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FOREWORD 

The Third Annual Conference on High Energy Nuclear Physics was held at 
the University of Rochester on December 18-20, 1952, For the first time, the 
National Science Foundation was a co-sponsor of the Annual Conference, join­
ing with the group of Rochester industries which had furnished support for the 
first two conferenceSo The purpose of each year 's conference is to assemble 
a representative group of active workers in the field of high energy physics for 
an informal discussion of the latest experimental and theoretical results 0 The 
Third Annual Conference was attended by well over one hundred physicists r e ­
presenting approximately fifty American and Foreign universities and research 
laboratories* 

In previous years, a record of the conference deliberations was sent to 
participants and to a limited number of research workers in the high energy 
field* In view of the great number of topics discussed at the Third Annual Con­
ference and the interest shown in earlier Proceedings, it was decided to make 
this year ? s Proceedings generally available at a nominal cost, Drs, Noyes s 

Camac and Walker are responsible respectively for the theoretical, "accelera­
tor 1 1 and cosmic ray portions of the Proceedings, with Dr 9 Noyes also acting as 
general editor. Thanks are due the Gray Audograph Company and the IBM C o m ­
pany for supplying the recording equipment and typewriter respectively, Mrs, 
Helen Woodruff and Mrs e Bernice Skelly for typing the "pagemasters11, Mr. 
Robert Trumeter for the printing job^ and finally the Atomic Energy Commis ­
sion and the Air Research and Development Command for their cooperation. 

R. E. Marshak 
Conference Chairman 
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CHARGE INDEPENDENCE AND SATURATION OF NUCLEAR FORCES 
Thursday morning, Professor E 0 P* Wigner presiding,, 

Marshak opened the conference by welcoming the conferees and s t ress­
ing the informality of the sessions, Wigner started off by remarking that the 
purpose of the first session was to serve as an introduction to high energy 
physics and to make those of us who know only about low energy physics not 
to feel badly* He then gave a short historical introduction stating that the 
charge independence hypothesis originated in 1936 with the experimental 
work of Tuve et aL on proton-proton scattering followed by the analysis of 
Breit and Feenberg who showed that p-p scattering was very similar to n-p 
scattering in the singlet state* The consequences of these analyses for nu­
clear structure were first pointed out by Wigner through the first approxi­
mation which neglected the spin dependence the forces and any difference 
between the heavy particle interactions,. This super multiplet theory was 
improved in the second approximation by introducing the spin dependence, 
that i s 5 the known difference between singlet and triplet scattering, since 
tensor forces were not yet known0 It is now known that the second approx 
imation possesses a substantial validity* 

The extension of the charge independence hypothesis to the meson theory 
of nuclear forces was first carr ied out by Heitler and by Kemmer, but very 
little was done after the beginning. When the situation was reviewed by Wig­
ner in 19429 he showed that the then existing experimental evidence was still 
inadequate to make any definite statements about the validity of the charge 
independence hypothesis,, This situation persisted until new data on n-p and 
p-p scattering were available and a new method of analysis was developed by 
Breit, Landau and Smorodinsky, Bethe, and Blatt, Recently, there has been 
work on the inherent limitations of the theory; that is, even if the nuclear 
forces are in fact charge independent, the electrostatic forces which are also 
known to exist will influence the selection rules which are derived on the 
basis of charge independence. 

Wigner then proposed four general topics for discussion: (1) What is the 
role in physics at large of such regularities as charge independence? He re ­
marked that this is a very general subject^ but is likely to come up again and 
again. Mainly, what should it mean that we have a kind of symmetry which 
is not complete? We have in fact another interaction which is similar in that 
the symmetry is also not complete, namely, the electrostatic interaction,, 
Thus the exact equality of proton -proton and positron-positron forces which 
holds at large distances fails at short distances* This can be reformulated 
by stating that the proton-proton and positron-positron interaction are exactly 
alike insofar as they are. transmitted by the electromagnetic field. Similarly, 
the hypothesis of charge independence for heavy particle interactions can be 
formulated by stating that they are exactly alike insofar as they are trans­
mitted by the meson field. It is tempting to speculate what this means more 
generally. In this connection Wigner remarked that the term charge inde­
pendence is most unfortunate since in fact it has nothing to do with charge. 
The proper name for this phenomenon is invariance with respect to rotations 
in isotopic spin space 0 



(2) Consequences for low energy nuclear phenomena; selection and inten­

sity rule S o Just as symmetry with respect to ordinary rotation has selection 

rule consequences for practically every process,, for example, scattering, 

light emission, etc. similarly, invariance with respect to rotations in i so -

topic spin space has consequences for nearly every process,, Some of these 

selection rules have been known for a long time,, but others have been pointed 

out only relatively recently. Evidence for these selection and intensity rules 

comes from (a) nuclear reactions and alpha decay, (b) beta decay,, (c) electro 

magnetic radiation, (d) stable states of nuclei, and (e) meson transitions. 

The last is a much larger subject than all the others put together and will be 

discussed in other sessions of the conference, 

(3) Inherent limitations of th,e theory 0 There are two possible origins for 

such I imitât ions « (a) The electrostatic interaction will introduce deviations 0 

This is largely a theoretical subject, but to some extent practical in that in 

some cases the electrostatic interaction distorts the results to such degree as 

to give gross apparent contradictions to the basic hypothesis,, These effects 

have been investigated by Thomas with regard to mirror nuclei, somewhat 

more theoretically by Tibarri and Radie ati, and by the group at Princeton, 

(b) Complications in matrix elements on account of mesons, All selection and 

intensity rules are based on the assumption that we are calculating the matrix 

elements of an operator* The role of mesons is less simply described than 

that of electromagnetic radiation in atoms where s for example, dipoïe radia­

tion is given by the matrix elements of x 3 -y, and z, and higher multipoles by 

more complicated exprèssions 0 However 3 Jacobson and Wick have shown that 

this limitation is not relevant and that the selection rules are given correctly 

in spite of the complication of the matrix elements^ 

(4) Question, of potential* That is 9 to what degree can low energy phe­

nomena be described by a potential and by two particle interactions? In this 

connection we should discuss (a) Levy^s work 5 (b) general questions of satura­

tion,, and (c) f fnew fangled methods 1 1 of derivation of all of these rule s s for 

example 3 as given by Van Hove 0 Wigner then called upon Christy to discuss 

topic 2 (a) that is0 selection, and intensity rules in nuclear reactions and alpha 

decay, 

Christy started by stating that, as is well known., charge independence can 

be described in terms of isotopic spin wave functions for the neutron and the 

proton and the operators associated with the isotopic spin* Because of the fact 

that the isotopic spin matrices have identical commutation relations with the 

i^auli spin matrices*, the selection rules for isotopic spin can be identified as 

being essentially the same as those one obtains for angular momentum. If the 

o p e r a t o r ^ has eigenvalues -1 for a proton and 1 for a neutron, then the charge 

on the proton is described by the operator e ( l » t a ) / 2 and the charge on the neu­

tron by the same operator. The x and y components of together with form 

a vector in isotopic spin space^ but only the z component of this vector has a 

direct, simple physical interpretation in terms of total charge 0 



The first step in deriving selection rules for the isotopic spin is to identi­
fy the total isotopic spin T for various nuclear states, Just as the total angu­
lar momentum J can he determined by counting the number of levels into which 
a given state splits under"fe applied magnetic field, the coulomb field automa­
tically splits states of different T ; Therefore, we have to identify the number 
of different charge projections rather than the components of J along the z 
axis; that is, the number of different isobars in which a given nuclear state 
manifests itself is simply ( 2 T + 1 } , This identification can be made with some 
assurance for the low energy levels of some light nuclei, For example, in 
alpha particle nuclei such as carbon and oxygen there are no corre^oor.din^ 
isobars at low energies of excitation; therefore, since the mul+zp] v-vcf ?U 
low energy levels of carbon and oxygen is 1> these levels must have xso'op 
spin T=0, In the case of A —105 that is, B e 1 0 , B 1 0 , and G 1 0 * the difference 
between the ground states is only a few Mev. Again.c the ground state of B^O 
has no counter^; MU/od must have T ~ 0 ? but the ground states of Be '^ and Ĝ O 
and an excited fit at-: ci at 174 Mev form a triplet with apparently cor:: 
sponding properties and hence with T = L The correspondence can leadily be 
seen in a n | energy level diagram for the three nuclei where the coulomb 
corrections have been removed, For nuclei with half integral spin, for exam 
pie Li^ and B e ' s there are two nuclei with corresponding ground states and 
corresponding first excited states when coulomb energy correct ions are made; 
there is also evidence for correspondences between states of higher excitation 
energy. The next isobars occur at 15 or 20 Mev excitation so that if there is 
charge independence one cafc^say that all the low states have T = 1 / 2 , It is not 
always easy to make this sort of identification in all cases (e a g0 when the levels 
are dense) without detailed measurements of the nuclear properties of the 
levels . 

As we have seen, the selection rules we expect, follow in direct analogy 
with those for J, Thus, in any nuclear reaction between two particles, T = T j 
and T = T 2 , the compound state will have JTj - T 2 | ézT ér. T\ 4-T 2 > and if this 
state breaks up into two nuclei of definite T s the same selection rules would 
apply, Unfortunatelyj in most cases this selection rule does not obviously ex­
clude anythingo This is true because in the cases where the levels are identi­
fied, that i s 3 in light elements, the isotopic spins are l / 2 5 0, 13 and if one of 
the reacting particles (e« g* a proton^ has T ~ l / 2 ? then all possibilities can 
exist, For example, a proton on L i ' can give states of isotopic spin either 0 
or 1 and there are no obvious selection rules. But it is possible to get exclu­
sive rules in special reactions where T :s0 ; for example, there are no c o r r e ­
sponding n-n or p-p states to the deuteron which therefore has T ~ 0 , and the 
alpha particle also has T = 0 , so that when either is used the isotopic spin of 
the nucleus cannot change. Hence in the reaction 0 ^ (d ? C*) N^\. strict se ­
lection rules may appear,. One must be careful because the simple fact that a 
reaction does not happen is not evidence for a particular selection rule unless 
it is known certainly that there is no other reason for the reaction not occuring. 
In this reaction 0^ ; ) the deuteron^ and the alpha particle all have T ^ 0 so that 
we conclude that only T = 0 states of can be formed. It is possible to test 
this prediction since both 0 and I states of are known. Most of the excited 
states of have T r:0 with an occasional state of T hence, the working of 



Christy noted that selection rules can also appear in the emission and 
absorption of electromagnetic radiation, if one assumes that the coupling b e ­
tween nuclear particles and the electromagnetic field is by virtue of the 

charge on the proton, i 0 e* represented by the operator The selection 
rules for this operator are the selection rules for the component of a vector, 

that is , in strict analogy to the well known selection rules for electric dipole 

radiation, namely. or 0o The proviso that the coupling is only to 

the charge of the proton ignores all complications due to the electromagnetic 
properties of the virtual meson clouds surrounding the nucléon. For electric 
dipole radiation there is a further restriction,. Ordinarily an operator which 
is a component of a vector allows no ze ro -ze ro transition but the charge opej* 

at or e 2 has a constant term as well as the component of a vector. 

However, in the special case of electric dipole radiation this term contributes 
a matrix element proportional to the summation over the nucléons of rJZ: 

which is the position of the center of mass of the nucléons, which is fixed and" 
does not radiate; hence T s O ^ T s O transitions are forbidden for electric di­
pole radiation. Unfortunately, there is one well known exception to this se­
lection rulej namely, the gamma ray transitions in 0 ^ . The levels have been 
-4?; £ mit el y identified by angular correlation experiments, and there is in fact 
gamma ray transition from the state of J s l and negative parity to a state of 
J ssO; this must be an electric dipole transition and the low states in oxygen 
are presumably T s 0 o However, the relevant fact that needs to be shown is 
-b^uitr or not this transition is anomalously long for electric dipole radiation; 
cms has not been measured but is conceivably observable» Evidence might 
ai so De obtainable from the competition with transitions to other states, but 
this evidence is at present unavailable* In most cases , the low states of a 
nucleus involve' a change in isotopic spin so that the above r .-Atm rule does 
not operate 0 Alpha decay clearly gives no change in isotopic spin for an 
allowed transition. In, the case of beta decay, the Fermi selection rules are 
given by the operators which convert a neutron into a proton or a p ro ­
ton into a neutron. These are linear combinations of components of the vector 

but the summation of over all the nucléons commutes with the i s o ­

topic spin operator; hence, for Fermi's selection rules However, for 
Gamow-Teller selection rules, the operator is a summation over the nucléons 
of Since this weights the various nucléons differently, one has only the 

selection rules for the component of a vector, namely, I, 0o Usually, 
this gives no check because when T changes by one unit, as for example in the 
transition from He" to Li^ the spin also changes by one unit and we know that 

we must use Gamow-Teller selection rules 0 Conversely, in the cases where 

tins selection rule is sufficient to explain the fact that N can be made m its 
ground state and certain other states but is not made in a T —1 state* That is , 
particle groups corresponding to the first T =1 level are weak by at least a 
factor of 100, and how much more is not known. At this point. Berber c o m ­
mented that this reaction can be explained in terms of a weaker selection rule 
than the full charge independence hypothesis (cf0 d i s c ^ s i o n by Kroll below) 0 

Christy went on to remark that also in the inelastic scattering of deuterons by 
the first isotopic spin state 1 is not formed,, which again is plausibly ex­

plained in terms of the constancy of the isotopic spin,, 



the spin does not change^, for example,, In the transition from Be ' to L i ^ the 
isotopic spin also does not change^ 

Wigner commented that it seems pretty far fetched to talk about the con­
nection between p-p and p-n forces and then talk about rotation in isotopic 
spin space* In this connection it is well to recall Slater * s work on atomic 
spectra^ where it became apparent that if there was no spin it would be a good 
thing to invent it in o rde r to express thé Pauli principle; there is no isotopic 
spin 5 but it is a good thing to invent it in order to express in a mathematical 
way the regularities that have been mentioned* He would also like to state 
that it would be very helpfxil to have a new Condon and Shortley written on the 
subject. Of course., the theoretical physicist says l f I know the selection rules 
for isotopic spin operators because I know them for the spin operators"* But 
it would be nice to have rules written up5 and we are very far from this 0 For 
example, electric dipole _ asitions have the same matrix element as first 
forbidden beta transitions; hence one can calculate the matrix element of one 
from the other and so on 9 There is a whole slew of such regularities, and it 
would be very valuable to see if they can be checked,, Finally, Wigner r e ­
marked that there never has been as much theoretical thinking done on a sub­
ject the experimental foundation of which was as inadequate as this one* 
(Laughter) 

