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PREFACE 

The material presented i n t h i s thesis concerns 
an examination of the interactions of ir~-mesons of 88 Me7 
ki n e t i c energy with the nuclei of the various elements 
which constitute I l f o r d G5 emulsion. The experiment i s 
the f i r s t of a series of four i n which i t i s planned to 
examine the in t e r a c t i o n characteristics of rr'-mesons i n 
the energy range (100-800) Me7. Some oftthe results 
presented here have already been published. (Allen et al,1959) 

I n the ficllowing pages, an'j. outline of the main 
features of -rr-meson interactions with free nucleons i s given 
f i r s t as being pertinent to the discussion which follows 
of meson interactions with complex nuclei. A considera-
tioiDi i s then made of previous work and the need for further 
c l a r i f i c a t i o n . The o p t i c a l model of the nucleus i s dealt 
with i n some d e t a i l as w e l l as some relevant aspects of 
emulsion technique. There follow d e t a i l s of the experi­
mental procedure, end the presentation and discussion of 
the r e s u l t s . 
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CHAPTER 1 

THE INTERACTING PROPERTIES OF TT-MESONS 

1.1 Introduction. 

The study of the interactions of ir-mesons with 
atomic nuclei has become one of the accepted means of 
elucidation of details of nuclear composition. I n i t s 
peculiar r o l e as the quantum of the nuclear f i e l d , the 
TT-mesoi^as retained i t s fundamental importance despite 
the growing body of information which accumulates around 
the other 'fundamental' p a r t i c l e s . Meson f i e l d theory 
depends f o r i t s v e r i f i c a t i o n on knowledge gained i n 
studying the strong interactions of -rr-mesons and nucleons 
wi t h both free nucleons and atomic nuclei. While i t 
remains as yet not possible to give an exact formulation 
f o r the meson f i e l d , the most important theoretical work 
has been concerned vrith the meson-nucleon interaction as 
t h i s would appear to afford the most simple and rewarding 
approach to the problem. 

Since i t i s with -rr-meson interactions that t h i s 
thesis i s concerned, a broad outline of t h e i r essential 
features as Imown at present w i l l be given. 

1.2. The scattering of TT-mesons by nucleons. 

The a v a i l a b i l i t y of Tf-mesons of both signs and 
of a wide range of enejgijpifip^s made possible large numbers 
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of experiments on the scattering of TT-mesons by hydrogen, 
which involves the meson-nucleon in t e r a c t i o n i n i t s simplest 
form. The v a r i a t i o n with meson energy i n the range (0-4500) 
Mev of the t o i i a l cross-sections q;;^andc^ are shown i n f i g 1. 
The data f o r t h i s f i g u r e are from Yuan (1956), with additions 
from Burrowes et a l (1959). On the basis of charge indepen­
dence (conservation of isotopic spin) a satisfactory qual­
i t a t i v e , and i n part quantitative, account of the observed 
magnitudes of the cross-sections has been given, (see Bethe 
and de Hofflaan, (1956);Lindenbaum (1957).). 

The most probable interactions below 800 MeV and 

neglecting r a d i a t i v e capture, are:-
TT* ^ f • » rr^ f> 

TT" -f p ^ tT'' p 

•JT' -p -—9 Tf* -r Y\ 

of Which the f i r s t two represent e l a s t i c scattering and the 
analysis 

t h i r d charge exchange scattering. Isotopic spin^shows 
that the f i r s t e n t a i l s . a pure T » i spin state while the 
second and t h i r d are complementary mixtures of the i and 1 
states. From the maxima i n the curves at about 200 MeV 
the existence i s inf e r r e d of an excited nucleonic state; 
the apparent resonance i s i n a state of isotopic spin \. 
and angular momentum i . The magnitudes of these maxima 
i n the cross-sections are accounted f o r by the K resonance. 
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Fig.1. The variation of the total cross-sections for interaction 

of 11*-mesons in hydrogen. 
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the r a t i o of theTr"*to the TT" cross-sections, 3 to 1, being 
equal to the proportion of the T«| state which contributes 
to the IT'cross-section. (At t h i s energy the contribution 
fromT»i i s ne g l i g i b l e ) . 

Other less s t r i k i n g maxima are apparent i n the curves 
at higher energies; that at about 900 MeT f o r their'-pcross-
section has been shown to be a double peak (Burrowes et a l , 
1959),and both are interpreted as resonances i n a T>i state. 
The magnitude of the resonant cross-sections are found by 
subtraction of the T-.t contribution obtained from the TT* 
cross-section. The peak Q.t about 1300 Me¥ i n the IT* curve 
i s s i m i l a r l y thought to be due to a second T;i resonance. 
Exact interpretations at these high energies are compli­
cated by the increesing number of possible angular 
momentum states, and other explanations,for example, i n 
terms of a meson-meson resonance i n a T» 0 state, have 
been put forward. 

1.3 TT-Meson Interactions with Complex Nuclei 
1.31. General Considerations 
I t i s convenient to divide the interactions of 

mesons with nuclei i n t o two broad classes; e l a s t i c , i n 
which there i s very l i t t l e energy transfer and the nucleus 
i s unaffected by the c o l l i s i o n , and i n e l a s t i c , where greater 
amounts of energy transfer are involved and the nucleus 
becomes excited. The f i r s t type r e s u l t from a deflection 
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r e s u l t of c o l l i s i o n s between the incident p a r t i c l e and 
the nucleon may be the production of one or more -rr-mesons. 
Evidence f o r the correctness of t h i s cascade mechanism has 
come from experimental work on the interactions of mesons 
wit h nuclei. 

1.32 I n e l a s t i c Scattering 

TT-meson interactions with increasingly complex 
nuclei would be expected to show successively larger de­
partures from the simple form of the meso^jbucleon cross-
sections already described. I n the simplest case i t 
i s found that the t o t a l cross-section f o r ir-mesons on 
deuteriumGir^^can be represented by the . sum of c;;:̂  and ĉ ,̂, 
(the l a t t e r i s equal to cg:̂  by charge symmetry) with the 
inclusion of a small correction term to account f o r i n t e r ­
ference effects (Ashkin et al,1954; Cool et al,1956). 
Support f o r the p r i n c i p l e of charge symmetry i s given by 
the apparent equality of ̂ ^ytith c^^. For elements 
between beryllium and oxygen the resemblance persists 
with the curve corresponding to f i g . 1. becoming f l a t t e r 
and broader i n the resonance region (Ignatenko,1956). 
This i s i n part due to the Fermi motion of the nucleons, 
which leads to a Doppler broadening e f f e c t . The incident 
meson may also suffer a preliminary scattering on one or 
more i n d i v i d u a l nucleons, losing energy i n the process, and 
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i t w i l l then interact with the cross-section appropriate 
to i t s new energy; the effect of t h i s i s to smooth out 
the energy variations of the t o t a l cross-section. 

Further evidence f o r the interaction of the meson 
wit h the i n d i v i d u a l muoilaons of the nucleus i s obtained from 
the study of the energy and angular d i s t r i b u t i o n s of TT-mesons 
scattered i n e l a s t i c a l l y on various nuclei. Ignatenko, 
reporting Russian work i n the energy region (140-400 )MeV, and 
other workers i n the range, (Morrish,1953.; Miller,1957; 
Belovitski,1959; Weng et al/1959) have observed that, i n 
l i g h t e r n u c l e i , e.g., carbon, the angular d i s t r i b u t i o n d i f f e r s 
l i t t l e from that expected f o r lT-meson>. scattering on free 
nucleons. For heavy nuclei, however, e.g., lead, or s i l v e r , 
and bromine i n nuclear emulsion, the d i s t r i b u t i o n f o r small 
angles i s quite d i f f e r e n t , though i n the backward direction 
there i s again considerable resemblance. F i r s t , c o l l i s i o n s 
i n these heavy nuclei may be expected to occur just w i t h i n 
the nuclear surface; thus a backward scattered meson w i l l 
i n general have suffered a single c o l l i s i o n , whereas 
multiple c o l l i s i o n s are probable f o r a forx/ard scattered 
meson. I t i s further observed that f o r increasingly 
heavy nuclei the number scattered i n the forward direction 
diminishes steadily. 

