if the masses after are different, and given by M3

—
and M, and the momentum 18 Pz , then:

T P LA u, %)/

so that:




- 138 -

2 2 _y.2 2 2
+ M5 - Mg 1/

—— U
| |

2U*

In our case, the masses are often equal, so that:
—_— " 2
| pPx \ = U M 2 1/2
A —— -
2 4 -

This portion, which essentially describes the collision, may
be represented by a transformation C. This transformation
rotates and transforms the momenta of the particles; all
other transformations rotate and transform the frame of ref-
erence.

The noew momentum four-vectors are transformed back

to the original rest frame of the struck nucleon by Tz'l
given by:
-1
X 2 ° ° fgzx'z
21 0 1 0] 0
T, = =
2 0 0

L

o
& ¢
o

and rotated back, using Rz'lz
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x -y /Q -z2x/Q
R™H = y x/Q -zy/Q
0 Q

)

These transformations are applied to both outcoming particles,
and when completed the data i1s passed on to the subroutine
RSTLAB.

The subroutine RSTLAB transforms both particles
back to the original laboratory frame. This is accomplished

by the inverse transformation Tl'lz

5 © 0 -1B,%,
0 1 0 ’ 0
p -1 =
1 0 0 1 o]
1 o]
. ¥, 0 ¥,

and the 1inverse rotation Rl-lt

3in@® cosg -sing -cos® cosg
Rl-l = 31in® sing cosg -cos® sing |

cos® 0 sin@

These transformations are again applled to both particles.
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The resultant momenta and directions are made available to the

main prorramme.

In surmary, the following transformations are_ applied

{axplicitly or fmplicitly):

-1 g -1 g =1 q -1
RyTE Ty Th Ry TRTT OT R Ti

That is, first Rl’then Tl’ etce.

This method differs from that of Werbrouck (28);

however, both methods require the same number of transformations

to be applied explicitly.



11~

12~

13-
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15=-
16~
17~
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