At this point*, Breit raised the question of what experimental evidence 
there is that T is a good quantum number and where he would find calculations 
showing what wou. > wrong if it were not« Christy 8s statement that the best 
experimental evidence still comes from the elementary particle scattering was 
questioned {cf c discussion primarily by Blatt and Bethe below), Wigner e m ­
phasized the intensities of beta transitions, while Serber stressed the equality 
of energy levels*. However^ Serber said that one should not overstate the case 
from low energy experiments because of possible interpretation in terms of 
weaker selection rules (cf„ Krol l ç s remarks below 0 ) In response to a question 
from Wick as to what is meant by ' l o w energy1*, Wigner attempted to say 
"where the interpretation is reasonably unambiguous" which provoked con­
siderable laughter; he therefore qualified to regions where only S wave scat­
tering occurs 3 namely., below 4 a 5 Mev 0 

Blatt objected that even 4Q 5 Mev may be too high, and described the 
situation with regard to scattering as follows* In the region below 2 Mev the 
scattering can be described by two parameters^ namely, the scattering length 
and effective range 0 The scattering length is charge dependent so that any 
correspondence between scattering lengths can be stated only very roughly; 
further, there is no corresponding state in the proton-proton system to the 
triplet S state of the neutron-proton system,, Hence there is really only one 
parameter to check charge independence s namely.; whether or not the singlet 
effective ranges for the two systems are equal 0 In response to objections from 
the floor he countered that the charge corrections to the scattering length are 
not easy to make accurately but perhaps one might say that there is a second 
parameter. The situation with respect to the singlet effective range seemed 
dr.Mous three or four years ago but by now the value for the proton-proton 



effective range is about 2 0 7 x cm, as compared with the neutron-pro­
ton effective range of 2. 5 The possible disagreement indicated by the 

Brookhaven data at 4 - 4. 5 Mev is uncertain because at this energy the next 
term P in the expansion k ctn comes in, and the 
P coefficient depends on the shape of the well 0 Blatt, therefore, concludes 
that the low energy evidence for charge independence is inc. • A,I. „:e except for 
the corresponding levels in light nucleL Brei t ! s comment that Snow had o b ­
tained agreement with the Brookhaven experiment by using a repulsive core 
was restated by Blatt as equivalent to stating that such a model gives P 09 

while P 0* 15 does not give nearly as good agreement. However, the intro­
duction of tensor forces without a repulsive core would reduce P to zero for 
Yukawa potentials* In response from a question from Jastrow as to how the 
situation differed from the analysis given by Salpeter* R 0 G« Sachs commented 
that Salpeter s analysis depended upon the neutron-proton capture cross s e c ­
tion which really is not well enough known even theoretically to be used* 

Bethe commented that the new experiments on scattering are more r e ­
liable than the capture cross section and made a positive and a. negative r e ­
mark, The positive remark was that it is still remarkable that the scatter­
ing lengths indicate potentials of equal r-trength to about 1%« The negative 
remark, made at the request of Salpeter, was that Schwmger has pointed out 
that the magnetic interaction is different in the neutron-proton and proton-
proton system^ and that this difference can account for the difference in 
scattering length, This, however, depends on the shape of the well, and work 
with the Yukawa potential essentially because two nucléons like to be close to ­
gether in that case and the magnetic interaction for an S state, which is e s ­
sentially a contact interaction, is therefore enhanced* It does not work for a 
square well because the wave function does not become so large at short dis» 
tances, and it was found that Levy f s repulsion at short distances will also 
depress the magnetic interaction, Oppenheimer commented that there are 
inherent limitations on charge symmetry and soon we will have to worry about 
the different electrical properties^ dissociation of nucléons, and all the rest 
of it* That these effects can be big enough for some purposes we know from 
Schwinger ?s work« That we should be able to calculate them today, ; e would 
find very surprising* 

At this point Pais offered to present a new calculation with Levy's poten­
tial for the proton-proton system by two of his students, Martin and Verlet* 
However, Oppenheimer thought that a review of Levy*s work would be in order 
as n i t is not completely clear from his papers, it is not completely clear to 
him, and not completely clear to anyone" 0 

Pais 5 thereforej summarized Levy f s work as follows* With incredible 
faith Levy says that he will investigate the symmetric pseudoscalar meson 
theory with pseudoscalar coupling, that is, the interaction 
If you begin to play with this interaction and to orient yourself with regard to 
the constant G, you find that G 2 / 4 he is of the order of magnitude 10* Then 
come the well known hesitations,, since this orientation is obtained by calcu­
lating in a very low order, Then you say "what the hell, if I have a power 



series expansion, and expand with respect to a parameter which is as large as 
this one, what can I believe of all this? 1* Levy, in essence, looked at the 

2 4 
nuclear forces following from the PS (PS) interaction taking the G and G 
terms into account. In this approximation one already finds a strong repul­
sive contact-like interaction which is smeared out by relativistic effects but is 
still very singular* He then makes a kind of guess, but it turns out to be very 
fruitful to follow up the consequences of this guess, He says, at small d is­
tances I have a very eminent history which tells me that I don't know what P m 
talking about 5 and I have this very strong interaction which seems to be very 
dominant there. So I divide the distance into an inner and an outer region/ I 
shall believe the specific shape given by the theory in the outside region and 
assume that I have a hard core inside* It is immediately obvious that this 
approach can on.y work at low energies, since at higher energies the more 
detailed structure of the interaction at small distances must be quite vital 
(Oppenheimer - "This is an understatement 1 1) 8 Levy*s c la im for dropping 
terms higher than G^ is that these terms will be important only in the inside 
region* Oppenheimer not It this is not true of all terms since there are 
terms of an arbitrarily high order in G which occur as a multiplicative con-
stant times Levy*s potential V4, which he did not find out until after the ca lcu­
lation was completedo Therefore s his theory contains in fact three parameters 
rather than two, one of which is arbitrarily set equal to L Wentzel in fact has 
an argument to show that this constant should be considerably smaller than L 
At any rate, since the precise forms for V 0 and V, do not tell one much, Pais 

1 ù 4 
did not write v.'"- n down, but instead listed the parameters of the theory which are and There are only two para­

meters since the meson mass is equal to the experimentally observed 7X meson 
mass in this theory*, F r o m these two parameters, the deuteron binding energy 
and the singlet scattering length, L^vy then fits the six numbers^ the triplet 
effective range, the singlet effective range s the triplet scattering length, the 
singlet scattering length, the percentage of D state, and the quadrupole m o ­
ment of the deuteron approximately* Ro G9 Sachs objected that two of these 
parameters are already essentially included by assuming the'>>>::iing energy of 
the deuteron and the zero energy singlet scattering length; further, the quad­
rupole moment is out by 20%, while a change of strength of the tensor force by 
a factor of 100 would only change the quadrupole moment by 10%, and the per ­
centage D state is hardly known, Further, the*u; "^mption of t h e 7 Y e x P e r i m e n t a l 
rest mass means that he is only working on a small correc t ion to the effective 
ranges, Oppenheimer objected to the last statement because the large V4 
leads one to expect no a pr ior i magnitude for the effective ranges, Bethe finds 
it remarkable t~-.ii a repulsive core which really corresponds to two mesons 
and has half the desired range still gives the right scattering, Blatt objected 
that it was a little unfair to say that the percentage D state was not at all a 
check, since when you change the tensor force , although you do not change the 
quadrupole moment very much you do get completely unreasonable D state ad­
mixtures, and one can argue that this quantity is known within the range of 1 
to 8%s although not precisely* 

Oppenheimer summarized the si; ation as follows: we could argue a great 
deal about the right percentage of D state. But. starting with a not unreason­
able theoretical program and making only a finite number of mistakes, L^vy 



has obtained a better overall charge symmetric description over a wide range 
of energies than people who have been treating the problem empirically,, He 
thinks that this is not without interests 

Pais then reported on the calculations of Martin and Verlet on the proton-
proton scattering to be expected from the Levy potential at 180 3 and 32 Mev* 

They calculate S5 P and D phase shifts 
and obtain the agreement with experi­
ment indicated in figure below0 To ob­
tain this agreement,, they find that the 
original latitude in the coupling constant 
given by Levy is too large and that in 
fact it must be chosen as 10. 36i:0 o 02, 
The agreement at 18 Mev appears per­
fect although there are discrepancies of 
about 10% at 32 Mev, which is the order 
of magnitude of the discrepancies Levy 
found in calculating the n-p scattering at 
40 Mev. The potential and phase shifts 
are given in the table* (It should be 
stressed that the P and D phases are 
born approximatio: ises obtained with 
Coulomb wave functions and therefore 
may well be completely misleading; cf. 
discussion by Wick, below0 

CENTER OF MASS ANGLE 

P-P scattering from Levy potential 
as calculated by Martin and Verlet 
N» B. P&D waves calculated in 
born approximation. 

Calculations of Martin and Vei 



Certain objections were raised. In particular, Sachs wanted to know why 
the P wave at 4 Mev as measured at Wisconsin is so low and whether this is in 
agreement with Levyfs potential. Oppenheimer remarked that this is in fact a 
beautiful feature of hévy*s model. Thus the bucking of the core and the attrac -
tive potential tends to reduce the odd state phases, which is a gross effect that 
does not follow from a charge symmetric theory but does follow in this particu­
lar case* However, Jastrow admitted that this particular feature, which is 
characteristic of his model, also, although it is energy independent over wide 

•gions, does not fail at very low or very high energies and hence that the low 
observed P phases at 4G 5 Mev might prove to be a difficulty with the Levy po­
tential* At this point Wick questioned how precisely the phase shifts were cal­
culated at 32 Mev. This brought out the point that in fact they were calculated 
from coulomb ware functions in born approximation. Wick considers this pro­
cedure extremely questionable since at 32 Mev he is almost certain that the P Q 

phase shift is greater than 30°, He went on to add that this is in fact a typical 
feature of Levy !s potential, namely, the enormous attraction in the P Q state, 
and that since the P Q gives a very small front to back asymmetry^, it may in­
deed be the qualitative reason for the flat angular dependence of the proton-
proton scattering and at the same time of the symmetry about 90° of the neutron» 
proton scattering. 

Breit remarked that R0 M 0 Thaler and J . Bengston at Yale have made an 
analysis of n-p and p-p high energy scattering data which succeeds in giving 
|ood fits to experiment entirely without D waves but with S and three different 
P waves. These fits have been made consistently with the hypothesis of charge 

independence. The existence of the fits shows that there are other ways of re­
conciling the hypothesis of charge independence with observation than those 
discussed in terms of potentials so far0 Also, in connection with the discussion 
of the repulsive core potential he stated that approximate corrections for retard­
ation to the nucléon-nucléon interaction have been worked out on the pseudoscalar 
theory. The effect increases slowly with energy at low energies but at 300 Mev 



the preliminary calculations indicate large corrections to the static value s 0 It 
was suggested that the slowness of the increase of the corrections may be r e ­
lated to the success in fitting 30 Mev data by the Levy-Jastrow potential which 
has been reported by Jastrow* 

Kroll was asked at this point to explain his and Foldy 8 s weaker selection 
rules which had been mentioned earlier,, These selection rules follow from 
charge symmetry and do not require charge independence c F rom them, one 
finds that3 for instance, the 0^(d,O<)N^ reaction for which certain states are 
apparently forbidden is equally explicable assuming only charge symmetry and 
not charge independence; also the dipole transition in 0^ , ' ' c is not in fact 
forbidden, would be just as strong evidence against charge symmetry as it 

d be against charge independence. This can be shown by considering any 
reaction of the type which, expressed in isotopic spin language, consists of the 
transition of two particles each with isotopic spin 0 to a set of two other parti­
cles one of which has isotopic spin 0 and the other possesses states of both 
isotopic spin 0 and isotopic spin 10 Since isotopic spin 0 implies equal numbers 
of neutrons and protons, it is clear that: the initial state is s elf-conjugate with 
respect to an interchange of neutrons and protons c Consequently, the initial 
state can be characterized as symmetric or anti-symmetric with respect to 
such an interchange and if there should prove to be charge independence? 
the symmetric states have even isotopic spin while the anti-symmetric states 
have odd isotopic spin0 However, even if T is not a good quantum number, 
transitions from symmetric to anti-symmetric states are still prohibited,. 
Hence, the selection rules for all such reactions are the same whether one 
assumes charge symmetry or charge independence. Therefore, the only good 
experimental evidence from low energy region for charge independence is the 
existance of isotopic spin multiplets, that is , corresponding energy levels 0 

Similarly the electric dipole operator is odd with respect to neutron-proton 
interchange and hence can only connect states of opposite charge parity* Since 
T —0 states all have even parity, again ze ro -ze ro transitions are forbidden. 

Feenberg commented that the selection rule against dipole transitions is 
removed by taking into account the neutron -proton mass difference; hence, the 
selection rule merely reduces the probability of electrical dipole transitions by 
a factor of 10 , which is not such a large factor for such transitions» Feynman 
asked whether the second order effect of the distortion of the wave functions due 
to coulomb forces was not a much bigger effects Wigner replied that this has 
been calculated by Radicati and also at Pr inceton and in particular for 0 ^ this 
only gave a 1 0 ^ effect in the transition probability*, 

R 0 Gc Sachs: a comment on Christy 5s discussion made to him, but not to 
general meeting* It concerns the apparent violation of the isotopic spin 

selection rule T = 0 - > T = 0 forbidden for an electric dipole transition in 0^. 
Feenberg remarked on the possible importance of the neutron-proton mass 
difference 9 There is an effect which seems to be of far greater importance,, 
The selection rule arises as a direct consequence of the fact that the dipole 
moment can be expressed rather directly in terms of the pos of the center 
of mass of the nucléons. '~"\<, 'ever, at an energy as high as that (7 Mev) 



associated with the 0 transition in question,, the contribution of the magnetic 
quadrupole moment (sometimes referred to as a retardation term in the 
electric dipole moment) must be included, and this is not simply related to the 
coordinate of the center of mass. One can estimate (see Phys 0 Rev. 88, | 24 
(1952) } that the lifetime for the forbidden, transition is of the order of (Me /Kw 
times that of the allowed dipole transition, hence only some (2 x 10^) times 
slower. It can be concluded that a lifetime measurement is essential for a 
test of the selection rule. 