The energy loss sustained by a meson i n traversing 

a heav^ nucleus i s of the order of the maximum possible 
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energy transfer f o r a c o l l i s i o n with a single nucleon , 
which i s interpreted by Ignatanko as evidence f o r multiple 
c o l l i s i o n s . Mesons emerging i n the backward direction 
have i n general l o s t less energy than others, which fact 
supports the g|3g|b conclusion. B e l o v i t s k i i has suggesteot 
the i n t e r a c t i o n of the meson with nucleon; complexes i n 
the nucleus as a means of accounting f o r the smaller energy 
loss i n t h i s case. 

Observations i n nuclear emulsion at higher energies 
are generally consistent with the idea of multiple c o l l i s i o n s . 
The large energy loss sustained by escaping mesons remains 
a s t r i k i n g feature of the interac t i o n . At 500 MeV,(Blau 
and Caulton,1954), the energy spectra f o r secondary mesons 
emitted i n the Parlous angular intervals are not s i g n i f i c ­
a ntly d i f f e r e n t , and t h i s o b l i t e r a t i o n of the features of 
scattering on single nucleons i s most l i k e l y due to repeated 
mult i p l e c o l l i s i o n s . Lock and Ye k u t i e l i (1952), working 
wi t h stars produced by mesons of cosmic o r i g i n i n the energy 
range (50-1100)MeV, also observed the large energy loss 
suffered by the escaping p a r t i c l e . Compering the charact­
e r i s t i c s of meson end proton induced stars 'they concluded 
that the cascade i n the nucleus i s i n i t i a t e d by successive 
c o l l i s i o n s of the incident meson rather than by the secondary 
nucleons. I t i s suggested (Blau and Oliver, 1956), however, 
that the strong angular correlations observed are not consistent 



-8-

with the idea of repeated multiple scattering and that 
an a l t e r n a t i v e mechanism f o r large energy loss i n a single 
c o l l i s i o n could be provided by the production and re-. 
absorption of secondary mesons. 

At energies approaching 1 GeV production of mesons 
becomes an important feature and the q u a l i t a t i v e picture 
of the i n e l a s t i c i n t e r a c t i o n i s made more complicated. 
However, Metropolis et a l (1958) have found i t possible 
to make extensive I/Ionte-Carlo calculations based on the 
cascade model f o r a range of incident meson energies. 
They employed experimental values of the various meson-
nucleoh cross-sections and included the effects of meson 
production and re-ebsorption. At 500 MeV, agreement 
with experiment i s excellent with regard to the frequency 
of d i f f e r e n t types of event, but a smaller energy loss 
than that observed i s predicted f o r escaping mesons t o ­
gether with an angular d i s t r i b u t i o n more biaseed i n the 
forward d i r e c t i o n . At 162 MeV, a comparison with the 
resu l t s of N i k o l s k i i et a l (1957) reveals a reasonable 
agreement with the energy spectrum of the secondary mesons 
af t e r allowance i s made f o r an a t t r a c t i v e meson-nucleus 
p o t e n t i a l of the same magnitude as observed experimentally. 
The predicted angular d i s t r i b u t i o n i s again more seriously 
i n error, having too great a bias i n the backward dir e c t i o n . 
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I n contrast the Bologna group ( F e r r e t t i et a l , 1956) 
have reported f a i r l y good agreement between a Monte-Carlo ca l ­
culation and experimental results of the energy losses 
and angular d i s t r i b u t i o n s of i n e l a s t i c a l l y scattered 
mesons at several energies between 62 and 120 MeV. At 
the low energy value single nucleon c o l l i s i o n s were found 
s u f f i c i e n t f o r explanation of the re s u l t s ; at 120 MeV a 
substantial contribution from double scattering was invoked. 

Thus while the cascade model appears to some 
extent an over-simplification, i t has achieved a moderate 
success, and especially at low energies, the true mechanism 
may be expected to d i f f e r from i t only i n d e t a i l . 

1.33 Absorption 

For the absorption of zero energy ir-mesons i n 
hydrogen, the basic reactions are :-

T T' + » n +- TT " (a) 
T T' + -p » n * ^ (b) 

and these occur with about equal p r o b a b i l i t y . I n deuterium 
and heavier nuclei , a more important process i s 

r r ' 4- -p * M — * n N (c.) 

Here the binding energy of the nuclei does not permit reaction 
(a ) . Reaction (b) becomes rare, since most of the energy 
i s taken by the Jf-ray and the exclusion p r i n c i p l e forbids 
the production of a low energy neutron. The dominant 
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reaction i s thus absorption by a proton i n nucleon groups 
of two or more to provide f o r ijioiiLeiiLtum conservation. For 
l i g h t emulsion nuclei there i s evidence (Menon et a l , 1950; 
Clark and Ruddlesden,1951; Demeur et al,1956) that the meson 
Interacts with the nucleons i n o^-partlcle groupings (together 
w i t h a deuteron i n the case of nitrogen), and OKB or more 
of these may be disrupted as a r e s u l t . For the heavier 
nuclei, the exci t a t i o n energy given to the nucleus i s of 
a lower order compared with the binding energy and, as 
described by the evaporation theory(Le CouteQr,1950), 
t h i s i s shared among the large number of individual 
nucleons independently of the meson Interaction. 

Absorption of non-zero energy mesons into the 
nucleus has been l o g i c a l l y considered by Brueckner et a l 
(1951) t o be the inverse of the meson production processes; 
that i s , by a nucleon pair, the pair to contain at least 
one proton f o r tr'-meson absorption, and one neutron f o r 
TT-meson absorption. The two absorbing nucleons w i l l 
carry away the rest energy of the meson of about 140 MeV, 
and the nucleus w i l l be further excited by any scattering 
that occurs as they leave i t . 

I n order to test t h i s hypothesis of the absorption 
mechanism, assumed i n his calculations. Metropolis compared 
the predictions for<r-star characteristics, i . e . , absorption 
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of zero energy mesons, with the experimental results of 
Azimov et a l (1957). The agreement obtained was l i m i t e d , 
suggesting,as outlined above,that i n t h i s case other absorp­
t i o n mechanisms are possible - on single low energy nucleons 
or on more complex groups such as - p a r t i c l e s . 

At 750 MeV, Blav and Oliver observed a strong 
angular correlation of heavily ionizing tracks at r i g h t 
angles to the d i r e c t i o n of the incident meson, which was 
interpreted as evidence f o r the inte r a c t i o n and absorption 
of mesons with nucleon complexes inside the nucleus. This 
conclusion i s not necessarily i n c o n f l i c t with observations 
at lower energies. 

Tomasini (1956), in.a study of the absorption 
of bound TT'-aiesons, found that l i m i t e d agreement between 
the experimental results and a simplified Monte-Carlo ca l ­
culation could be obtained by assuming that the absorption 
took place p r e f e r e n t i a l l y on a proton-neutron pair rather 
than on a proton-proton pair. 

I t s t i l l remains f o r calculations to be made 
assuming the simultaneous existence of other absorption 
mechanisms but i t would appear that absorption on nucleon 
pairs i s c e r t a i n l y the most important process f o r non-zero 
energy mesons. 
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1.4. The Present Erperlment 

The cross-sections below 1 GeV as they are at 
present known f o r the i n e l a s t i c interactions of TT-mesons 
with complex nuclei are shown i n f i g 2. They have been 
separated into those f o r absorption, f o r chaage exchange 
scattering and f o r i n e l a s t i c scattering, and plotted as the 
r a t i o of the cross-section cT to the t o i i a l i n e l a s t i c cross-
section or • The points on the graphs have been taken from 
experiments performed at a single energy i n a variety of 
media and with machine produced beams; where not e x p l i c i t l y 
given i n the paper, the values have been estimated from 
the presented r e s u l t s . 