Fermi added that Telegdi experimentally finds in the photo-disintegration 
of into three alpha particles that the 17 Mev level is relatively sharp, indi­
cating a rather strong selection rule. Gell-Mann, arguing like Christy in terms 
of dipole transitions being forbidden for Tzil states, ties this fact into the i s o ­
topic spin multiplets of neighboring elements. It remains to investigate whether 
the intensity of ds reaction bears out this interpretation,, Wigner commented 
that although individual mir ror nuclei beta transitions are evidence for charge 
symmetry only and not charge independence, the systematic trend, of the ft 
values for such transitions wo Id fail by a factor of 4 to agree with the experi­
mental values if only charge symmetry and not charge independence was oper­
ative 0 

Feldman briefly presented the following implications of charge indepen&ËQLÊe 
for high energy nucléon-'nucléon scattering. His results are obtained in the 
scattering matrix formalism and hence'are completely independent of any hy*p<S-
theses about the nature of the interaction* There are 

p+p-^p+p, n+p->n+p 9 and n4-p->p-fn (since\the momenta and spins are specified 
and two complex amplitudes (singlet and triplet) to describe them 0 Hence one 
gets In general restrictive inequalities only and not equalities relating the c ross 
section?*» There are three such inequalities; in the center of mass system they 

; which are also applicable if the 
incident nucléons are unpolarizedo The second and third relations are not 
interesting because of the symmetry of the neutron-proton scattering about 90°; 
however, the first relation is of interest since it could, be violated depending on 
whose experimental data you believe. This test is most cri t ical , clearly at 90° 

where one must have Thus s the Berkeley scattering 

data at 260 Mev gives mb and<r (90°) ~3, 8 ±,0. 2 mb, or a 

ratio Jjftp/<ftp] ( 9 0 0 ) ^ 2 : 8 * 0 . 5 which agrees with the charge independence 

inequalityo However, if one takes mb as measured by 

Rochester or Harwell, then the ratio becomes 3. 8 ± . 0 . 6 , which could violate 
the charge independence hypothesise This emphasized the importance of p re ­

cise measurements of 
<rnpC90o) and ÇTw^°°h 

particularly at high energies* 

Weisskopf then presented a brief account of a preliminary in 'estigation of 
the saturation problem of nuclear forces carr ied out by Drell and Huang, using 
Levy 8 s potential and. Levy 's optimism. He expressed Levy 5 1 s potential as 

Here the superscript (2) denotes a two body force and L> 



introduced because of the generalization to n body forces given b elow* Y2 is 
the exchange tensor force while is the ordinary repulsive force 0 Weisskopf 
remarked parenthetically that this potential is very nice since it throws light on 
a point which had always been puzzling until now. It had been n :ed that the ef­
fective range of the tensor force is greater than that of the central force, while 
the singulari ty given by meson theory always indicated a shorter effective range; 
this is now understood since V4 contributes to the central force and its (repul-
sive) singularity cuts down the effective central force range. In Levy*s spirit* 
there are only two unknowns in this theory, namely, the core radius and the 
coupling constant; as in Levy 9 radiative corrections are essentially dropped in 
higher order (by setting the unknown coefficient of equal to one„} It would 
be very difficult to derive the general V^ n ) but one can deduce the leading terms 
in analogy to L e v y ç s vfà* Both the form and the multiplicative constant of these 
potentials are g iwn exact ly within the framework of this program, They are of 
the form: V L \ 2 Kl (X12+X21) 

' X 1 2 X 2 1 

V ( 3 l c \ 2
 Kl ( x 12+X23-f-*3l) \ _ 0 2 jU. 5 A

 X 1 2 x 2 3 X 31 A - 4 / T 2M 
The generalization to n body forces is obvious* (Wentzel remarked that he had 
given precisely this formula in a paper written ten years ago; Weisskopf granted 
this but added that they had merely calculated the constant ^ in front of this 
expression as given by the pseudoscalar theory),' As had also been shown by 
Wentzel, the sign of these forces alternate as the number of particles increases,, 
It is noted that the Levy two-body force alone is even worse than the Serber ex­
change force with respect to saturation because of the large central force; the 
repulsive core is of such small volume as not to help, since if nuclei collapsed 
to this core^ the densities would be very much greater than the observed nuclear 
densities a However 5 the repulsive three body force is sufficient to give satura­
tion if the higher order forces , that i s , the 4, 5 and body forces are neglected, 
Drell and Huang indicate that there is some reason to hope for the convergence 
of the series of multibody forces. 

The saturation calculation is carr ied out in a primitive way just as it would 
have been done by Wigner in 1936 ("You permit me ' :all this pr imi t ive?") . 
That is, the average values of the potentials are found using free particle wave 
functions averaged over the position of the particles taking account of the re ­
gions excluded by the cores. To escape all surface and electrostatic effects, 
the calculation is carr ied out for infinite nuclear matter and the resulting den­
sity found; a density of^O^l corresponds to the observed nuclear density, Only 
the two and three body forces are included^ and of course the kinetic energy, 
with the hope that these will give a minimum at yO^L The probable conver­
gence of the series of n body forces is due to the fact that it is very unlikely to 
find several particles within one another ?s ranges^ because of the pauli pr inci­
ple, even if the cores are neglected 0 Exchange effects due to the exclusion 
principle are included but not exchange effects due to the exchange character of 
the forces . Since this calculation uses L e v y ' s constants and Levy"*: >ptimismP 

there is nothing free and all is given 0 The result is shown, in the figure below. 



It is seen that a minimum does 

occur atyû~l0l and corresponds 

to an energy of 12 Mev as c o m ­

pared to the experimental value 

140 This is too encouraging, as 

a great deal has been left out c 

It should be stressed that the 

core is not important for the 

many-particle problem, since P 

if two particles cannot get to ­

gether, then neither can three 0 

There are three points to be 

considered if one wishes to 

improve upon the above ca lcu­

lation: (1) Levy 's optimism may 

not be justified ; ) (2) we are 

suffering from an illusion if wë 

say that v/e know the constants 

that have been inserted here 

because we do not know about 

convergence, and (3) imagine 

that everything goes fine 0 It is 

still possible that we may be 

just lucky 0 But there is still 

trouble with regard to the shell 

model. That i s 5 although the 

cores are unimportant for the 

saturation problem once collapse due o the 2 body potential is prevented, they 

are large enough to prevent the particles from moving freely in this infinite nu­

clear matter as would be required by the independent particle modeL Therefore, 

one still has to investigate the problem of whether there is some mechanism that 

reduces the effect of the repulsive cores to zero in nuclear matter 0 

Serfaer asked whether it had been investigated if such nuclear matter were 

: "'̂  against the lining up of all the spins parallel due to the tensor forces 0 

Weisskopf admitted that this has not been done igh he thought it likely to 

be unimportant,, Wentzel commented that the non* inge part of the problem 

can be done rigourously and has been done by him in a recent paper in Helvetica 

Physic a Acta using calculations based on pair theory. By "exchange 1 1 is meant 

exchange terms associated with the energy, not exchange forces,, Weisskopf 

commented that he was not yet sure, but it seemed, present that the exchange 

terms might be very important for the convergence of this procedure; that i s 5 

they subtract 15% for the 2 body forces 9 35% for the 3 body force and about 65% 

for the 4 body force 0 The basic Feynman diagram for the 3 body force here 

considered given below 0 The generalization to 4 

and 5 particles has all sorts of combinations which 

must be summed over* Their contributions to the 

potential energy are presently being calculated, 



Wigner c losed the sess ion by thanking everyone who had made a contribu­
tion and also those who had just l istened, 

PION PRODUCTION AND PION-NUCLEON SCATTERING 
Thursday afternoon*, P r o f e s s o r E n r i c o F e r m i presiding, 

F e r m i opened the sess ion by indicating that the discussion would be divided 
into three parts which are indicated schemat ica l ly by the following relat ions: 

where N indicates a nucleonD 

H, Anderson reported on the reaction N-f-P as measured by 
Hildebrand at Chicago, At las t y e a r ! s Roches te r conference considerable 
in teres t was expressed in the conservation of isotopic spin I, as a principle 
governing pion production and pion-nucleon scat ter ing 0 It was pointed out by 
Yang and others that the react ions P- f~P and are 
complementary* Note that on the right hand side of these equations the isotopic 
spin of the deuteron is 0 and the isotopic spin of the TT meson is 1; thus, the 
total isotopic spin is L On the left hand side the P P system has only isotopic 
spia 15 while the NP system possesses both isotopic spin 1 and 0, The neutron-
proton isotopic spin wave functions are 

s - I *0> Assuming conservation of isotopic spin, then, in a reaction 
resulting in a pion and a deuteron only the states for which 1^1 are possible* 
The relation between the c r o s s sections of these two react ions is therefore 

at a given energy for any angle,, 

The^production was measured by R i c h -
man and Wilcox and la te r others at B e r k e ­
ley, The inverse p rocess |f-tD —^P-J-P 
was measured at Columbia by Durbin, Loa r 
and Steinberger* The la t ter obtained the 
angular distribution 
where theTTn^eson energy in the CM system 
was 55 Mevo îî^l deb rand has measured the 
differential sect ion for the reaction 

The experimental a r range­
ment was as follows: a neutron beam with 
energy centering around 400 Mev struck a 
target* Carbon-hydrogen differences were 
taken. Both the deuteron and the jTmeson 
were observed, The deuteron was detected 
by scinti l lat ion detectors and the"|Treieson 
was detected by a scheme f i rs t used by 
Panofsky, Ste inberger and others , Two 

-ray detectors , each consist ing of a 
lead radiator , a scintil lation detector, and 
a Cerenkov counter define the direction and 
the energy of t h e i L , •„ ~ Since we are deal­
ing with a 2 body p rocess , the neutron 
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energy was d e t e r m i n e d c o m p l e t e l y for g iven a n g l e s of the "]T °and the deu te ron 
de t ec to r s* T h e experiment was s e t up so that the e n e r g y in the c e n t e r of 
m a s s s y s t e m was 5 5 M e v 0 T h e r e s u l t s a r e shown in the above graph 0 T h e 
c u r v e r e p r e s e n t s the C o l u m b i a r e s u l t s and the e x p e r i m e n t a l points a r e Hi lde» 
b r a n d i s r e su l t s* I t i s s e e n that the a g r e e m e n t i s v e r y goodc T h u s 9 we c a n 
conc lude that the angu la r d i s t r ibu t ion fo r the jT^ndfTpro duct ion a r e the same 0 

At present the a b s o l u t e c r o s s s e c t i o n has not b e e n m e a s u r e d but the r e s u l t s 
should be f o r t h c o m i n g soon, 

Ho A n d e r s o n then d i s c u s s e d the g e n e r a l r e l a t i o n s i m p o s e d on pion p r o d u c ­
t ion p r o c e s s e s by the c o n s t a n c y of the i s o t o p i c spin 0 T h e r e l a t i o n s fo r a given 
m e s o n e n e r g y and angle i n t e g r a t i n r o v e r a l l nuc léon c o o r d i n a t e s a r e : 

T h e t e r m s on the r igh t hand s i d e s of t h e s e 
equat ions a r e the i s o t o p i c spin m a t r i x 
elements*. T h e l e t t e r s S and T r e f e r to 
the c h a r g e of the two n u c l é o n s in the f inal 
s t a t e , and denote c h a r g e s i ng l e t and c h a r g e 
t r i p l e t s t a t e s , r e s p e c t i v e l y Q T h e s u b ­
s c r i p t s a r e the to t a l i s o t o p i c sp ins of the 
in i t i a l and f inal s t a t e s , e r the a s s u m p ­

t ion of c o n s e r v a t i o n of i s o t o p i c spin the two s u b s c r i p t s canno t b e different* T o 
s e e how t h e s e equat ions w e r e de r ived l e t us c o n s i d e r E q , 1 in m o r e de ta iL It 
r e f e r s to the c r o s s s e c t i o n fo r the r e a c t i o n P + P T h e in i t i a l t w o -

pro ton s y s t e m has I ~ l and the f inal s t a t e has I ~ 2 , L o r 0 fo r the neu t ron - p r o -
ton s y s t e m in a c h a r g e d t r i p l e t T s t a t e , and IRZL in a c h a r g e d s i ng l e t S s t a t e ; 
the l a t t e r i nc ludes the bound s t a t e of the deuteron,. Applying the c o n s e r v a t i o n 
of i s o t o p i c spin 3 only f inal s t a t e s with 1 ^ 1 a r e p e r m i t t e d ; thus we get the two 
m a t r i x e l e m e n t s T\\ and S ^ f t Note that t h e r e a r e only t h r e e d i f ferent m a t r i x 
elementSo T h e r e i s a l s o the advantage that TJJ^ which a p p e a r s at s e v e r a l 
p l a c e s is quite s m a l l n e a r the t h r e s h o l d , whi le the o t h e r s a r e l a r g e c In f a c t , 
at 3 5 0 M e v e x p e r i m e n t s at B e r k e l e y show that th i s i s so and give an ind ica t ion 
what the s i z e of t h e s e m a t r i x e l e m e n t s should b e 0 E q u a t i o n s 1, 4 and 5 a r e m o s t 
a c c e s s i b l e to e x p e r i m e n t a l ver i f ica t ion^ 

F e l d i n q u i r e d whe the r the s i m i l a r angu la r d i s t r ibu t ion fo r the r e a c t i o n s 
D and P + N only i n d i c a t e s c o n s e r v a t i o n of the o r d i n a r y 

angu la r momentum^ and whe the r i n fo rma t ion on the c o n s e r v a t i o n of to ta l i s o 
top ic spin would only c o m e f r o m the f a c t o r 2 in the r a t i o of the abso lu te va lues 
of the c r o s s sec t ions , , A n d e r s o n exp la ined by c o n s i d e r i n g the r e a c t i o n N + P — 
^fT°-^ D in m o r e de t a iL T h e in i t i a l NP s y s t e m i s a m i x t u r e of i s o t o p i c sp ins 
1 and 0 whi le the f inal s t a t e has i so top i c spin L S i n c e the deu te ron i s in a 
s ing le t c h a r g e s t a t e , only the S-Q m a t r i x e l e m e n t s exis te If , h o w e v e r , t h e r e 
w e r e no c o n s e r v a t i o n of i s o t o p i c spin then the " S Q J " m a t r i x e l e m e n t would a l s o 
existo S i n c e the i n i t i a l i s o t o p i c spin s t a t e s a r e different^ we would e x p e c t 
d i f ferent angu la r dis t r ibut ions , , B e c a u s e of the r a t h e r p e c u l i a r shape of the 
angu la r d i s t r ibu t ion , the fac t that the two c r o s s s e c t i o n s a g r e e s t r o n g l y 
suppor ts the c o n c e p t of c o n s e r v a t i o n of i s o t o p i c spin 0 B u t one e x p e r i m e n t in 
i t s e l f i s not a proof 0 
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Bla t t then asked to what extent could one obtain relations among the c r o s s 
sect ions by îust assuming charge symmetry and not charge independence 0 

Charge symmetry assumes that P goes into N, goes into 
and conversely,, F o r example, E q s 0 1 and 7 have the same mat r ix elements 
because of charge symmetry,, However, the mat r ix elements for the react ions 

and are the same because of charge independence,, 

Van Hove then gave a further discussion of the relations between the c r o s s 
sections for pion production in nucleon-nucleon collisions* Let us consider the 
react ions just t rea ted by Anderson and the relations between their c r o s s s e c ­
tions assuming conservation of isotopic spin 0 It should be noted that when dif­
ferential c r o s s sect ions are considered^ in many c a s e s interference t e rms 
a r i s e 0 Assume that two nucléons 3 indicated by the numbers 1 and Zy collide 
and produce two nucléons, indicated by 1* and 2\ and a pion0 The ca se in which 
a deuteron is formed in the final state will not be considered. Assume that we 
have observed the directions and the spins of all these particles* We will ob­
tain express ions for the c r o s s sect ions for various charges for the initial and 
final particles., assuming that conservation of isotopic spin I is taken into 
accounto The initial and final states are subdivided into states of given total 
isotopic spin and only states of given total I can be connected in the production 
experiments« F o r the initial state we enumerate the various i - dc spin wave 
functions corresponding to I~ l and 0 for the two nucleons 0 A s imi la r procedure 
is used for the outgoing pa r t i c l e s 0 There are three complex scat ter ing ampli -
T * s compatible with conservation of isotopic spin that connect the initial and 
final s ta tes 0 These will be the TQQ and T J J just given by Anderson* An 
important point is that the states of the par t ic les are completely specified by 
their"directions and spins* Let us assume for example that two protons collide 
and produce a 77"̂  Thus the initial state is l ^ P and Z S P and the final state is 
l f ~ P S 2 * ~ P and a/fmesono There^is only one scheme for/T^roductiono But 

jit two colliding protons produce at7\ then there are two ways to have an outgo­
ing proton and an outgoing neutron,, Namely, VsfP and 2*.nN 5 and M ! r N and 
2**?P0 F o r a rb i t ra ry directions in space s these two p roces ses are completly 
different, and have different c r o s s sect ions , e 0 g, see E q s 0 2 and 3 below. The 
difference is due to interference t e rms that have to be added to Anderson's for-
mulae in order for them to apply to differential c r o s s sections*» 

The following are the explicit express ions for the differential c r o s s sections* 



T h e p roduc t ion ampl i tudes u s e d h e r e c o m p a r e to A n d e r s o n H s no ta t ion as fo l lows: 

Note that E q s c 2 and 3 differ only in the p e r m u t a t i o n of the P and N in the 
f inal s tate^ which g ives r i s e to a d i f f e rence in s ign o f the i n t e r f e r e n c e t e r m 0 

It i s the s u m of such two c r o s s s e c t i o n s which have to be i n t e g r a t e d in o r d e r to 
obta in the to t a l c r o s s s e c t i o n as given by Anderson,, T h e equa l i t y of the two 
c r o s s s e c t i o n s both in E q s 0 4 and 5 i s due to c h a r g e s y m m e t r y * 

T h e t h r e e c o l l i s i o n m a t r i c e s r e p r e s e n t i n g the a l l owab le i s o t o p i c spin t r a n s ­
i t ions a r e funct ions of the sp ins and d i r e c t i o n s of the par t ic les*. In genera l^ fo r 
a given s e t o f cond i t ions t h e r e a r e no fu r the r r e l a t i o n s 0 

T h e p r o b l e m i s now r e d u c e d to the p u r e l y a l g e b r a i c ques t ion of e l i m i n a t i n g 
the c o m p l e x n u m b e r s C Q , >], C J s be tween the s e v e n c r o s s s e c t i o n s ob ta ined ô  

T h e c r o s s s e c t i o n s a r e seen„ to depend on f ive r e a l p a r a m e t e r s : C / p CI$ C j S 

Therefore , at l e a s t two r e l a t i o n s h i p s m u s t e x i s t 

be tween t h e m as a c o n s e q u e n c e of charge independence 0 A conven ien t way of 
showing the two r e l a t i o n s is with the following nota t ion 0 L e t the sum and d i f f e r ­
e n c e of E q S o 3 and 2 be and r e s p e c t i v e l y ; the s u m and d i f f e r ence of 
E q S o 5 and 4 b e and r e s p e c t i v e l y ; and the s u m and d i f f e r e n c e of E q s 0 7 
and 6 be and respectively,, Let Eq« 1 be denoted by T h e two r e ­
l a t i o n s a r e of d i f fe rent type s 0 One r e f e r s to the c r o s s s e c t i o n a v e r a g e d o v e r 
a l l the d i f ferent s t a t e s and g ives a r e l a t i o n involving the m a t r i x e l e m e n t s fo r 
the to t a l r o s s sec t ion* We get 

( 8 ) 

T h e o t h e r r e l a t i o n i s ob ta ined by tak ing the i n t e r f e r e n c e t e r m s into accoun t . 
T h i s g ives a r e l a t i o n b e t w e e n the phase d i f f e r e n c e s of the c o m p l e x con juga te 
quantities,. 

Let and denote phase ang le s a s defined by the fo l lowing equa t ions : 

E q S o 9 3 10 and 11 can be written as the single relation 
(12) 

The relation E q 0 (8) has a c l ea r meaning;; if in an e x p e r i m e n t having the 
s a m e n u m b e r of p-p and p~n c o l l i s i o n s the total n u m b e r of and 

mesons production, s a y N„ and 1%, r e s p e c t i v e l y , a r e m e a s u r e d at a f ixed 

ang le , then E q 0 (8) m e a n s 2 N ^ (13) 



This relation was given by Watson for more general processes, , It is r emark ­
able that when multiple meson production occurs the number of phase relations 
increase rapidly with the number of mesons produced, whereas no relation in­
dependent of Watson^s seems ever to appear between the total c r o s s sections*. 
So far no simple interpretation has been given to the phase relat ions. 

No BP However, as Feldman has pointed out, it is important to rea l ize 
that if unpolarized nucléon beams and/or targets are used 5 the phase relations 
are lost and only Watson ? s relationship remains . 

Stevenson presented recent measurements on the reaction 
by F* Crawford and M 0 Stevenson at Berke ley , A liquid H ,̂ target was bom-
barded with the external 335 Mev proton beam and an event was determined by 
a t ime coincidence between the re suiting J fme s on and the deuteron. Counter 
te lescopes were used for the part icle detection and the par t ic les were identi­
fied by their momentum and range. The two measured angles of the outgoing 
par t ic les and the known momentum of the incident beam determine the momen­
ta of both particles* The masse s of the par t ic les are then identified by their 
ranges, The measurements were extended to a minimum angle of 30° in the 
center of mass system corresponding to 2* 5° for the deuteron counters and 
15° for the meson counters in the laboratory system. The range curve of the 
deuterons, within the s ta t i s t i c s , was flat. This is important since protons 
from the free neutron and proton final state can also reg is te r coincidence counts* 
F o r the case in which the neutron and proton have zero relative momentum the 
proton has 1/2 the range of the deuteron. Thus, most of the par t ic les detected 
were deuterons, F e r m i pointed out that the reason that no protons appear is 
probably due to the fact that they a re produced in the three body final state and 
thus have li t t le angular corre la t ion with the meson* 

The s section was determined as follows: the deuteron detector was 
moved over an angular interval of a few degrees and the integrated number of 
counts observed gave the c r o s s section for that part icular angle of the meson 
counter 0 The analyzed data up until the present t ime is shown in the following 
table: 

Center of Mass Angle differential c r o s s section 

A leas t lua re fit to the dat& gives the differential c r o s s section in the C*M, 
system 

T h e T f energy was 18 Mev in the center of mass system, The total ;ross s e c ­
tion obtained is 2 a 7 x 1 0 ' ^ c m ^ 

Using detailed balancing one can determine the c r o s s section for "TT^absorp-
tion in deuterium. The differential c r o s s section in the center of mass svstem 
for the reaction 
s te r 0 



The existing measurements of the c r o s s section for react ion 
P + P are l is ted in the following table. 

Labora tory 

B e r k e l e y 
Columbia 
Roches te r 
B e r k e l e y 

- Marion Whitehead) 
The laborious calculation of the cor rec t ion forlfcVdecay in flight has not been 
c a r r i e d out* Note that the disagreement between the f i rs t mentioned B e r k e l e y 
resul t and the Columbia resul t is outside the stated er rors* Since the c r o s s 
section-is known to inc rease with energy, the B e r k e l e y resul ts would be even 
higher for-the same meson energy as used at Columbia,, 

Chew then discussed the theoret ical angular distribution of the reaction 
using the Levy potential, The central force part of the L^vy po­

tential is the same in both the singlet and tr iplet c a s e 0 This has not always 
been true for all the phenomenological potentials that have been proposed, F o r 
the Levy potential the short range at tract ive part is spin independent and thus 
gives the same cent ra l force for both states* The tensor force appears in the 
tr iplet but not in the singlet s tate 0 F o r this special kind of potential if the an­
gular distribution for the reaction. is calculated in the most naive 
way, that i s , i f it is assumed (1) that the meson is absorbed by either one or the 
other of the two nucléons but not in a three body p roces s , and (2 ) that the m a ­
t r ix element is independent of the nucléon coordinates but depends only on the 
meson momentum, then you find that the angular distribution is uniquely p r e ­
dicted to be The absolute c r o s s section has not been calculated 
because it was too difficult. Brueckner said that the calculation does give the 
right order of magnitude for the c r o s s section with a coupling constant of the 
usual magnitude,, 

Goldschmidt-Clermont next presented experimental resul ts on the react ion 
obtained at M 0 L T . The bremsstrahlung beam of the M. L T, 

synchrotron producedTPmesoris in an H 2 gas target, Both the range and angle 
of the reco i l protons were measured in photographic emulsions*, Since the 
reaction is a two-body p roces s , these measurements give all the information 
required to determine the energy of the incident g ' -ray and the energy and angle 
of the outgoing/To The experimental arrangement was as follows: The beam 
was col l imated through two Pb co l l imators e It: then passed through a long cyl in-
drical tank containing H 2 gas at high p ressure and at - 6 0 ° Co Thin Al winded "~ 
were placed at the ends of the tank to minimize background. The photographic 
plates were placed m the middle of the tank at some distance from the beam and 
shielded from the main shower of e lec t rons 0 Most of the protons observed came 
from the ^ p r o d u c t i o n p roce s s 0 Background of photo-protons from impurit ies 
in the gas was observed and subtracted out. The following graph is the exc i t a ­
tion curve for the tT°production 0 The c r o s s section (ordinate) is in relat ive 
units because a good measurement of the J f - ray beam was not obtained. The 
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a b s c i s s a is in units of P where 
P is the momentum of the Tf^ 
and is the energy of t he^» ray s 

both in the center of mass s y s ­
tem,, If the meson is emitted 
in a P state then this curve 
should be a straight l ine, at 
leas t near threshold. This would 
not be completely true if, a cco rd ­
ing to Breuckner and Watson, a 
resonance existed at higher 
energy; then the curve should 
be concave up (Cf* discussion 
by Feld j F r iday afternoon) 0 

To obtain thetT°momentum in 
the C o M o sys tem the res t mass 
of the t fmus t be assumed* The 
Mo L T o group assumed a s e r i e s 
of m a s s e s and demanded that 
the excitation curve pass 

through the o r i g i n This gave a measurement of the mass of the meson as 130 
± 10 Mev, in agreement with the bet ter measurements of P i ao f sky and others 
as 135 i .3 Mevo 

The angular distribution is shown in the next graph* The curve is taken 
over all the meson energies . The M . - L T 0 group t r ied to separate the data 
for different - ray energies but within the s ta t i s t ics there was no difference. 

Assuming that the meson is 
emitted in a P state and taking 
the conservation of angular mo 
mentum and pari ty into account 
then the interaction of tf-ray 
with the nucléon has to be a 
magnetic dipole type. If, how­
ever , an intermediate nuc le-
onic state is permitted, then 
this intermediate state can 
have total angular momentum 
1/2 or 3 / 2 . If it is 3 / 2 , the 
angular distribution should be 
(1 + L 5 s i n 2 0 ) . If it is 1/2, 
the angular distribution should 
be L There can also be in te r ­
ference t e rms between these 
two types. It is noted from 
the graph that the experimental 

o 30 Go So 120 /SO 
meson center of mass angle 

/fie 

points have symmetry ^about 90° in the center of mass system and can be fitted 
by the curve A + B sin 0* The best fit gives B / A — 54 :3 which is consistent 
with the 3 /2 state; however, it is not incompatible with a mixture. It should 
be noted that the weak coupling approximation gives the angular distribution of 



(assuming the nucléon is at rest) which is excluded by the data* 
The measured angular distribution does not fit too well with the Be rke l ey data 
which was peaked for war d0 It is in agreement with the data of Si lverman and 
Stearns and the recent work by Cocconi and Silverman,, 

B r e i t asked if the M„ L T« data can or cannot be interpreted as evidence 
for the existence of a resonance,, Golds chrnidt -Clermont replied that Brueck -
ner and Watson pointed out that from the scat ter ing experiments one should 
expect a resonance* The resonance should be at about 310 to 320 Mev which is 
a l i t t le higher than the M 0 L To data goes 0 Brueekn^r remarked that if the 
scat ter ing is strong in the angular momentum 3 /2 state, one might expect the 
photo-effect to be explained without assuming a re&cnance 0 

Silverman reported on measurements of the reaction 
Stearns , Cocconi and Silverman at CornelL The measurements were c a r r i e d 
out by observing one of the quanta 0 The incident - ray energies were e s sen ­
t ial ly 280 Mevo T h e angular distribution agreed best with which 
is in agreement with the M . L T Q work 0 It is incompatible with the isotropic 
distribution or a distribution* The excitation function was measured by 
measuring a t ime coincidence between the recoi l proton and one of the quanta* 
Up to a laboratory >ray energy of 310 Mev or about Ihb Mev in the C 0 M 0 s y s ­
tem, there is no evidence of a flattening of the excitation curve. The c ros s 
section was expressed differently from the M.a 10 To group* The excitation func­
tion varied as where is the -ra^r energy and is the 

res t mass ene rgy / It appears to r i se fas te r than the P found by the M 0 L 1. 
group. 

Si lverman also presented, measurements of the react ion 
Tae ratio of the c r o s s section for the (Jphotoproduction from deuterons and 
protons is 2 e 0 ± 0 o 2 at all energies and all angles measured., The c r o s s section 
for deuterium, includes both of the react ions 

It appears that the neutron is contributing as much as the proton to the 
production» 

B â c h e r reported on the measurement of the c r o s s section for the reaction 
Walker at CaL Tech 0 The bremsstrahlung beam from the 

Calo Techo synchrotron was used. production from hydrogen was obtained 
by taking a difference measurement on C and GH2 t a rge t s 0 Both the recoi l p ro ­
ton and one of the quanta were observed with scintil lation counters . The p ro ­
ton counter -as at 32 and the quantum, counter at 90 for all the measurements,, 
The range of the proton was also measured. Thus the energy of the incident 
ray and the outgoing were ca l cu l ab l e The process was pinned down b y a t ime 
coincidence between the photon and the proton counters 0 The energy resolution 
was not too good in these prel iminary measurements , being about 40 Mev full 
width at half maximum (see the resolution function on ? graph below) 0 The 
excitation curve is shown in the following graph,, T : differential c r o s s section 
at 90° is plotted as the ordinate,, The c r o s s e s are the data of Stearns and S i l v e r ­
man,, while the other points are the CaL Techo re suits 0 There is essential 



Differential c r o s s sec t ion at 90 
for photoproduction of Jfmesons in H 

Energy in lab sys tem of incident 
photon 

agreement at the overlap £ : . .xe the beam 
cal ibrat ion was only roughly determined. 
The maximum of the curve is at about 
315 Mev and by about 450 Mev the c r o s s 
section drops by a factor of 4. At the ^ 
315 Mev peak the c r o s s section is 2x10 
c m ^ / s t e r 0 There were severa l runs at 
two different synchrotron beam energies 
in order to check the effect of the b r e m s -
strahlung spectrum, but no i r r egu la r i ­
t ies showed up0 Each measurement 
was repeated 4 or 5 t imes . 