I t can bee. seen that , w i t h i n the energy range 
shown, a l l three cross-sections vary greatly; at low 
energies absorption i s complete, i^hereas at 700 MeV i t 
has become neg l i g i b l e and the p r o b a b i l i t i e s of charge 
exchange and i n e l a s t i c scattering are about equal. 
However, results from similar experiments exhibit wide 
variati o n s , and at some energies only one pa r t i c u l a r 
aspect of the i n t e r a c t i o n has been examined. Attempts 
on a small scale to determine the v a r i a t i o n i n a single 
medium of the i n t e r a c t i o n parameters were made by Lock 
and Y e k u t i e l i (1952) and Major and Parkash (private com­
munication), who eech examined about 80 interactions pro­
duced by cosmic ray mesons. Their results have also been 
included i n f i g . 2. 



z 
g 
o «/) ffl < 
li. o 

CD 
< 
CD O 
OC. 
Q. 

1.0 

0.8 

06 

0.2 

r 0. 

e 
o 

I I * Ti-
a a He 
0 0 B e 
o o C 
V V Pb 
• e G 5 

•99'- -ae- -88 . 
O u I.Oi 
z O 
s: z 

08 

0.6 
u- y 

> < 0.A1 

(D 
O t 

Q2 

1.0| 

OS < 
UJ 
u. 5 0.6 

° S 
d <-» 
m (/) 
^ 021 
o 
^ 0 

e . % 

-L- 1 1 1 1 _ _ a . -J 1 
WO 200 300 AOO 500 600 700 800 900 
KINETIC ENERGY OF PRIMARY MESON (MeV) 

Fig.2a.b.c. The relative probabilities for the interactions of n^-mesons with 
complex nuclei. 



-13-

Itwas thought,therefore, that a useful purpose 
would be served i f a more extensive investigation were 
carried out of the features of meson interactions|in one 
material over a range of energies. The upper l i m i t was 
f i x e d at 800 MeV since, as has already been mentioned, the 
cross-section f o r meson production becomes sig n i f i c a n t at 
higher energies and any analysis i s thus made more complic­
ated. As a r e l i a b l e method of determination of the i n ­
e l a s t i c cross-sections i t was decided to employ only scan­
ning along the meson tracks. This method would necessarily 
produce a large number of elast i c scattering events which 
could be compared with the predictions of the o p t i c a l model. 
Exposures of four blocks of G5 emulsion at energies of 
approximately ipO, 300 , 500 and 700 MeV were proposed, the 
choice of tr-iaesons rather than TT* being made solely on 
account of a v a i l a b i l i t y of suitable beams. This, the 
f i r s t exposure of the series, was performed at 88 MeV. 
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CHAPTER 2 

THE OPTICAL MODEL OF THE NUCLEUS 

E.l Introduction 

The i n t e r p r e t a t i o n of data on the scattering of 
mesons and nucleons by nuclei has been carried out with 
considerable success on the basis of the op t i c a l model of 
the nucleus. I n t h i s , an extension of a simple potential 
w e l l model, the nucleus i s considered to appear to the i n ­
cident p a r t i c l e as a w e l l of complex potential or, alternat­
i v e l y , as an homogeneous medium of complex r e f r a c t i v e index. 
The incident p a r t i c l e wave i s refracted, attenuated or d i f ­
fracted by the complex p o t e n t i a l , the r e a l component being 
associated with e l a s t i c d l f f r a t t i o n scattering and the 
imaginary component with i n e l a s t i c processes including ab­
sorption. The results are obtained i n terms of three 
parameters: K, the absorption c o - e f f i c i e n t i n nuclear 
matter, kit the chahge i n wave number on entering the 
nucleus, and R, the radius of the pote n t i a l w e l l . The 
form of the po t e n t i a l employed i s a uniform square w e l l ; 
at higher meson energies better agreement has been obtained 
wi t h a tapered w e l l (Williams, 1956) but t h i s refinement w i l l 
not be attempted here. 
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2.2. The Theory of the Model 

I f the reduced wave number of the incident meson 
wave i s k, t h i s i s increased by the r e a l component of pot­
e n t i a l i n the nucleus, Vp, to k' , where i n the non-relativ-
i s t i c case (Fernbach et al,1949) 

H e l a t i v i s t i c a l l y , t h i s expression becomes (Fowler and 
Perkins, private communication) 

k - U [ l + 2V./t(ic. • (W/'PO'']'' (2) 
where E i s the k i n e t i c energy of the meson; p. the momentum 
and ^cthe v e l o c i t y . lHl^l^n Vr i s small compared with £ and p, 
these equations may be w r i t t e n respectively as 

k, * U / 2 £ (3) 

k, = k V , / ^ ( i c (4) 
where i s (k'-k) the change i n wave number. 

Interference occurs between the refracted and the 
o r i g i n a l wave fronts and a d i f f r a c t i o n pattern i s produced. 
An a t t r a c t i v e or repulsive r e a l p o t e n t i a l w i l l lead to 
corresponding positive or negative values of k, . The 
resultant d i f f r a c t i o n pattern i s the same f o r phase changes 
of either sign; hence neither the sign of k, nor that of 
the potential.can be determined from the d i f f r a c t i o n e f f e c t . 

The relationship between the imaginary component 
of p o t e n t i a l V; and the attenuation length of the meson 
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wave Xni s given by X„ * 1̂  (i c j 1S\ (5) 
i s also the mean free path f o r interaction w i t h i n the 

nucleus, and i t s repiprocal i s the absorption co°efficient K. 
K may be expressed i n terms of the known cross-

sections on free nucleons by assuming that, for the purposes 
of the o p t i c a l theory, either i n e l a s t i c scattering or absorp­
t i o n i s the dominant i n t e r a c t i o n process w i t h i n the nucleus. 
At 88 MeV absorption i s expected to be the more important 
of the two, but i t w i l l be seen that i n either case a 
similar r e s u l t i s obtained. 

Considering f i r s t the scattering on individual 
i s 

nucleons, the absorption co-efficient^given by 
K - H^Jt^TT-e. [zqy^ ^ (^-z) <y^n] / Pi (6) 

i n terms of the cross-sections q̂ ând qfj, f o r Tf'-meson 
interactions with protons and neutrons. A i s the atomic 
weight, Z the atomic number and R the nuclear radius of 
the p a r t i c u l a r element. By the p r i n c i p l e of charge 
independence, the cross-sections o;;-̂  and c^i^are equal, and 
f o r meson energies below 300 MeV the r a t i o ĉ;;̂  - t d ô":̂  i s 3 . 
(See f i g . 1). Writing R as A* , the expression f o r K 
becomes 

K (^^ - 2. Z./A ) (7) 
The dependence of K, on Z and A leads to s l i g h t l y d i f f e r e n t 
values f o r e%ch constituent element of nuclear emulsion. 
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This difference,for the extreme elements of carbon and 
s i l v e r , i s about lOfi. 

I n t h i s calculation i t i s assumed thatb a l l 
energy transfers between the incident p a r t i c l e and the 
constituent nucleons are possible, but the l i m i t a t i o n 
imposed by the Pauli exclusion p r i n c i p l e leads to a 
reduction i n the velue of K. At 88 MeV, because the 
momentum of the incident mesons i s of a similar magnitude 
to that of nucleons with the maximum Fermi energy (~ 20 MeV), 
there i s no simple way of allowing f o r the effect . However, 
absorption of the meson w i l l take place and t h i s leads to 
an increase i n K. Gronin et a l (1957) have investigated 
these two effects f o r 970 MeV rr'-mesons and d i f f e r e n t 
types of nuclei, and found them to be approximately equal 
i n magnitude. Since the two effects are of opposite sign 
they w i l l tend always to cancel each other, and f o r the 
purposes of t h i s calculation, the value of K w i l l be taken 
as being given by equation (7). 

I f i t i s assumed that absorption by nucleon pairs 
alone occurs, the absorption co- e f f i c i e n t i s given by 

K -- 3 N.cr,, / iHir-R* (8) 
where i s the number of effective nucleon pairs and 
CTi i s the absorption cross-section of deuterium. From 

the analysis of Brueckner et a l (1951) i t appears that 
N,» i s equal to r z where r i s of the order of 10. Thus 
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To the extent th«[t f i s constant, the absorption 
c o - e f f i c i e n t i s the same f o r each element contained i n 
ntaclear emulsion. 

The t o t a l ciross-sections f o r i n e l a s t i c interaction 
and e l a s t i c or d i f f r a c t i o n scattering are 

OX - TTie[i- 0 +2K'R.)e^'^'']] (10) 

as given by Fsrnbach. The d i f f e r e n t i a l cross-section is 

where J, . i s the f i r s t order Bessel function and 6.the 
s p a t i a l angle of scatter. This equation i s an approx­
imation i n the l i m i t K1̂ -*«>. I n practice KR*2, but cal ­
culations using t h i s and a more exact expression y i e l d 
angular d i s t r i b u t i o n s agreeing to better than 10^. 

Equation (12) d i f f e r s from that given by Fernbach 
- I 

i n the incorporation of the o b l i q u i t y factor (ivtoso)/^ 
(Brenner and 3rown, Fowler and Perkins, private communi­
cation) I t i s , however, not important at high energies 
where the el a s t i c scattering i s confined to small angles. 

At low energies the meson wavelength becomes com­
parable with the nuclear size and t h i s requires a further 
correction. From Feshbach and Weisskopf (1949), the 
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maximum t o t a l cross-section corresponding to a *black' 
nucleus i s given by l-rr(;P<^^^ where X i s the reduced de 
Brogll& wavelength of the meson. The cross-sections 
of equations (10) and (11) are then modified to 

2.3. Application to Nuclear Emulsion. 

Nuclear emulsion has eight constituent elements -
hydrogen, carbon, nitrogen, oxygen, sulphur, bromine, s i l v e r , 
iodinerand the contributions to the d i f f r a c t i o n scattering of 
each of these nuclei must be considered. I f there are N; 
nuclei per tm^ the i t h element each having a cross-section 
cTf, then the mean cross-section, a* , f o r elastic or in e l a s t i c 
processes i s given by 

£ Mi or / £ (14) 

I t i s the sum of the several cross-sections of according 
to t h e i r frequency of occurence. Experimentally, the 
quantity determined i n emulsion i s the intera c t i o n length X 
given by 

X » I / £ Ml or (15) 
and the experimental value f o r i n e l a s t i c i n t e r a c t i o n may 
be compared d i r e c t l y with the predictions of the op t i c a l 
model, leading £o a value f o r K, the absorption coeff i c i e n t . 
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A similar comparison of the cross-section f o r 
el a s t i c scattering or the angular d i s t r i b u t i o n determines 
k,. This i s made d i f f i c u l t by the p r a c t i c a l inefficiency 
of detection of small angles, and by contamination from 
Rutherford scattering. Nevertheless, a value can be ob­
tained by f i t t i n g t h e o r e t i c a l angular di s t r i b u t i o n s to the 
experimental d i s t r i b u t i o n where these effects are unimportant, 
The observation of Rutherford scattering affords a means 
of determining the sign of the nuclear p o t e n t i a l . I f the 
angular d i s t r i b u t i o n s f o r TT*-and ir'-mesons are compared 
i n the appropriate region, the effects of interference 
between the Coulomib and nuclear potentials can be observed. 
(Williams et a l , 1956a,b,) I n the one case ".an increase 
i n the d i f f e r e n t i a l cross-section i s observed where the 
potentials have the same sign; i n the other the cross-
section i s correspondingly reduced. 
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GHAPTER 3 

SOME ASPBGT3 OF NUCLEAR EMULSION TECHNIQUE 

Detailed accounts of the technique have been 
t 

given by Vojrvodic (1954), Shapiro (1958) arid Bone^i et a l , 
(1958); the discussion here i s confined to those aspects 
which concern the present experiment. 

3.1 Processing of Emulsions 
The processing of nuclear emulsions i s an 

important feature of any experiment involving t h e i r use, 
since i t i s at t h i s stage that the quality of the developed 
image i s determined. 

With emulsions of a thickness greater than 50 pm 
8 way must be found of ensuring a uniform development; i f 
normal photographic methods are employed, a greater degree 
of development i s obtained at the surface owing to the 
considerable penetration time of the solution through the 
emulsion. The most satisfactory means of overcoming t h i s 
d i f f i c u l t y makes use of the more rapid temperature variations 
of development compared with penetration time. The emul­
sions absorb the solution at low temperatures, and develop­
ment begins when the temperature i s raised to a suitable 
l e v e l , depending on the degree of development required. 
A uniform cessation i s obtained by reducing the temperature 
to the o r i g i n a l low value. A variety of developing solutions 
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have been used including d i l u t e photographic developers 
such as I l f o r d I . D. 19. I t has been shown, however, 
Herz.(1952), that the best contrast between p a r t i c l e tracks 
and background grains, as w e l l as the most rapid penetration 
time, i s obtained with an amidol developer. The f i x i n g 
of the plates i s s i m i l a r l y more complicated than i n photo­
graphic processing. The maximum rate of f i x i n g i s obtained 
with a 30^ solution of hypo and the osmotic pressure re s u l t i n g 
from a sudden transfer to pure water would cause the com­
plete disruption of the emulsion. A slow d i l u t i o n of the 
f i x i n g solution i s therefore employed, but even so i t i s 
not always possible to avoid the appearance of small bubbles. 

I n t h i s experiment, a block of I l f o r d G5 emulsion 
made up of 20 s t r i p s , each 20 cm x 10 cm x 0.0% cm, was 
exposed to the 96 i:eVTr-meson beam of the Liverpool synch­
rotron. A p a r t i c l e f l u x was obtained on the end face of 
the block of about 10* mesons per cm^. Throughout the 
period of t r a n s i t and exposure the plates were maintained 
at constant humidity, having a r e l a t i v e value of 55^ at 
19°C. Before carrying out the processing of the complete 
block a series of t r i a l developments were undertaken to 
determine the optimum conditions. A grain density f o r 
the incident mesons of about 22 grains per 100 |im was 
considered appropriate, and as an additional consideration 

i t was desirable to have as small a background as possible 
of single developed grains. 
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The most important of the parameters that can be 
varied i n the processing cycle are the temperature and 
duration of the hot stage. An increase of 1°C i n the 
former results i s an increase of about 0.5 grains per 
100 jiip i n the grain density of tracks of plateau ion­
i z a t i o n . The chief effect of a greater duration of the 
hot stage above soiue minimum value i s to produce an i n ­
creased grain size, especially of the background grains. 
The effects of the two parameters,however, are linked to 
a considerable degree, and t r i a l and error necessarily 
play a greater part i n determining t h e i r values f o r any 
p a r t i c u l a r experiment. 