There was some question as to the validity of the assumption that t h e ] / C , Mo 
angle would be the same for all the incident quantum energies s ince the pos i ­
tions of the counters were fixed 0 Chris ty pointed out that the f f ^ C M . angle 
had a smal l variation of about 10 or 15° over the energy range of incident pho­
tons used, The eff iciencies of the detectors as a function of energy was also 
taken into account In answer to a question B a c h e r said that the 2tT f iHieson 
production was not looked for, but it should be possible to detect this process* 
In this pre l iminary work only the excitation curve for the one meson production 
was obtained. 

Bethe discussed the theoret ica l angular distribution for the r e a c t i o n ^ 
P-f-TT^ It has been mentioned that the angular distribution for the P 3 / 2 s t a t e 
is (sin ^ © - h 2 / 3 ) o I f both p states contribute equally 5 the distribution is sin B0 

Bethe has made a calculation using the phase shifts measured at Chicago and 
assuming that both p states contributed equally, i. e» , the e lect romagnet ic t ran­
sition mat r ix elements are the same for both p states but differ in the phase 
shift S o In this c a s e s at 135 Mev meson energy 9 he obtained the angular d i s t r i ­
bution ( s m ^ ^ ] , / 4 ) 0 F e r m i asked Bethe what sign he assumed for the phase 
shiftSo Bethe replied the theoret ica l sign, namely 5 positive phase shifts were 
used for the p s tate 9 but it does not make any difference he re 0 Bla t t asked does 
one expect a sum rule to exist for the photomesic production and if so can one 
es t imate how much of the function has been uQ^A. up by the CaL Tech, data, 
Bethe repl ied that he does not know of a sum rule, 

Goldwasser next presented experimental resul ts obtained on the react ion 
%fpn+Tf^by Bernardin i and Goldwasser at I l l inois . The experimental ap­
paratus was as follows: the 200 Mev betatron beam was col l imated to 1/2 1 1 

diameter and struck a 1 1/2" diameter liquid H 2 targeto G«5 emulsions were 
pi ace (fat various angles around the target 10 f t away and jf*tracks were observed 
in the emulsion 0 Measurements were made of the relat ive yield for severa l 
angles from 30° to 150° in the laboratory sy s t ème This method is good down to 
5 Mev meson energy in the laboratory system*, The mesons were separated from 
the protons by grain counting and plural scattering* The energies of the mesons 



w e r e obta ined by gran: count ing, T h e c a l i b r a t i o n in e a c h p la te was made by 

m e a s u r i n g the range and s c a t t e r i n g of m e s o n s -stopping in the emuls ion* T h e 

results w e r e analyzed only two days ago so they are very p r e l i m i n a r y . T h e 

data d i e bhown i;i IH\: following t ab l e ; o b s e r v a t i o n s w e r e m a d e at 5 C 0 M» angles. 

Center of Mass Angles 

;">*e d r t T d <*re r ^ p r e s s f d ID ene rgy " b i n s 1 1 for the v a r i o u s c e n t e r of m a s s ang le s 

observed S e v e r a l r o r m a h z a f j o n s had to be u s e d but roughly the n u m b e r s in 
FHE b ins v e e j tual tc 1 n u m b e r s of m e s o n s observed, . M e s o n s with l e s s than. 

5 Mcv e n e r g y cannot be de t ec t ed with 100% e f f i c i e n c y so that t h e r e i s a cut 

for r icsons goii g the b a c k w a r d direction in the low e n e r g y b i n s , T h e p l a t e s 

•a* ere heavi ly loaded with e l e c t r o n background giving m i n i m u m ion iza t ion t r a c k s 

It Vvas thus diiikCult :o l ight ly ion iz ing fast m e s o n s p a s s i n g \ irough the 

^rt r\iJ siori Until t*etrf r c h e c k s are made t h e r e i s s o m e u n c e r t a i n t y in the me a. 

s û r e m e n t of m e s o n t r a c k s with I 0 or l e s s t i m e s m i n i m u m ionization,. I t is 

p o s s i b l e b e c a u s e of Mus uncertainty, that m e s o n s a r e m i s s e d in the f o r w a r d 

ang le s A V'FF and and in the 178 to 200 and 176 to 200 M e v b i n s . T h e o t h e r 

bins include i c r the mos t part m e s o n s of g r e a t e r than 2 a 0 m i n i m u m ion iza t ion 

•xnd the- de tec t ion ei. ' 'ciencv essentially 100%, The n u m b e r in e a c h bin has 

been n o r m a l i z e d to the counting r a t e p e r unit so l id angle in the C M , s y s t e m 

and has been c o r r e c t e d for the d e c a y p r o b a b i l i t y . H o w e v e r , the rows w e r e not 

i n t e r c a l i b r a t e d . 

A few r e m a r k s about the angu la r d i s t r ibu t ion can be m a d e . F o r the 178 to 

200 Mev e n e r g y range, it a p p e a r s that the c r o s s s e c t i o n i s i n c r e a s i n g in the 

b a c k w a r d d i r e c t i o n . F o r the 165 to 175 M e v row the d i s t r i bu t ion is flat a round 

9 0 ° with s o m e drop at about 4 0 ° o T h e d i f f e ren t i a l c r o s s s e c t i o n at 9 0 ° fo r a 

photon e n e r g y in. the lab s y s t e m of 165 to 183 Mev was ^^ j^fû* ? 2 x 1 0 " ^ 9 c m 2 / 

s t e r 0 T h i s c r o s s s e c t i o n i s b a s e d on 64 m e s o n s o b s e r v e d in the e m u l s i o n and 

ha s a 13% s t a t i s t i c a l error,. T h i s r e su l t c a n he c o m p a r e d to the work of Ste in-

berger . His data do not go down to these low energies but a s t r a i g h t l ine ex t r a ­it ° on 
pola t ion of his data , the m e s o n t h r e sho ld gives a c r o s s s e c t i o n 0 l7 55 x 10 7 

CM.ULster, The C o r n e l l l a b o r a t o r y has c h e c k e d the b e a m c a l i b r a t i o n s u s e d at 

v a r i o u s other labora tor ies and W i l s o n reports that the B e r k e l e y b e a m c a l i b r a ­

tion d i f fe rs from, that of I l l i n o i s and C o r n e l l by 25%.. If the S t e i n b e r g e r - B i s h o p 

data is normalized to:" he I l l i n o i s - C o r n e l l beam c a l i b r a t i o n ; the e x t r a p o l a t i o n 

of their d i f f e ren t i a l c r o s s section at 9 0 ° and 175 M e v b e c o m e s 0* 69 x 10~29cm^/ 

^radian. 

There were severa l r e q u e s t s for conve/.-non f a c t o r s to e x p r e s s the n u m b e r s 

in the b ins in t e r m s of c r o s s s e c t i o n per photon but G o l d w a s s e r s a i d that t hey 

had not been, de termined , yet , F e r m i asked, fo r i n f o r m a t i o n on the e n e r g y v a r i 

a t ion of the c r o s s s e c t i o n . T h i s was c a l c u l a t e d by sp l i t t ing the 64 m e s o n s u s e d 



for the 90° c r o s s section into 2 bins from 165 to 175 Mev and from 175 to 183 
Mevo T h e c r o s s sections were 0 o 718 and 0 o 723 5 respect ively; there is essen t i ­
al ly no difference but the s ta t i s t ics are very poor, F e r m i remarked that know­
ledge of the excitation function and angular distribution in the vicinity of the 
threshold might give a great deal of information concerning the structure of 
this phenomenon* 

Osborne presented recent measurements on the react ion tf+P^N-f*ff"+ at 
M(> 1, T 0 The experiment is st i l l in its pre l iminary s tages 0 A cha rac t e r i s t i c 
feature of the synchrotron is the very strong electromagnet ic background 
produced in the forward direction when the bremsstrahlung beam s t r ikes the 
target , Special precautions have to be taken to make measurements at smal l 
angles with respect to the beam* F o r this par t icular experiment of "['f'meson 
production*, the following procedure was used: a coi l was wrapped around the 
synchrotron donuto A current pulse in the coi l shifted the orbit of the e lect rons 
into the target , so that the X - r a y beam came out in one microsecond, The 
counters were off during the beam pulse and turned on after the e lectromagnet ic 
radiation had pas se d» The delayed Jl^e decay from TT*rciesons that stopped in 
the detector were observed,. The ^ | - e decay was checked by the cha rac t e r i s t i c 
l i fet ime and other t e s t s 0 The^Jf^roduction in hydrogen was obtained by a poly -
ethelene-carbon subt rac t ion The detector consis ted of a b ra s s absorber and 
a scinti l lat ion detector which were sandwiched in front and back by an t i -co inc i ­
dence counters c The meson must stop in the sensit ive counter and then produce 
a delayed e lect ron pulse in this counter* Also s the e lectron must not c r o s s an 
anti-coincidence counter 0 Since theffs tops in the detector , its range is m e a ­
sured and, thus, its energy can be calculated. 

Angular distribution of mesons from 
mmma rays on protons 

The resul ts are shown below: the 
incident photon energy was 270 Mev, 
The angular distribution is in r e l a ­
tive units be ise of the difficulty 
of determining the efficiency of the 
detector 0 Note that with this method 
a la rge range of angles are covered. 
All cor rec t ions except for nuclear 
absorption in the b r a s s absorber 
were taken into -"account, The la t te r 
was only 15% at the worst angle and 
l e s s at other angles,, To interpret 
these resul ts we can make use of 
the technique of part ial wave analysis 
suggested by Brueckne r 0 More gen 
era l ly , if we assume two possible 
e lect romagnet ic interact ions, e l ec t r i c 
dipole and magnetic dipole and a 

pseudoscalar meson, then by conservation of parity and angular momentum an 
outgoing meson will be in an S state and P state, respect ively . The S state 
meson gives a spher ical ly symmet r ica l angular distribution, Assuming that 
the P state is a pure J * 3 /2 state, then there is one parameter for the ratio of 



the P s t a t e to the S s ta te* Us ing the b e s t f i t to the data the r a t i o i s Q0 34dt0 o 12, 
T h e l ine drawn on the graph i s for th i s r a t i o . S i n c e the P s t a t e does not c o n ­
t r i b u t e v e r y m u e h 5 the cos Q i n t e r f e r e n c e t e r m i s the m a i n non i s o t r o p i c t e r m 
T h i s does not depend v e r y m u c h on whe the r the P s t a t e has J r s l / 2 o r J S 3 /2 , 

B r e i t a s k e d what normalization th i s i m p l i e s for the P state,, O s b o r n e 
r e p l i e d tha t i f one i n t e g r a t e s o v e r all a n g l e s one ob ta ins ( l-f-a^) and a^^Oa 34 

12o T h e 1 i s fo r the S s t a t e and the SR i s the P s t a t e con t r ibu t ion ; a P ^ / 7 
s t a t e was a s s u m e d , T h e c o s c o e f f i c i e n t c h a n g e s s o m e w h a t i f we a s s u m e the 
P]_/2 s tatCo B e t h e po in ted out that t h e r e should be a n o t h e r r e l a t i o n i f one .. v 
a s s u m e s c h a r g e independence . N a m e l y , fo r &> v t the P s t a t e pa r t , the c o n t r i ­
but ion to the i r o s s s e c t i o n should be one h a l f the c o n t r i b u t i o n to the 
s e c t i o n , O s b o r n e r e p l i e d that th is i s ve r i f i ed e x p e r i m e n t ally,, Us ing S t e i n -
b e r g e r and B i s h o p 1 s m e a s u r e m e n t s o f product ion and S i l v e r m a n and S t e a r n s 1 

produc t ion data , both at about 270 M e v , we find that wi thin the r e l a t i v e b e a m 
c a l i b r a t i o n I f the product ion goes e x c l u s i v e l y 
th rough a p h o t o m a g n e t i c J — 3 / 2 s t a t e s then as B e t h e j u s t poin ted out the amount 
of t l j 1 ^ 3 / 2 s t a t e c o n t r i b u t i o n to the j f c r o s s s e c t i o n should be one ha l f o f that 
fo r t h e i r , i 0 e 0 , j u s t look ing at the J —3/2 p a r t c r ^ c w T T ) - 1/2 o ^ / 2 

S i n c e the to t a l c r o s s s e c t i o n m e a s u r e m e n t s give 
the r a t i o of the P to S s t a t e m u s t be of the o r d e r o f 1/3 a s s u m i n g that 

the S s t a t e m a k e s up the d i f f e r e n c e and i n c r e a s e s t h e ] / y i e l d o v e r the jl , T h e y 
ob ta ined a, r a t i o of P to S of 0 o 34 in th i s exper iment . . 

B r u e c k n e r po in ted out that the above r a t i o fo l lows only i f you a s s u m e that 
the i s o t o p i c spin 3 / 2 s t a t e d o m i n a t e s 0 O s b o r n e r e p l i e d tha t he a s s u m e d the 
i s o t o p i c spin f o r m a l i s m , which iden t i f i e s the T — 3 / 2 with the P s t a t e , B r u e c k n e r 
s a i d tha t i f the T ^ l / 2 s t a t e d o m i n a t e s , t h e r e is no such s i m p l e r a t i o ; you get 
addi t ional f a c t o r s . Y o u have to m a k e the a s s u m p t i o n s u g g e s t e d by s c a t t e r i n g 
that only the I so top ic spin 3 / 2 is i m p o r t a n t , then the P s t a t e ha s to b e a s s u m e d 
tc- be i s o t o p i c spin 3 / 2 in o r d e r to get the r a t i o 2 to L F e l d s a i d that i f you 
tu rn th i s a round and a s s u m e that it i s pure i s o t o p i c spin 1/2, then the f a c t o r 2 
would go the o t h e r way 0 A s a m a t t e r of f a c t , t h i s i s j u s t a n o t h e r b i t of weight 
fo r the a r g u m e n t that the J ~ 3 / 2 s t a t e we a r e deal ing with i s a s t a t e of i s o t o p i c 
spin 3 / 2 0 B r u e c k n e r s a i d that the s a m e thing happens in k."-on -nuc l éon s c a t t e r ­
ing a s F e r m i and Y a n g have pointed out,, F o r s c a t t e r i n g in the 1 * 3 / 2 i s o t o p i c 
spin s t a t e 5 i f you m i x the P j / 2 a n ( i ^ 3 / 2 ^ : a t e s YOU ^ t ; he a n g u l a r d i s t r i bu t ion 
v e r y w e l L T h e s a m e i s t r u e fo r m e s o n production.;, O s b o r n e poin ted out that 
l i s r e s u l t s a r e i n s e n s i t i v e to the mixingo T h e squa i e t e r m i s v e r y i n s e n s i t i v e 
to the m i x t u r e and the i n t e r f e r e n c e t e r m a lways goes a s c o s Q c B r u e c k n e r 
r.aick " A c t u a l l y 5 t h e r e i s an addi t ional a r g u m e n t which was p r o p o s e d o r i g i n a l l y 
by B e t h e to the e f f ec t that f o r the a s s i g n m e n t of the p h a s e s of the e l e c t r i c dipole 
and. the m a g n e t i c dipole t r a n s i t i o n s which c o m e s d i r e c t l y f r o m the f o r m of the 
e l e c t r o m a g n e t i c H a m i l t o n i a n in m e s o n t h e o r y : the s i g n s of l i e t e r m s a r e of s u c h 
a n a t u r e a s to give the r igh t r e s u l t only if the P 3 / | phase shift i s the l a r g e one 
and p o s i t i v e r e l a t i v e to the P;f/2* 1 1 B e t h e then said; " I a m s o m e w h a t confused 
about m y whole a r g u m e n t by now, (Laughter ' ) I th ink now that the i n t e r f e r e n c e 
t e r m i n d i c a t e s j u s t the s a m e thing that the s c a t t e r i n g ought to i n d i c a t e , n...xiely\, 
the we igh ted a v e r a g e be tween the P 3 / 2 a n d the P ] /*| phase s h i f t s , A s f a r a s 1 



can see now, we cannot decide between Yang^s and F e r m a s phase shifts from 
the photomesic production,, f f Brueckner said that at any rate the meson theory 
does give the negative interference in the forward direction without any further 
assumptions about the p roce s s 0 In connection with the ratio of 2 to 15 it is 
interest ing that if this ratio holds, the ^production of î f f rom neutrons and p ro ­
tons should be identical. This seems to be bourne out by experiments on photo­
m e s i c production from deuterium* 

Osbourne then pointed out that his resul ts are not in bad agreement with 
Ste inberger and Bishop; however, his e r r o r s a re ra ther large* Ste inberger 
and Bishop ? s data have a tendency to go down in the backward direction* The 
future plans at M 0 L T 0 a re to investigate the S and P contribution at lower 
énergie s. 

Wilson reported on the measurements of the react ion by 
Palfrey,, Luckey P Jenkins and Wilson at Cornel l . To get a bet ter check on the 
^Coproduction an al ternate method to the photographic plate and pulse beam 
techniques just descr ibed has been developed,, A magnetic field was used to 
separate the mesons and determine their momentum* This method has the 
great advantage that the absolute c r o s s section can be measuredo The solid 
angle cal ibrat ion was made with the famil iar wire technique 0 The solid angle 
and energy résolu; ion are known to 5%* The magnetic field can be flipped over 
so that the IT*" t oTT^a t i o can be measured direct ly 0 The sys tem can be used 
also for all angles of emiss ion of the If?" that i s , from G° to 180°o F o r the 
forward direction the pulsed beam technique of the M* L T 0 group has to be used 
in which the delayed A\ e lect rons a re counted 0 F o r the backward direction the 
*tf - r ay beam went through the apparatus, TheTTmesons go back an are bent 

out of the beam. The magnet was of a double focusing type having a „ f i e l d 
which bent the mesons through an angle of 9 0 ° , The mesons were ^ detected 
by a t ime coincidence with proportional counters 0 Protons with the proper mo­
mentum would not have the range to get through the air and electrons were not 
observed at angles grea ter than 30°* E lec t rons must have an energy of 170 Mev 
to have the same momentum as 50 Mev mesons . It is difficult for e lectrons of 
such energies to sca t t e r through such la rge angles., This conclusion was checked 
with a cloud chamber and lead plates behind a s imi la r magnetic system,. It was 
concluded that only pions or their decay products come through the magneto 

Since absolute c r o s s sections were being measured, considerable attention 
was paid to the cal ibrat ion of the beam 5 i 0 e e , to the measurement of the number 
of quanta in the bremsstrahlung beam. The measurements of the pair c r o s s 
section and the energy distribution of : \e *^-rays were made with a pair spec t ro-
meter,, A standard ionization chamber with a thick copper absorber in front of 
it was cal ibra ted in t e rms of the pair spec t rometer measurements . At Cornell 
the absolute cal ibrat ion of the beam is bel ieved known to 5%, This standard 
chamber was sent around the country las t summer to be in terca l ibra ted with the 
other laborator ies . B e r k e l e y differs by about 25%; M„ L To differs by about 30% 
in the opposite direction; Illinois agrees to about 1%; and CaL Tech, uses the 
Cornell cal ibrat ion. Now, even if all the labs are wrong, there is at leas t an 
intercal ibrat ion between them, 



The measurements were made as 
follows: the bremsstrahlung beam 
struck a l f r cyl indrical target . The 
hydrogen c r o s s section was obtained 
by a difference measurement between 
polyethylene and graphite targets G 

T h e beam was measured with the 
standard ionization chamber* The 
mesons were detected by propor­
tional counters and their energy 
was determined by the magnetic 
fieldo The angle and energy of the 
meson completely determined the 
p roces s , Measurements were made 
for targets of H9 D $ B e and higher Z 0 

Incident Photon Lab Energy 

Only the H data is reported 0 The pre l iminary resul ts on the j j production from 
H a re shown by the experimental points on the above graphs The curve r e p r e -
sent s the resul ts of Ste inberger and Bishopo The agreement is good; however^ 
there is a 25% d iscrepancy in the beam cal ibrat ion which would push the curve 
upo 

The angular distribution for 2 3 4 Mev ^ « r a y s is shown in the next graphe 
Measurements were made at three 
angles, 3 0 ° , 90° and 180° in the lab 
sys tem corresponding to 36» 106 and 
180° in the C 0 M W system,, P re l imin 
ary resul ts for the absolute differen 
t ial r ross sect ions at these angles 
are 10 s 19 and 18 m i c r o b a r s per s te r 
adian 0 The las t two points are 
essent ia l ly the same. Assuming 
only s and p states and that the p 
states go through the isotopic spin 
state 3/2* the c r o s s sect ion has the 
form 

This will 
look more famil iar if we r emark 
that if there were no s s tate , as in neutral mesoruproduction, then the c r o s s 
section would have the form The second t e rm in 
the f i rs t express ion is due to interference between a 5 the amplitude of the si /? 
wave, and b cos 0 3 the amplitude of the pi / ? wave, being the phase between 
a and b 0 Fi t t ing the formula to the three points we get 

This equation is shown by the solid curve in the a ccom­
panying figure. Alternat ively we can use teutral meson production as measured 
bv Si lverman at Cornell , and evaluate b 0 Then for the las t t e rm we get 
instead of which is within the probable e r r o r 0 Assuming he neu­
t ra l meson c r o s s sect ion is c o r r e c t an * using the three experimental points, 
a, h» and the phase angle can be computed 0 

turns out to be -135° , The 
broken curve in the figure represents obtained by the 
above procedure, and we see that the fit is goodo 



The Cornell group also looked for negative mesons from H but did not see 
any. The maximum beam energy was 3 1 2 Mev c The^JfToTlf^atio at 9 0 ° in the 
lab system and for 3 4 Mev mesons was 1 ^ 1 4 % , The q beam energy was too low 
for meson pair production. However, if an i sobar of a doubly charged proton 
was made, then a IT might be produced* A considerable effort was made to look 
for this isobar* 

Measurements on deuterium were also made. The ratio of Tf to T[ c r o s s 
section was the same at all angles and all energies observed, The ratio of fl 
toTT'was L 3 + 0 o 2 o This rat io indicates that the meson production from the 
neutron is exact ly the same as from the proton. Comparing the TT production 
from H and D, the yield from D is sma l l e r by 2 0 % i J 0 % # This might be due to 
reabsorption of the mesons in the deuterium 0 

F e n i turned > a report on pion scat ter ing from hydrogen by Anderson* 
Nagel and F e r m i at Chicago., There are three types of pion scat ter ing from 
hydrogen: OT^-^T^ + P* ( 2 ) IffP —^ N+TT0* and ( 3 ) 1 T + P ^ T T - f P , 
where the second phenomenon is measured by observing one of the two TT decay 
photons e P r o c e s s ( 1 ) has the l a rges t c r o s s section, then ( 2 ) s and ( 3 ) has the 
smallest^ F r o m the experimental point of view this order has very unpleasant 
p rac t i ca l consequences for the measurement of react ion ( 3 ) 0 The trouble a r i s e s 
since the photon background going in the direction of the counter is in many ca se s 
of the order of ten t imes the number of JT"T The observed c r o s s sect ions for 
react ion ( 3 ) determined by previous measurements were somewhat in e r r o r . 

The experimental setup consis ted of a Tf beam going into a liquid H target 
about 6 f t in diameter; leaving the target were a mixture of photons and TT having 
an intensity ratio of about 1 0 to 1 or 1 0 to 2 depending upon the angle of emission,. 
The usual measurements consis ted of the detection of t h e T T m e s o n with two sc in ­
til lation counters without any mate r i a l interposed,, To detect the TTp^otons^ a 
lead conver ter was placed in front of the f i r s t counter* Unfortunately, even 
without the lead interposed there is some photon conversion, mainly from the 
walls of the hydrogen Dewar 0 A new set of measurements are being made which 
are an improvement over the old ones, p r imar i ly because the Dewar walls have 
been made thinner,, E x p r e s s e d in radiation units the Dewar walls are no ; one 
half as thicko F e r m i pointed out another disturbing fact about the old hydrogen 
Dewar that still cannot be explained. When cal ibrat ing the equipment by a Panof-
sky-type experiment where thef fmesons a re stopped in hydrogen, they found a 
pair conversion at bir th coming from the region of the Dewar of about 4 % of the 
photons after the calculated effect of the Dewar walls were subtracted off* This 
is a few t imes l a rge r than both the theore t ica l value and also S te inbe rge r ! s 
measurements using a thin-walled Dewar, With the new Dewar the same exper i ­
ment gives an understandable yield much lower than the 4 % » So the new data on 
the TT interaction with hydrogen looks more convincing* The c r o s s section for 
the j j exchange scat ter ing has not changed,, but there is a difference in the 
scat ter ing resul ts (see table below)* 

A cha rac t e r i s t i c feature to the TT^scatter ing and the Tf exchange scat ter ing 
is that they have a l a rge r c r o s s section in the backwards direction*. However^ 



t h e j f e las t ic scat tering c r o s s section goes appreciably forward although not as 
much as the other react ions go backwards 0 This behavior can c lea r ly be seen 
in the following t ab le consisting of all the worthwhile measurements to date* 

CHICAGO PION SCATTERING DATA 

7 8 Mev 7[ - , 9 7 3 

5 4 ° I . 9 6 J 7 . .33 

102° 2 , 2 6 + 

1430 3 „ 09 + . 3 4 

1.1.0 Mev T7Ï8 
3 . 3 + . 7 

1 0 3 ° 5 . 1 1 
144° 1 2 . 3 + 1 . 0 

ÏÏQMëv 7 2 4 ~ 

1 3 5 Mev n{él0 325 
5 6 ° 5 0 7 ± 2 0 2 

1 0 4 ° 6 , 8 ± 2, 2 

145° 2L 6 + 1 0 6 

1 4 4 Mev I p l 3 7 5 

5 5 ° h 0 2 ± AS 5 3 ° 1 0 t a 3 

1 0 4 ° o 4 2 + .15 1 0 0 ° 4 o 3 i , 3 

1 4 4 ° . 88 4- ô 2 0 1420 S. 0 -+ ,5 

5 6 ° 1 . 6 3 zt . 1 5 54:° 5 . 0 ± 0 4 

1 0 5 ° . 64 + : 0 1 5 1 0 2 ° 6 , 1 ± 0 4 

1 4 5 ° L 10 ± o 25 1 4 3 ° 10o 5 + . 7 

The da'.a a re expressed in mil l ibarns per steradian in the C 0 M a system 0 The 
scat ter ing angles are in the C 0 M 0 system* 1^ is the meson momentum in. units 
oi/IC0 The heading-J-4- stands for Tf^elastic scattering; notice the strong back­
ward scattering,, Also notice the s imi la r behavior in the third column under the 
heading - t f which stands for *ff charge exchange scattering*, The new data is on 
the "[[elastic scat ter ing and shows an inc rease in, the forward direction,, 

Th^se data can be cor re la ted with the isotopic spin phase shifts. With the 
use of an e lect ronic computer the phase shifts can be computed in five minutes, 
s ince there is one code for all calculations,, With each calculation only taking 
about five minutes,, one can learn som.ethi.ng of the mathematics of the problem, 
by varying the conditions a l i t t le. In particuidr utj^g the-f+and - ^ m e a s u r e ­
ments at three angles to compute the isotopic spin phase shifts, the phase 
shifts are then used n* calculate the - c r o s s s^cnon- The results invariably 
want the « - c ^ o r s secuon t o Joo : s thev ao expi rimentdilvo In this calculation 
only the 3 ard P pnase ftniits axe used, The io l iowrg ci rve* ehow how cer ta in 
of the pha^e siriits deptnd upon eneigy 0 All l*x data, nre for the phase shifts 
calculated at C n i C r i c r distinct trorn 'ho-e of Yang 

http://som.ethi.ng


The points labelled (Xg correspont to 1^-3/2 
and S ^he o r ( i i n a t e sca le is the meson 
momentum in the C 0 M c system and is ex» 
pressed in units o f / ( c 0 The points seem to 
fall on a curve 0 The meson energies are 
135, 113, 78 and 55 Mev* The las t point 
represents the Brookhaven data and has 
poor statistics* The curve through the 
points was theoret ical ly suggested by 
Marshak. • The points for I 3 r 3 / 2 and J r ^ 3 / 2 
are denoted by 0^ ^ They have a regular 
behavior and fit a curve varying with the 
cube of the momentum, This is the s im­
plest law that one can expect for P level 
phase shiftSo The points for 1^=3/2 and 
J :=l /2 are denoted by o( ^ and do not show 
a regular beb .vior* The data indicate that 
these points are small and'*slightly negative., 
but the experimental e r r o r s are too large, 

The next figure^Kows a schematic 
representation of the meson wave func­
tion for 135 Mev incident energy. S 
waves with and without a perturbation 
of the nucleus are rather s imi lar e x ­
cept for the phase shift which is of the 
order of 20 * The nucléon radius is 
conventially set and the wave 
function goes to tlie origin by bending 
down sharper than a sine curve* The 
situation is different for the case of 
1^3/2 and J ^ 3 / 2 3 The curves with 
and without nuclear interaction are two 
sine curves outside of the nucléon r a ­
dius that have a separation of the 

^measured phase shift. Inside the nu­
cléon, however P the difference between 

the wave fonctions is very-large even for a phase shift that is s imi la r to that of 
the S wave. 