A standard temperature cycle method of processing 
was employed. To begin with, each emulsion p e l l i c l e 
was mounted on glass, using f o r the purpose a special 
solution consisting of equal quantities of a i r - f r e e 
d i s t i l l e d water and absolute ethyl a l c o l o l , with 20 ml 
per l i t r e of solution of glycerine and 1 ml per l i t r e 
of a wetting agent. The solution, cooled to 5°C, was 
used to moisten the glass plates and the under surface 
of the emulsions; the l a t t e r were then attached to the 
plates by r o l l i n g with a rubber squeegeewhich carried 
a load of 2.5 Kg. to supply a constant pressure. The 
plates were stacked under a 1 Kg. weight and, when dry, 
were placed i n a bath of d i s t i l l e d water at 5^0. A 
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time of 1^ hours was s u f f i c i e n t f o r the emulsions to 
become saturated and they were then removed to amidol devel­
oper at the same temperature f o r a further hour and a ha l f . 
Having thoroughly absorbed the solution, the plates were 
taken out, excess l i q u i d being removed by b l o t t i n g , and placed 
on trays i n a thermostatically controlled enclosure at 24°C. 
Eighty minutes l a t e r , development was curtailed with a stop 
bath of a solution of 0.5^ g l a c i a l acetic acid at 5°C, and 
a f t e r a fur t h e r period of 1^ hours the plates were removed 
to a solution of 30^ hypo at the same temperature. This 
was replaced with fresh solution, also at 5°C, on two 
occasions at inte r v a l s of about 6 hours; on thft.' second 
occasion 2^ of sodium sulphate was added to the hypo f o r 
the purpose of hardening the emulsion. Fixing took i n a l l 
some 22 hours to complete and was followed by a gradual 
d i l u t i o n of tae solution with water. As a result of the 
slow reduction of the hypo concentration at a rate of about 
1^ per hour, bubbling of the emulsion was negligible. The 
plates were thoroughly washed to remove a l l trace of hypo, 
then placed i n a bath of 2f^ glycerine f o r 1 hour. This 
p l a s t i c i z i n g of the emulsions was done to prevent l a t e r 
s t r i p p i n g from the glass backing. I t i s possible by 
increasing the amount of glycerine, (up to 10%), to restore 
the emulsion to i t s o r i g i n a l thickness; with a 2$ solution 
the shrinkage factor was about 2.3. F i n a l l y the plates 
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were removed from the bath and, after being carefully 
b l o t t e d , • dried i n the forced draught provided by an 
e l e c t r i c fan. 

As a res u l t of the development, the curvature dis­
t o r t i o n vector had the f a i r l y high value of " 50 |jm. 
Normally, before processing and while s t i l l i n t a c t , the 
block of stripped emulsions i s exposed to a hard X-ray 
beam i n such a way that , a f t e r development, small marks 
may be seen at selected points on the edges of the emul­
sion which correspond exactly throughout the block. By 
t h i s means the matching of the separated plates af t e r 
development i s f a c i l i t a t e d . This X-ray treatment, though 
carried out, was i n t h i s case unsuccessful, owing to a 
too low i n t e n s i t y of the X-ray beam. The plates were 
aligned, therefore, by tracing tracks from one to another, 
giving superposition to about 500 jm only. The means of 

. alignment are two reference edges of the glass backing 
the emulsion, which are cut so that location on the micro­
scope stage against a point and a straight edge brings 
corresponding points ofi each plate in t o the same f i e l d 
of view. 

3.2 Measurements i n Emulsion 

The i d e n t i f i c a t i o n of the p a r t i c l e responsible f o r 
a p a r t i c u l a r track i n the emulsion depends on the measure­
ments which can be made on that track. These are i t s 
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range, mult i p l e scattering and ioniz a t i o n , which are related 
to tJie mass, cliarge and energy of the p a r t i c l e i n question. 
Well-establislied formulae exi s t , determined by theoretical 
and empirical means, r e l a t i n g the former and l a t t e r 
quantities (Voyvodic,1954). I n general,a measurement of 
any two of the three quantities i s s u f f i c i e n t f o r i d e n t i f i ­
cation of the p a r t i c l e , but only w i t h i n certain l i m i t s of 
the k i n e t i c energy. 

I n t h i s experiment i t was planned to analyse the star 
data with regard to the i d e n t i f i c a t i o n of secondary rr-mesons 
and a possible determination of a detailed energy balance. 
At 88 MeV secondary tracks may be expected to consist e n t i r e l y 
of f a i r l y low energy protons with a very small f r a c t i o n ofl 
o(-particles, accompanied i n certain cases by the emerging 
incident meson. I t was possible i n a large majority of 
cases to determine the complete range of the proton tracks 
and thus an exact value f o r t h e i r energy. I n cases where 
the proton l e f t the stack before reaching the end of i t s 
range, the shortness of path i n the emulsion was usually 
a r e s u l t of the steepness of the track, and therefore other 
measurements such es grain counting and scattering were 
not easily applicable. I n such cases an estimate of the 
grain density at the beginning of the p a r t i c l e range was 
used to obtain a velue of the momentum from a cal i b r a t i o n 
curve which had been constructed using proton tracks of 
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known energy. 
I n most instances an immediate i d e n t i f i c a t i o n of 

secondary mesons could be kade from tiie greater multiple 
scattering of tiie track compared with that of a proton. 
I n about h a l f the cases the meson could be followed to 
the end of i t s range, frequently i n a cr-star, and the 
energy thus determined. \(Vhere t h i s was not possible, 
grain density lueasurements were r e l i e d on as fo r protons, 
although i n one or two instances, s u f f i c i e n t length of 
track was present i n a single emulsion f o r a scattering 
measurement to be feasible. The value of the normalized 
grain density(g'') corresponding to the maximum possible 
energy of a secondary proton was about 1.8, and mesons of 
t h i s grain density were e/Sglily distinguishable by inspec­
t i o n of the track. For lower values of g*, the i d e n t i f i c a t i o n 
of meson could be safely assiimed. 

Measurements of p a r t i c l e range were carried out by 
recording the x,y,end z co-ordinates flf the star of o r i g i n , 
the entry and e x i t points of each emulsion and the end 
point of the track. I n addition, the co-ordinates were 
recorded of any point at which Coulomb scattering produced 
a change of di r e c t i o n . Correcting f o r shrinkage of the 
emulsion, the range was calculated with an error of about 
(£-3)^; the corresponding energy value was obtained from 
standard tables. (Fay et al,1954) Where a grain counting 
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technique was employed, the error depended on the number 
of grains available, but was at best 10^ and i n a few cases 
as much as 40^. Measurements on multiple scattering gave 
momentum estimates to w i t h i n (10 - 15)^. 
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CHAPTER 4 

TT."-MB30N INTERACTIONS AT 88 MEV. 
4.1. Experimental Details 

Four observers assisted i n the scanning which was 
performed on Oooke M4000 microscopes under a magnification 
of 45 X 1.5 X 15. By the method of track scanning employed, 
meson tracks selected at a distance from the emulsion edge 
of exactly 1 cm, were followed to an interaction, out of 
the plate or f o r a maximum length of 1 cm. The purpose of 
t h i s l i m i t a t i o n was to keep the energy loss small. Thus 
the energy of the beam at the beginning and end of the 
1 cm s t r i p was calculated to be 93 and 86 MeV with an average 
value of 88 MeV. The average length of a track followed 
varied between observers with a mean value of 0.6 cm, and 
a mean length of 60 cm scanned per man-day was achieved. 
The selection of tracks to be followed was l i m i t e d to those 
l y i n g w i t h i n ± 6° of the general beam direction. An eye­
piece h a i r - l i n e , aligned on each track to be followed, was 
readjusted at frequent intervals i n view of the considerable 
multiple scattering. 