F e r m i pointed out that Yang-• phase shifts agree with the data as well as 
the phase shifts computed at Chicago a These are compared in more detail in 
the Saturday morning sess ion. There is hardly any difference for the S levels . 
The major difference is in the P states* There are probably no other solutions 
than these two* This limitation was suggested by the following calculation: 30 
random samples of data were assumed and the phase shifts were computed 3 each 
set taking about 5 minutes with the electronic computer. The results fall into 
two minima corresponding to the phase shift analyses of Chicago and Yang* 



T h e r e was ano the r m i n i m u m with a v e r y l a r g e value s so that it i s m e a n i n g l e s s 
e xp e r i m ent a l l y 0 T h e - f - o r - s igns of the p h a s e s have not b e e n de t e r m i n e d0 

B r u e e k n e r asked whether the co r r ec t s e t o f p h a s e s could be d e t e r m i n e d by a 
m o r e a c c u r a t e m e a s u r e m e n t F e r m i r e p l i e d that th i s i s p r o b a b l y so but i f 
m o r e a c c u r a c y i s a v a i l a b l e th~ N t h e r e i s the added c o m p l i c a t i o n of the D and 
h i g h e r o r d e r phases» A n d e r s o n pointed out that the f ac t that t h e r e a r e two 
s e t s of phase shifts i s due to the p r o c e s s which c a n go e i t h e r with o r wi th ­
out spin fl ip f o r the pro ton . T h e u n c e r t a i n t y in the c h o i c e o f p h a s e shi f ts i s 
due to the s m a l l con t r ibu t ion to the c r o s s s e c t i o n f r o m the spin fl ip p a r t 0 F e r m i 
pointed out that the two s e t s of phase shif ts a r e d i s t i n c t l y d i f ferent but in s o m e 
r e s p e c t s quite c lose , , F o r e x a m p l e , the S p h a s e s a r e rough ly equa l 0 B o t h s e t s 
of p h a s e shi f t s appear to behave p r o p e r l y with e n e r g y . P r o b a b l y a way to d e ­
c ide which s e t of phase shi f ts IS c o r r e c t i s by i n t e r f e r e n c e m e t h o d s 0 

Barnes reported on the t r a n s m i s s i o n e x p e r i m e n t s in hydrogen 

C 9 Ange l l and J . P e r r y at Roches ter* , The e n e r g y of the ! ! andTTmeson b e a m s 
was 37] j t6 Mev. The t a r g e t s w e r e CH2 and g raph i t e . T h e hydrogen c r o s s s e c ­
t ion was ob ta ined b y the usual s u b t r a c t i o n technique,, T h e data i s shown in the 
fol lowing t a b l e . 

Total, c r o s s sections for 37 MevTf andTf interactions with protons 0 

T h e f i r s t c o l u m n l i s t s the u n c o r r e c t e d data , that i s s the r a w data b e f o r e c o r ­
r e c t i o n on the b a s i s o f the e f f i c i e n c y c u r v e 0 T h e s e c o n d c o l u m n l i s t s the f inal 
data c o r r e c t e d by the e f f i c i e n c y c u r v e and a s s u m i n g an i s o t r o p i c d i s t r ibu t ion . 
T h e f i r s t two l i n e s r e p r e s e n t the d i r e c t m e a s u r e m e n t s of | T ^ n d FF t r a n s m i s s i o n 
in hydrogen,, T h e t h i r d l i ne i s the data t aken f r o m R o b e r t s , S p r y and T in lo t on 
~jf c h a r g e e x c h a n g e s c a t t e r i n g at roughly the s a m e e n e r g y ( s e e nex t repor t )0 
T h e c r o s s s e c t i o n fo r 7T e l a s t i c s c a t t e r i n g i s given in the four th l i n e and was 
ob ta ined by s u b t r a c t i n g line three f r o m l ine two e F i n a l l y , the l a s t l i ne con t a in s 
t h e 7 Î ~ e l a s t i c s c a t t e r i n g c r o s s s e c t i o n and i s s i m p l y the f i r s t l i ne rewri t ten* 
T h e efficiency curve was ob ta ined as follows* in any a t tenua t ion e x p e r i m e n t 
t h e r e i s an u n c e r t a i n t y in the m a x i m u m angle through which m e s o n s can s c a t t e r 
and not be detected by the f inal c r y s t a L F o r the angu la r r e g i o n f r o m 6 0 ° to 1 8 0 ° 
a l l s c a t t e r e d m e s o n s m i s s the l a s t d e t e c t o r e T h e r e is an angu la r r eg ion l e s s 
than 60° w h e r e s o m e m e s o n s would m i s s and s o m e would be d e t e c t e d depending 
upon the g e o m e t r y of the a p p a r a t u s 0 T h e o v e r a l l a v e r a g e angu la r a c c e p t a n c e of 
the final crysta l i s determined by the e f f i c i e n c y curve* T h e final co lumn c o n ­
ta in ing correc ted data assumes an isotropic d i s t r ibu t ion 0 H o w e v e r , even a s s u m ­
ing a s in^ &OR a c o s ^0 d i s t r ibu t ion , the c r o s s s e c t i o n dpes not change I n m o r e 
than a couple o f millibarnSo It is s u r p r i s i n g that thefT e l a s t i c s c a t t e r i n g c r o s s 



section is so high at 37 Mev when it is about 3 mil l ibarns at about 57 Mev* 

Tinlot then reported on the"jf charge exchange scat ter ing from hydrogen by 
Kober t s 5 Spry and Tinlot at Roches te r , The incident]f^eam had an energy from 
35 to 45 Mev, This is slightly higher than in the pion t ransmiss ion experiment 
just descr ibed by B a r n e s , The data were obtained by measuring the incident 
meson flux and one of the out go ingTf photons. Measurements were made on 
both H and D giving information on the react ions (1) 

The experimental arrangement for the hydro­

gen measurement consis ted of three scintil lation counters to define the meson 
beam. The usual subtraction technique was used with carbon and polyethylene 
ta rge ts , A ^ - r a y te lescope with Pb in front of it was placed at 9 0 ° with r e s -
p ; ..; to the pion beam, An anti-coincident c rys ta l was placed in front of the 
le ado Assuming that all the ^ - r a y s observed were from TTfcïe cay, then the 
total charge exchange c r o s s section is 5 1, 5 mil l ibarns where the s ta t is t ical 
inaccuracy alone was about 15%, In order to calculate the c r o s s section, the 
^ » r a y detector efficiency must be determined. This means using shower 

theory for incidents-rays with an energy spread from 35 to 139 Mev. The 
theory of R, R» Wilson was used and the e r r o r s in this theory can only be e s ­
timated,, We believe that this e r r o r plus e r r o r s due to beam contamination, 
etCo , gives an overal l uncertainty of 35%* It should be noted that for the 
meson energies used in this experiment, the V- rays from the ïïtre es sentiallv 
isotropic for even quite an anisotropicTflkstribution, F o r example, for a c o s ^ S 

IT dis tribut ion, the isotropic part of the ^ - r a y distribution is 3 / 4 , Thus*, it 
is felt that this is a good measurement of the total c r o s s section even though the 
^ - r a y s were measured at only one angle. 

In order to detect both]Tphotons another counter was placed at 110° with 
respect to the f i rs t counter and st i l l at 9 0 ° with respec t to t -e incident beam. 
Unfortunately, the efficiency for 2 photon detection is very smal l . Thus the 
s ta t i s t ics a re too poor to give a good measurement of the c r o s s section. How­
ever, the resul ts a re compatible with the assumption of an isotropic distr ibu­
tion. Charge exchange scat ter ing from deuterium with bothTTand*"fF mesons was 
also measured by detecting both the single and the d o u b l e ^ - r a y s . It is probably 
the f i rs t t ime that7 /exchange scat ter ing has been detected. The resulting c r o s s 
section is about 1, 5 j £ l mil l ibarns for t h e j f and 1, 5""f0, 5 mil l ibarns for theTT^* 
mesons . 

The main interes t in the resul ts of this and the previous work reported by 
Ba rnes res t s in the large variation of the ratio of the charge exchange to the 
elast icTf scat ter ing c r o s s sections with respec t to energy. It is suggested that 
the S phase shiftO^ y as indicated by Marshak, does r eve r se its sign at about 
40 Mev which brings the If e las t ic c r o s s section up. The Brookhaven result is 
about 3 mil l ibarns at 57 Mev while the Roches te r result at 37 Mev is 17 m i l l i ­
barns (see previous report by B a r n e s ) , F e r m i said that at Chicago a program 
has started to investigate the region from 20 to 30 Mev with photographic plates, 
but it will be some time before there are any resu l t s . 



33 

V PARTICLES 
Friday morning,, Professor C. D 0 Anderson presiding* 

Anderson gave a brief summary of the present state of knowledge about V 
particles. There seems to be uniform agreement among the laboratories on 
the existence of a neutral particle which decays âs follows: V}—T£» p /-/T""" > 
with a Q ~ 35 Mev and a lifetime of 20 5 x 10 sec. However^ there is also 
evidence for neutral particles with the above decay scheme which decay with a 
higher Q value 75 M e v ) 0 In some cases the errors are large but there are 
one or two cases which are very good that give high Q values ô Q values can be 
computed by measuring the angle of decay and the momenta of the decay pro­
ducts,. These give Q values of about 75 MevQ A limit on the Q value can also 
be obtained by measuring the specific ionization and, again it is very difficult to 
reconcile these exceptional cases with a Q value as low as 35 Mev 0 However, 
the great majority of the cases show a, Q value of about 35 MevG In most of the 
cases in which measurements are possible the decay products seem to be co-

o 
planar with the point of origin of the Y\0 These results indicate that in the ma­
jority of the cases the decay is two body0 One cannot exclude the possibility 
that in a few cases the decay is a three body one0 There seems to be general 
agreement that the lifetime for decay of the Yf in its center of mass system 
is close to 20 5 x 1 0 ' s e c 

There also seems to be agreement that other types of neutral unstable par­
ticles exist, namely Y^—fc» Tf^-hll^i-K ?)» The upper limit on the masses of 
the decay products is less than 500 m e and the decay products are presumed to 
be 7T mesonSo There is agreement that the number of VS 5s produced is con-
siderably less than, the number of V-ps. There is as yet little evidence on the 

o 
coplanarity or lack of coplana.rity of the decay products of the V^* If one 
assumes a two body process, the Q value of seems to be about 1Z0 Mev 0 

Not enough cases have been obtained to make a good determination of the l i fe ­
time of the V > However, the lifetime could be of the same order of magnitude 
as the lifetime of the Vp 

There are cases in which the decay products have momenta too high to 
measure and in which the measurement of specific ionization is too low to give 
information,. Some of these cases give Q values as high as 200 Mev regardless 
of what the decay products are, There is also some evidence that there is a 
particle V^-^* X^ffl^ where the mass of X seems to be greater than the mass 
of the Jff meson0 

Anderson then called on Peyrou to report on the ' xent work at M Q L To 
Peyrou reported on work done with the M 0 I . To multiple plate c • • \ chamber by 
Bridge, Safford and himself. The chamber contained eleven 1/4" lead plates0 

V ° particles which originated from interactions occurring in the chamber were 
examine do In these cases the origin of the V ° particle can be seen. Out of 60 
or 70 V° 0 particles, 23 Vj°, 5 Yz> a n d 3 V ? originate inside the chamber. For 
the 23 Vi ? s a measurement of the angle of'noncoplanarity was made. O is de­
fined as the angle between the plane of the product particles and the line of 
flight from the point of origin,. The following results were found: 
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Noo of Cases 
2 
5 

16 

Range of 
S =z 5° 

2° *C S ^ 5° 
c f £ 2° 

Peyrou discussed next the problem of bias in measuring the coplanarity of 
V ° particles* If the V ° were at some distance from an interaction and were 
not coplanar then it is possible that the V ° might be ascribed to a different 
origin. In this measurement only the V 0 l f s which decay in the gas immediately 
below the plate of origin were used to test coplanarityo In these cases it is 
f robvious r r where the origin of the V ° is 0 A histogram has been drawn using 16 
cases in which the point of origin was obvious. The average angle for the 16 
cases was consistent with the geometric errors expected from such a measure­
ment. An error of the order of 0* 7 mm can be made in the location of the or i ­
gin of the nuclear event* These data were compared with the calculation of 
Thompson and Brueckner who assumed that the third body was a or a neutrino0 

In testing coplanarity s the important quantity is^cTfor the decaying V ° where 

The following histograms show the experimental results compared with the 
calculation. The curves have been normalized to give equal area with the 
histogram,, Peyrou concluded that the distribution was much too sharp to be 
consistent with three body decay. 

Feynman wanted to know how much 
momentum the third body was assumed 
to carry off* Peyrou replied that if 
the third body were a neutrino the aver­
age momentum that the neutrino would 
take off would be about the same as 
that carried by the 7?" • 

Since the results indicate strongly 
a two body decay, the rest of the 
analysis was made under this as sump » 
tion, A picture of a V ° particle in 
which both secondary particles stopped 
in the chamber is shown below* The 
momentum of the meson was deter « 
mined on the basis of its range. From 
the momentum of the light particle and 
the line of flight of the V ° the momen­
tum of the heavily ionizing particle 

ïrmined to be 320 - 330 Mev/c* The 
ionization of the heavy particle is con­
tinuous and for this chamber this means 
an ionization of greater than 5* Ioniza­
tion between 5 and 10 times minimum 
cannot be determined„ Assuming an 
ionization of 5 times minimum, the mass 



of the heavy particle cannot be less than 1600 electron m ses* There is an­
other case in which both particles traverse lead plates and stop0 Then the mo­
mentum of both particles is determined by range. It is found that the mass of 
the heavy particle is between 1500 and 2200 electron masses if the light particle 
is assumed to be a7?" « No decay particles are found to originate at the stop­
ping point of the heavy particles,, One/^//decay in flight of a V secondary was 
seen0 Two nuclear interactions were seen and consequently most of thfe light 
particles would seem to be me s cms 0 In order to measure the Q value 3 the 
range of the stopped particle was uied with the momentum balance0 The 
range of the ^"particles gives a good determination of the momentum, The 
ionization of the stopping particle was used to determine the range with better 
precision, than just the thickness of the lead plate* 

Ranges were set on the momentum and from this h vurMedQ values were 
eterminedo The determination of the Q value also depended on the angle 

measurements* For each measurement a quantity was calculated to deter-
mine how much an error in would change the measured Q value 0 Sometimes 
the is as large as 9 Mev/deg, but can be as low as 0« 1 Mev/deg 0 The 
result of the Q measurements are given below 0 The Q value can be well deter­
mined only if the particles are stopped by ionization^ Some of the stoppings 
are the result of nuclear interac­
tions. In these cases only lower 
limits for the Q value can be setQ 

The results are all consistent 
with a unique Q value of 35-40 
Mev 0 The best value of Q is 37 
Mev 0 

The lifetime is determined 
by measuring the mean time be­
tween when the particle leaves a 
lead plate and when it decays 0 

There are corrections due to the 
fact that the particles are ob­
servable only for a finite time* 
With corrections, the es^eriment 
gives £ ^ 30 5 i l 0 5 x 10 sec, 

Five cases of have been 
found. One of these was recently 
obtained and analyzed by B a Day-
ton0 The coplanarity angles were 
good for the five cases and were 
consistent with the results on the 
V ° . The results probably indicate 
a two body decay* The case ob­
tained by Dayton is shown below. 
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The downward moving particle was scattered 
through a large angle in the next to the last 
plate and stops in the last plate a The scat­
tering was probably nuclear0 The upward 
moving particle was apparently stopped by 
ionization The upward moving particle 
had a momentum of 145-158 Mev /c 0 The 
momentum of the second particle is deter­
mined to be 272=296 Mev/c by momentum 
balance. The coulomb scattering of particle 
2 agreed with the momentum balance consi­
derations. From the momentum and 
ionization the mass of particle 2 was deter­
mined to be less than 500 HI 0 Assuming 

e 
that both particles are^mesons the Q must 
be about 195ltl5 Mev. The coplanarity was 
good. In the other 4 cases the proton was 
eliminated as a decay product by momentum 
balance*, In two of these cases a mass of 
1000 for one of the decay products was 
eliminated by momentum balance. In the 

other two cases it seemed unlikely that the mass ofQeither of the decay products 
could be as high as 1000 m e „ If the particles are then the Q values are con­
sistent with a unique value. If however these particles are Vg then the Q 
values are spread0 In reply to a question Peyrou said that perhaps the l i f e ­
time is a little shorter than that of the Vi 0 Peyrou showed a picture in which a 

o o o 
V£ and Vi were simultaneously produced in an interaction* Of the 5 V ^ s ob­
served two were produced in an interaction in which Vj^s were alst, produceda 

Feynman asked what soft of limit for the fraction of "V^s particles that are 
produced in pairs could be set from the experimental data0 Peyrou replied that 
if one takes all types of V particles into consideration then the fraction of par­
ticles produced in, gairs must be smalL If, however, one restrictedjthe types 
in the pair (e 0 go ^ ) t ^ i e n t ^ i e r e s u l t s indicate the fractions of V^'s produced 
in such pairs could be large* Rossi pointed out that the V ° might have an alter­
nate mode of decay into a neutron+7Î"which would be missed,, Thus it might be 
possible that a large fraction of V^'s could be produced in pairs with V ] \ 
Brode stated that Fretter has three cases in which pairs of V particles are 

o o 
produced,. In one of these cases the particles can be identified as and Y 2 
respectively. 