Denoting by ng the number of shower par t i c l e s (g*< 1.5) 
and by n^ phe number of heavily ionizing p a r t i c l e s (g''> 1.5), 
an i n i t i a l c l a s s i f i c a t i o n of observed interactions was made 
in t o two groups; those of type (nh'Oi '^s" 1) classed as 
el a s t i c scatters, end the remainder as stars. With t h i s 
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c l a s s i f i c a t i o n , i n e l a s t i c interactions of type (%=o,ng«' 1) 
are included as elaetic scatters. I f the number of such 

events i s comparable with the number of stars of type (n^ » l i 
= 1 ) , then the t o t a l number of stars w i l l be under­

estimated by about 5^. 
Included i n the star group were 22 of type (nii= l i ngf 1) 

and a f t e r closer scrutiny three of them were i d e n t i f i e d as 
e l a s t i c interactions with a v i s i b l e r e c o i l i n g nucleus. An 
examination of the dynamics of these three showed them to 
be -rr'-p c o l l i s i o n s and they were classed therefore as elastic 
scatters. Also included i n the group v/ere events of type 

'"H' 0. ns« 0),disappearances of the meson i n f l i g h t . The 
emulsion region up to 150 p i around each of these was care­
f u l l y examined f o r secondary t r a c k e r a continuing primary. 

Following a preliminary visual estimate of star size, 
each star was re-examined i n a search f o r possible secondary 
TT-mesons. A majority of secondary prongs were black and 
of l i m i t e d range, and could be i d e n t i f i e d at once as jdue 
to low energy protons. Black or grey tracks of greater 
razige were followed throujglx as many plates as necessary to 
permit i d e n t i f i c a t i o n . Tracks having an ionization near 
the plateau value presented a greater problem but were assumed 
as being due to mesons f o r reasons already mentioned. For 
each star i n which a meson secondary was i d e n t i f i e d as we l l 
as f o r 101 other stars selected at random, a complete 
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analysis was carried out. This involved the measurement 
of the sp a t i a l angle of each secondary track r e l a t i v e to 
the primary, and where appropriate i t s range or grain density. 

Measurements on. e l a s t i c scatters were carried out to 
0 

an accuracy of 1 and only where the projected angle was 
greater than 8*̂ . The l a t t e r l i m i t was chosen to eliminate 
that part of the angular d i s t r i b u t i o n formed c h i e f l y by 
Rutherford scattering. I t corresponds to a scattering 
parameter jus t equal to the average nuclear radius f o r G5 
emulsion. 

4.2. Contamination, 

At the time of exposure the synchrotron beam consisted 
of 82% -rrlmesons, 4% |i-mesons and 14^ electrons (Cassels, 
private communication), and i t has been assumed that the track 
length followed was contaminated i n these r a t i o s . Some 
possible sources of spurious events resembling those pro­
duced byir-mesons ere considered. 

The contribution of the ela s t i c scattering of electrons 
to the s p a t i a l angular d i s t r i b u t i o n above 8^ was calculated 
from the Mott formula f o r a point nucleus. For the beam 
momentum of 180 MeV/c the contamination i s estimated to be 
about 1%. 

The in t e r a c t i o n of the ̂ -meson i s very weak and no 
spurious events were expected from t h i s source. The 
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i n t e r a c t i o n cross-section of electrons with nuclei i s 
-29 2 

known to be of the order of 10 cm , and thus should produce 
ne g l i g i b l e contamination. However, the disappearance of 
two electrons tracks i n a track lengthof 103 cm, has been 
observed by Barkas et a l (1952) at t h i s same momentum. 
Such events would simulate the Tr'-meson disappearance, but 
as the s t a t i s t i c a l weight f o r t h i s type of event i s low, no 
correction has been made. I t may be noted that t h i s could 
lead t o an overestimation by about 5^ oiS the in e l a s t i c cross-
section. 

4.3 Experimental Results. 
4.31,'. The Interaction Lengths 

I n a t o t a l track length of 92.51 m, there were found 
235 el a s t i c scatters with horizontally projected angles 
larger than or equal to 8°, and 371 stars, t h i s figure 
including 92 disappearances. After correcting f o r the 
beam contamination of 18^, the interaction length f o r the 
production of i n e l a s t i c events was (20.4 ± l.l)cm, and f o r 
ela s t i c scattering through a projected angle ^>8°, 
(32.3+ 2.1)cm. The geometrical interaction length i s 29.35m. 
The i n d i v i d u a l i n t e r a c t i o n lengths f o r the four observers 
were very similar f o r a l l types of event, indicating l i t t l e 
r e l a t i v e i n e f f i c i e n c y of detection. 
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4.32;:-. Comparison with Optical Model 

I n order to make a cpmparison with the o p t i c a l model, 
the i n t e r a c t i o n length f o r i n e l a s t i c events. A* , has been 
computed from equations (10) , (13) and (15) as a function 
of the absorption c o - e f f i c i e n t K. The nuclear radius was 

taken as A* with TQ = 1.35 x 10 '""""̂cm. From equations 

(7) and (8) the value of K i s expected, at a particular 
energy, to be constant to w i t h i n 10^ f o r a l l emulsion nuclei 
with the exception of hydrogen, f o r which the value i s about 
h a l f that f o r the other elements. However, because of the 
small size of the hydrogen nuclei, t h e i r contribution to the 
int e r a c t i o n length i s small; thus E i s assumed constant.::L 

I n curve A of f i g . 3 i s shown the dependence of X.. upon 
the absorption c o - e f f i c i e n t . I n curve C correction has been 
made f o r the meson wavelength. For purposes of comparison, 
curve B shows the Increase i n cross-section due to Coulomb 
a t t r a c t i o n compared with the uncorrected cross-section of A. 
This correction, however, i s only v a l i d when the meson 
wavelength i s small compared with the nuclear size and none 
has been made to curve C. Using curve C of f i g . 3, the 
experimental value of the int e r a c t i o n length yields an 
estimate of the absorption co- e f f i c i e n t of K equal to 

(4.orf:f) lo'%m"'. 
Using t h i s value f o r the absorption co-efficient , the 

hor i z o n t a l l y projected angular d i s t r i b u t i o n f o r scattering 
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was computed fo r assumed values of the change i n wave 
number K, equal t o (0,±1,±2) 10cm'', corresponding 
to various values of the r e a l nuclear po t e n t i a l . The 
existence of Rutherford scattering at angles of about 8° 
has already been referred t o , and a preliminary comparison 
of the experimental angular d i s t r i b u t i o n with the calculated 
ones indicated that t h i s would cause an increase i n the 
d i f f e r e n t i a l cross-section. An approximate correction 
was made by adding the estimated angular d i s t r i b u t i o n f o r 
Rutherford scattering f o r projected angles greater than or 
equal to 8°. The Increase implied a nuclear pot e n t i a l 
having the same sign as the Coulomb po t e n t i a l . 

I n f i g 4 are shown the calculated d i s t r i b u t i o n s together 
with the experimental points, but from t h i s graph i t i s 
possible to deduce only an' approximate value of k,. I t 
may be obtained more precisely from a n\imerical integration 
of the functions shown, to determine the interaction length 
f o r e l a s t i c scattering through projected angles greater than 
or equal to 8° as a function of k,. The experimental value 
of the in t e r a c t i o n length corresponds to k,equal to -{1.86± 0.20) 
lo'̂ cm"' . The error quoted here derives from the expected 
s t a t i s t i c a l uncertainty of the Interaction length assuming 
that the absorption co- e f f i c i e n t i s known exactly. The 
uncertainty i n the determination of K leads to a further 
error of approximately ± 0.04 x lo'^ cm.' and i s ^ ^ l s i d e r e d 
n e g l i g i b l e . 
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Using equation (7) and assuming an average value of 
Z/A, an estimate of the free nucleon cross-section can be 
obtained from the value of K. This i s (20t!^)mb and i s 
quite consistent with the direct measurement at 68 MeV of 
Anderson et a l (1952) of (21t9)mb and the more recent value 
at 96MeV of Edwards et a l (1959) of (21.9± 0.7)mb. The three 
c o l l i s i o n s on hydrogen observed correspond to a cross-section 
of about lOmb. 

Considering the absorption mechanism alone, from 
equation (9) the approximate value f o r the cross-section 

i s (9tx)aib. By v i r t u e of charge independence t h i s 
may be compared d i r e c t l y with a value obtained at 88 Me7 
by Rogers and Lederman (1957) of (7.0±1.4)mb, and i s 
again consistent. I t was found that some 155S of primary 
mesons emerged from the i n e l a s t i c interactions and t h i s 
suggests that both mechanisms contribute to the interaction 
process. 

The attenuation length i n nuclear matter of the meson 
wave,Xh"f l/K,was found to be (2.5± 0.6)10'"cm, This 
corresponds to an Imaginary component of nuclear p o t e n t i a l , 
V; , ,of -(32tif)MeY. 

Sternheimer (1956) has calculated the tralue of k, f o r 
a range of meson energies. At ~88MeV, k, was found to be 
2.4 X 10%m'' i n reasonable agreement with the value of k, 
above. The corresponding value of the r e a l potential 
Vr is-(28± 3)MeV. Some values of the nuclear potential 
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observed i n other experiments near 88 MeV are shown i n 
table 1. 

TABLE 1 

Values of V^ and V^ from experiments at energies close to 88 MeV, 

MeV Vp MeV Vi MeV Reference 
48 TT* c -(15+ IS) -(22+ 7) t Shapiro, 1951 
62 
80 

120 

TT' 

TT* 
05 

~ -19 
~ -24 
- -24 

Ferretti,1956 

70 TT* C --18 " -9 Byfleld et a l , 
1952 

78 TT* Cu — (35-45) --20 Williams et a l , 
1956 a,b. :• 

80 TT* 
TT' 

A l -20 
~-(30-40) 

--(10-25) 
Any value 

Pevsner et a l , 
1955 

88 TT" G5 -(28+ 3) -(32!?°) Present work 

t Calculated from data i n the paper. 
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Frank et a l (1956) have made calculations of the 
r e a l nuclear p o t e n t i a l from free nucleon cross-section 
data. For k i n e t i c energies of 60, 80 and 100 Me7, values 
of Vp of 20, 29, and 35 MeV respectively are obtained. 
A good comparison i s made with the experimental f i g u r e 
given •..aBoTe. 

The above analysis was based on a square we l l 
p o t e n t i a l of radius rQ Â  , where TQ was chosen to be 
1.35 X 10 "cm f o r consistency with previous work of t h i s 
nature (Clarke and Major, 1957). A weighted mean value 
of recent determinations i s ro = (1.29 ± 0.01)10''* cm, which 
would lead to even broader d i s t r i b u t i o n s than those com­
puted. For closer agreement a radius greater than 1.35 
X lo '* cm would have to be considered. 

4.33' The I n e l a s t i c Interactions 

The 371 i n e l a s t i c events are shown i n table 2, 
c l a s s i f i e d according to the numbers and ng of 
heavily ionizing and shower p a r t i c l e s . 

TABLE 2 
Di s t r i b u t i o n of star sizes according to n 

0 1 2 3 4 5 6 

0 92 88 76 51 29 11 1 

1 15 5 2 1 

and ng. 
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A second c l a s s i f i c a t i o n i s made i n table 3 according 
to the number of secondary TT-mesons i n each star. 

TABLE 3. 
Di s t r i b u t i o n of star sizes according to n̂ ând n^ 

0 1 2 3 4 5 6 

0 
1 

92 
12 

76 
29 

62 
6 

50 
4 

27 
3 

9 1 

At t h i s energy,as has already been pointed out, any l i g h t l y 
i o n i z i n g p a r t i c l e must be a meson. 

The mean value of n^ f o r the two types of star - with 
and without mason secondaries - i s shown i n table 4 together 
with values obtained by F e r r e t t i et a l (1956) f o r TT*-mesons 
at 120 MeV. 

TABLE 4 
Values of the mean number of prongs, n» f o r stars with and 
without meson secondaries at 120 MeV (Fe r r a r r l et al,1956) 
and 88 MeV (present work) 

TT-mesons TT'-me sons Tr'-mesons 
at 120 MeV at 120 MeV at 88 MeV 

Stars without 
"TT secondary,. 

Stars with 
TT secondary. 

3.22± 0.16 2.20±0.15 1.6l± 0.07 

1.18±0.21 1.20±0.17 1.20±0.15 
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I t can be seen that,where the incident meson escapes 
from the nucleus, the mean star sizes are roughly equal i n 
the three cases, but where absorption takes place the results 
are s i g n i f i c a n t l y d i f f e r e n t . Scattering i s most l i k e l y to 
occur on a proton f o r a -rr̂ -meson and on a neutron f o r Tt'-meson.; 
the low energy r e c o i l nucieon , having a large cross-section 
f o r i n t e r a c t i o n , may be expected to share i t s energy with 
the other nucleons of the nucleus, £hus a similar type of 
star should r e s u l t i n either case. Where absorption takes 
place, t h i s i s assumed to be p r e f e r e n t i a l l y on a proton-neutron 
p a i r i producing two neutrons i n the case of TT'absorption 
and two protons f o r Tf* absorption. The energy of the nucleons 
w i l l be s u f f i c i e n t l y great f o r one of them to have a high 
p r o b a b i l i t y of escaping, and since only the proton w i l l be 
v i s i b l e , a difference of one prong i n the star sizes can be 
expected. At 120 MeV, more k i n e t i c energy i s available f o r 
transfer to the absorbing nucleus, and t h i s w i l l result i n 
a larger mean star size. 

A comparison i s made i n table 5 of values of n^ fo r 
the stars i n which no charged meson secondary i s observed 
w i t h some recent results f o r o^-stars, i . e . , absorption of 
TT-mesons at res t . The comparison i s l i m i t e d to stars 
with one or more prongs because of the l i k e l y i n e f f i c i e n c y 
of detection of zero prong ©--stars by the area scanning 
technique. 
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TABLE 5 
D i s t r i b u t i o n according to nh stars with one or more 
prongs i n which meson absorption has occurred at rest , 
and absorption or charge exchange at 88 MeV. The numbers are 
expressed as percentages. 

KhFl 2 3 4 5 6 No.of stars examined Reference. 

40.0 27.3 20.2 10.1 2.4 0.06 
40.4 27.6 20.3 11.1 1.7 0.0 
40.1 26.7 21.7 9.7 1.6 0.2 
33.8 27.6 22.2 12.0 4.0 0.4 

1038 
788 
983 
317 

r 

Demeur et a l (1956) 
Brown and Hughes(1957) 
Azimov et a l (1957) 
Present work. | 

The d i s t r i b u t i o n s are very similar despite the 
additional k i n e t i c energy available i n the 88 MeV stars: 
there i s , as would be expected, a s l i g h t l y higher per­
centage of stars with n^> 4 at the expense of those with 

1. Of stars with n^j* o, Menon et a l (1950) found 28^ 
and Demenr 35^,compered with 29^ i n the present experiment. 
The s i m i l a r i t y of the results suggests that the same absorp­
t i o n mechanism oper&tes i n both cases. 

155e of the sters were found to have I n e l a s t l c a l l y 
scattered mesons and t h i s value may be compared with one of 
25^ interpolated from the published results f o r 50 and 134 
MeV of Metropolis et a l (1958). These authors state, 
however, that no account has been taken of a meson-nucleus 
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p o t e n t i a l which i n t h i s energy region means that the cross-
sections asip and q;;̂  may have been underestimated by two or 
tnree times, r e s u l t i n g i n a similar underestimation of the 
p r o b a b i l i t y of absorption. 

I n f i g 5 i s shown the energy d i s t r i b u t i o n of the 
secondary Tf-mesons. The preponderence of those i n the 
lowest I n t e r v a l i s due to a large proportion of quite 
steep tracks f o r which only a rough estimate of the grain 
density, that i t was near to plateau, could be obtained. 
These p a r t i c l e s were assigned a nominal zero energy loss, 
but should properly be spread over the f i r s t two energy 
i n t e r v a l s . N i k o l s k i i et a l (1957) give the energy d i s t ­
r i b u t i o n of 162 MeV ir'-mesons scattered i n e l a s t i c a l l y into 

o 
the angular i n t e r v a l (90-180) from stars found by area scan­
ning. This i s regular with a peak where the energy loss i s 
about 70^,and bears a general resemblance to the d i s t r i b u t i o n 
of f i g 5. 

The secondary mesons have been divided into two equal 
groups according to t h e i r greater or lesser energy loss, and 
a comparison of the mean size of the star of o r i g i n f o r each 
group i s shown i n table 6. 
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TABLE 6 

Values of the mean energy 1OSS(AE) and fractional loss (ẑ E/e) 
of the secondary mesons and the mean number of prongs, 

, of the star of origin, with a division into two 

equal groups according to the greater or less e r energy 

los s of the meson. 

0 <Ae/e <o rf O i%<£&jt < 10 

(A1) l^eV 
0 . 1 6 ± 0 . 0 4 

1 4 + 3 

1 . 4 5 + 0 . 3 4 

0 . 7 5 ± 0 . 1 7 

6 6 ± 15 

0 . 7 8 + 0 . 1 8 

A greater energy loss by the meson appears to result 

i n a smaller s t a r s i z e . At 88 Me7 the cross-section o;;-̂  

i s about three times as great as oĝ ând there w i l l therefore 

be preferential production of neutron secondaries. I n t h i s 

energy region, the interaction cross-section for neutrons 

with hucleons decreases rapidly with increasing energy,and 

a neutron of higher energy, as might be produced in a more 

i n e l a s t i c c o l l i s i o n , w i l l be able to escape more easil y 

from the nucleus; thus the v i s i b l e energy release i n this 

case w i l l be correspondingly l e s s . 

I n f i g 6 i s shown the angular distribution of the 

secondary mesons. The distribution exhibits the expected 

peaks i n the extreme forward and baclcward directions as 
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well as a broader maximum i n tlie region of 120^. This 
l a t t e r i s occasioned by the fact that the mesons producing 

r 

Steep tracks.with sma^l energy loss already referred to f a l l 
largely i n the In t e r v a l (90 - 140)°. The resul t , i f s i g ­
n i f i c a n t , might be explained on the basis of a meson v/hich 
makes a single c o l l i s i o n with small energy loss having a 
high probability of escape only where the c o l l i s i o n takes 
place on the nuclear periphery. I f mesons exhibiting 
a large energy lo s s are assumed to have undergone multiple 
c o l l i s i o n s , then a more Isotropic distribution i s expected 
for thejfi. N l k o l s k i i found a distribution i n which the 
number of mesons increased with increasing angle, there 
being roughly twice as many scattered into the Interval 
(lao - 180)° as into (0 - 40)° . From the presented 
distribution, the r a t i o of mesons emitted i n the forward 
hemisphere to those i n the backward can be estimated as 
(0.69± 0.08). At 135 MeV,Goldhaber and Goldhaber (1953) 

obtained 0.53 for the forward to backward rat i o and these 
values may be compered with one of (0.50*0.15) for the 
present experiment. 

For the random selection of 101 stars without v i s i b l e 
meson secondaries, i t has been possible to calculate the 
forward to backward r a t i o for black (g">6.5) and grey 
(1.5<g*<6J5) tracks; these are given i n table 7. 
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TABLE 7 

Values of the forward to backward ratio F/B and the 

mean number of prongs for black, grey and a l l heavy prongs 

of the 101 selected s t a r s . 

Black Grey A l l prongs 

F/B l . O l t 0.18 0.9+0.5 1.05± 0.17 

n 1.46+0.12 0.15± 0.04 1.60± 6.13 

I t i s seen that the angular distribution for both black 

and grey tracks i s not s i g n i f i c a n t l y different from isotropic; 

t h i s would be eajected i f the secondary p a r t i c l e s were emitted 

as a r e s u l t of absorption of the primary meson. The dis­

tribution may be compared with that for the stars containing 

an i n e l a s t i c a l l y scattered meson. I n these 54 events only 

two grey tracks were found, both emitted i n the forward 

direction, and for black tracks the forward to backward 

r a t i o i s (2.1±0.5). The average star s i z e (1.2010.15) i s , 

as would be expected, smaller than for absorption events. 

The nature of the differences i n the characteristics of the 

two types of star suggests that charge exchange events form 

at most a very small proportion of those not idantified as 

i n e l a s t i c scattering events. 
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Because of the d i f f i c u l t y of estimating the considerable 
proportion of energy carried away by neutral secondary part-. 
I c l e s , no detailed energy balance has been carried out. 
Brown et a l (1949) found that the empirical formula for the 
t o t a l energy release 

Eg= 37nj^ + 4 n / 

f i t t e d closely t h e i r r e s u l t s from cosmic ray stars Induced 

by energetic neutrons, as well as by charged p a r t i c l e s , 

over a range of n̂ ^ from 4 to 24. Although apparently v a l i d 

over a wide energy range for stars of mixed origin, i t cannot 

be assumed to be so i n the particular case of low energy 

negative TT-mesons, because of the large probability for the 

production of secondary neutrons. As yet, therefore, i t 

has been found not possible to estimate the contribution 

of charge exchange scattering to the absorption cross-

section at t h i s energy. I f i t i s reasonably assumed i n s i g ­

n i f i c a n t , the percentage probabilities for i n e l a s t i c scat­

tering and absorption are respectively (15t 2 ) ^ and (85 ±5)^. 

I t has already been pointed out that the calculations of 

Metropolis may be i n error with regard to the percentage 

of mesons absorbed; however, h i s estimate of the r e l a t i v e 

numbers emitted of charged and neutral mesons should be 

affected by thi s to only a very small extent. Using h i s 

value for the r a t i o of "rr" to TT*of Q..45, the probability for 

charge exchange scattering so obtained i s (6 ± 2 ) ^ and the 
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value for absorption becomes (79+5)f». These figures 
have been incorporated i n f i g 2. 



CHAPTER 5 

CONCLUSION 

I t has been shown that the opti c a l model of Fernbach, 

incorporating the modifications of r e l a t i v i s t i c and 

obliquity factors, provides a satisfactory account of the 

interactions of ir'-mesons with complex nuclei at 88 MeV. 

The value of the change i n wave number, k,, was found to 

be -{1.86± 0.20)lo"'cm'' and the absorption co-efficient, 
+ 2.5 12 -1 K, (4.0-Il0)10 cm . These gave values for the r e a l 

and imaginary components of nuclear potential of Vj. equal 

to -(28±3)MeV and Vi equal to -{ZZ*^i)ueY. 

A l l evidence obtained from the i n e l a s t i c interactions 
suggests the correctness of the cascade model i n t h i s energy 
region, and no serious disagreement has been found with an 
absorption mechanism involving proton-neutron pa i r s . I t 
i s concluded that of the i n e l a s t i c a l l y interacting 1T-mesons, 
some 15^ are scattered and the remaining 85^, except possibly 
p.OT 6^ emitted as neutral mesons, are absorbed into the 
nucleus. 

The study of similar TT-meson interactions at other, 
higher energies i s expected to provide re s u l t s of interest; 
some progress has already been made with an analysis of 
interactions at 750 MeV. From the re s u l t s of the present 
work i t seems that a comparison with rr'̂ -meson interactions 
at the same energy values would help further towards under­
standing the exact nature of the i n e l a s t i c c o l l i s i o n s of rr-mesons 
with atomic nuclei. 
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