A report on a measurement of the V lifetime was then given by Leighton, 
Leighton stated that care had been taken to eliminate sources of bias in the 
lifetime determination. The following diagram gives an idea of the point of 
origin of all of the Vj"* particles observed at Cal 0 Tech» Qualitatively, more 
seem to decay close to the top of the chambers than to the bottox ~, There were 
134 cases presented,, It was evident from the diagram that in some portions of 
the chamber the detection efficiency was less high, namely, around the sides 
of the chamber, and possibly near the top and bottom of each section, Fiducial 
surfaces were put around the edges of the chamber such that if a V ° particle 



decayed inside these surfaces it would 
have been detected, with high probability*. 
Then for each V ° observed inside of the 
surfaces a measurement was made of the 
time elapsing in the V ° 5 s frame between 
passing the fiducial surface and decay­
ing. In order to make a reasonable 
estimate of the lifetime it is necessary 
that t /T Oo 5 where t s time spent 
inside fiducial surfaces before decays 
Intime available inside the fiducial 
surfaces. Experimentally t/TcrO* 30ÎL0* 05, 
where t r x ^ x distance inside the 
fiducial sur.^ce, 6~ v / c , ^ r l / ( l - ^V^/ 
a n d£W * jZçzjt.i) F o r P a r t i " 

cles of high momentum it is difficult to measure momentum unless the particle 
decayed close to the top of the chamber* Consequently, in order to prevent; 
bias errors on the high momentum pa. deles an unbiased method of eliminating 
high momentum particles should be usedo In order to do this only V ° particles 
whose opening angles were greater than 10° were used in the measurement. The 
opening angle measurement does not depend on the position in the chamber and 
yet the opening angle is closely related to the momentum of the particle. By 
using these criteria about 60 of the 134 cases of V ° decay were eliminated from 
the data0 It was assumed that Jthe V ° particles were a homogeneous g r o ^ 0 The 
result of the calculations gave t ~ L 6x10 s e e and£~: 2, 5 j£o„ 7 x 10 sec. 
The stated errors were calculated by assuming that the experimentally deter­
mined values of Care distributed Gaussianly about the true value 3 although this 
is not strictly true. 

The Vf 5s were d: ided according to their measured Q values* Taking those 
with 50 Mev and those with 50 .£ Q ~ 150 Mev, the lifetimes calcul ate d from 
these two groups were as followsG 

6ÏT0. 5 x 10~ 1 0sec o 

2.9±0. 8 x ' l0" 1 0 sec . 
There were also 20 cases in which the Q value was unknown0 In order to keep 
from biasing the results by requiring long tracks to determine high Q cases, 
the twenty unknown cases were divided in proportion to the number of particles 
in the two classes 0 Depending on just which cases are put in which group the 
results are (L 3 - 20 3 ) x 10" sec 5 

<£:=>(2.4 - 3, 5 ) x l 0 ~ 1 0 s e c . 
There appears to be little difference between the two groups of particles* Pey~ 
rou stated that they used a similar method to compute the lifetime although the 
method was a little more complicated because of the multiple plate cloud chamberG 

Sard asked about the distribution of transverse momentum for the high Q 
cases, Leighton showed a curve of the number of cases with a given P a and 
sin versus sin 6 The expected distribution should resemble an arctan­
gent curve with the peak of the peak of the distribution occurring at about 100 
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Mev/c for Q « 37 Mev 0 The experimental curve is in qualitative agreement 
with the prediction; however, there are some cases with values of P sin<9-
which are beyond the limit for Q—35-40 Mev* Some of these cases were of 
sufficiently high quality as to be strong evidence for a higher Q value, 

Rossi stated " I would like to know what you think about the existence of 
the high Q value as this is an ex: mely important question,, The Cal. Tech* 
group seems to be the only one which has evidence for its existence* n Leigh-
ton answered by saying that it might be that some experimental arrangements 
such as the one at Manchester might bias against seeing the high Q cases if the 
V ° s s with high Q have a shorter lifetime, as seems possible,. The M 0 h T t. 
group should however have found some of these particles,, Rossi noted that 
they had one possible case of a high Q decay0 Leighton showed an example of 
a V ° with high Q and stated that 2 or 3 other good examples existed. The case 
shown had the following momenta and angular openings,, 

P = 77+ 7 Mev/c 

800 ±150 Mev/c 

& ~ 114° 

Q ~ 79^15 Mev 

In this case the negative particle was thrown almost directly backwards in 
the CoM 0 system 0 Greisen pointed out that the interpretation as a high Q case 
depended on the identification of a V ° . Leighton agreed^ saying that the ioni­
zation of the^particle makes this case almost certainly a V . The people who 
had looked at the track agreed that the ionization was greater than minimum but 
r robably less than twice minim i 0The large image sizes of the pictures used 
made such a distinction possible,, 

Oppenheimer: "Would you think that the high Q objects could be some V ° ? s 

and some poor measurements?" In replying Leighton showed a slide on which 
the estimated masses of the product particles were plotted as a function of the 
measured Q value of the V°* If Oppenheimer fs suggestions were correct? one 
would expect some correlation between the estimated mass for the decay pro­
ducts and the measured Q values* The following diagram gives the results 0 

There appears to be no 
apparent correlation* How­
ever , they could not guaran­
tee that some decay products 
were not heavy mesons, 
Anderson noted that in the 
M a L T* experiment decay 
particles were not observed 
to come from the stopping 
heavy particles„ 
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er than a if 0 An example of such a case was shown0 In the particular case 
the positive particle had a momentum and ionization (slightly above minimum) 
which were quite consistent with its being The negative particle had 
both momentum and ionization higher than the positive particle and consequent­
ly could not have been Tf"" « Unfortunately, the negative particle*s track was 
very shortQ L e Prince-R inguet questioned whether the case presented might 
be an example of a back-projected K meson decaying* Leighton replied that if 
this were the case then the "ff* meson would have to have a momentum of ejec­
tion of 200 Mev in the C 0 M 0 system which was higher than had ever been 
observe do 

Messel wondered how many cases of vf—T^X^T^" there might have been 
in their data0 Leighton replied that there could have been any number because 
oi; the difficulty of differentiating from a proton0 Shapiro: "How mang cases^of 

are there in which you can exclude the possibility of their being Vi or V ^ s * 
o ® 

Leighton: "You cannot exclude any of the V3 ss from being V^s if you are wi l l ­
ing in each case to assume the negative particle to be a negative proton* We 
are not willing to make this assumption^, however a

 r r Anderson: "There are of 
the order of three to six cases which could definitely not be V ^ s * f f 

Anderson then called on Thompson to report on his recent work (with A 0 V 0 

Buskirk, L 0 R 0 Etter, C 0 J. Karzmark^ and R 0 H 0 Rediker) 0 Thompson re ­
ported that a new magnetic cloud chamber had been placed in operation* The 
magnetic field has a strength of 7000 gauss and the illuminated volume of the 
chamber is 22tf high, l l u wide, and 5 f f deep0 The height of the chamber makes 
long tracks available for momentum measurement. No-field tracks o f -
mesons taken with the magnet coils in opposition indicate that the maximum 
detectable momentum is in the neighborhood of 5 x lO 1^ . _.ev/c, however 3 this 
figure refers to tracks which traverse the entire chamber0 In most of the 
pictures the tracks are close to minimum ionization which makes identification 
of particles difficult, 'n those cases where mass measurements are possible, 
masses are obtained which are compatible either with a proton mass or a 

77" mas s0 

Thompson then gave a table of decays in which the mass of the positive 
partiel;, was definitely less than protonic c 

0„ 27 JL 660m e 1. 3 
0. 38 930m e 

0o 53 4. 1300me 

0. 25 < 640m e 0o 39 <C 1000me 

0, 50 <. 1200mp L 52 

Mes s el: HJust what is the evidence for the V-° e > n Leighton said that they 
had three such cases in the V class 0 There were cases in which the negative 
particle was a Jf* and in these cases it would be very difficult to distinguish a 
heavy meson from a proton0 However, there were cases in which the positive 
particle was consistent with a 7T and the negative particle was ---xfiiitely heavi<= 



Thompson then described a new method of plotting the data by using the Man­

chester parameter o< and the transverse momentum, 

1 1 1 
In the Co M e system, we have P I 4- PL = P 2 * P ! is invariant so P « P ^ , 

x ? y y y I 
P * may be expressed, in terms of , ~ 

For a given type of two body decay and a constant value of j& , a plot of the exper­
imentally determined Bp 1 s versusQ( should lie on an ellipse» This ellipse has very 
simple physical significance in terms of the sphere on which lie the terminal points 
of P11 in the C, M 0 system 0 If the decay were a three body decay then all of the ex­
perimental points should lie on the inside of an ellipse* Thompson then showed 
such a plot, referred to the plane 0zï* 

'he data suggests 
a fit by a pair of 
ellipses corres­
ponding to p f ^ 3 7 
Mev and Jfïtf 210 
Mev although 
Thompson empha­
sized that the lat­
ter decay scheme 
is suggested for 
purposes of com­
parison only. 
Present evidence 
cannot exclude 
other possibilities 
or a three body 
decay5 etc* For 
example, the fit 
with ( j f , / * ) is 
almost as good* 

The calculated Q-values from the events observed with the new magnet which lie 
near the new TJ^fJf curve lay between 205 and 216 Mev 0 This is higher than the 120 
Mev reported by the Manchester group* There was one point which fell a long way 
from the jJ^jf^ZlO Mev curve* 

Rossi: l i What is the meaning of the point lying outside of all the curves?" 
Thompson: "Well, its not outside of all reasonable curves. If this represents the 
same type process as the others on the arch then this would.indicate a three body 
decay0 " C 0 Andersons" "Suppose it were a proton plus TT^case?" In reply Thomp­
son said that m this case low upper limits can be set for the masses of both parti­
cles; the positive-? rticle had mass less th%n 600 m e . The Q of this decay was about 
50 or 60 Mev if it were aJJ^lT^ Thompson also noted that this case could be a 
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decay intoy^i/* . Sard said that Manchester had revised their estimate of the 
Q value for the upward* ^ _ 

Rau then described a new magnet-
cloud chamber setup (H^t5400 gauss) 
which was recently placed in operation 
by the Princeton group consisting of 
J o Ballam, R 0 R 0 Harris, A . L . Hod-
son, R o E o Rau, G o T 0 Reynolds, and 
M o VidaleQ The chamber and asso­
ciated equipment was ar mged as shown 
in the diagram. In order to trigger the 
chamber 3x minimum ionization was 
required in the proportional counters0 

At least one ionizing particle was re ­
quired to strike the Geiger counters 
above the chamber0 Two examples of 
V particle production were shown. The 
rate at which V ? s are obtained is three 
per running day0 In the 5000 photo­
graphs obtained so far 49 V 0 j s and 
12 V - *s have been observed. There 
have been two cases showing pairs of 
V 8 s produced^ and one case showing 
two neutral V's and a charged V # 

SUPER HEAVY MESONS 
Friday Afternoon 3 Professor J, R e Oppenheimer presiding, 

Perkins opened his talk by saying that most of his -suits were tentative 
and should be treated with reserve. The first topic that Perkins discussed was 
the modes of decay, production and lifetime of the heavy mesons with mass of 
about 1, 000 m e o This is the work of Menon and O'Ceallaigh. 

( X and Ttwill be collectively denoted by K) 
Perkins showed a picture of a X meson which decayed into meson which 

in turn decayed0 A plot of the distribution inf jSW the secondaries of the K part­
icles is shown below. 
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If the j l mesons are the decay products of the same type of particle then from the 
fact that there is a spread in energy of the secondary^ % the decay must be into 
three or more secondaries. The Jameson secondaries could have a single energy at 
emission according to the data presented* 

Secondaries of K particles 

Plots of $P versus the normalized ionization for decay products are shown below* 
The belief in a^-meson secondary is based 
largely on the K9 point indicated by the 
arroWo The next diagram shows the results 
of grain density and|^5 measurements on a 

^JU -meson and on the secondary from K 5* 
The 7f-nieson line on the diagram was 
drawn as the result of measurements on 35 
7̂ = mesons in the emulsion* To date there 
are 4ff~ secondaries and 7yA secondaries 
identified* Some of the secondary tracks 
were minimum ionization and consequently 
could be electrons* However, in the course 
of traversal of 30 5 cms of emulsion there 
has been no evidence of bremsstrahlung, so 
that it is assumed that the unidentified part­
icles a r e f s or TVs* The mass of the ] ^ 
may be computed from its assumed decay 

* scheme using the limiting momentum of the 
JU* Such a computation gives* 

7<-+^*+#+7J 1100-1200 m e 

For the^f particles experimentally: 

Assuming different particles for the neutral 
particle it is found that* 

970 m£ 

920 m e 

1400 ni 
If M V ^ 800 mf 

Next., the calculated mass values are com­
pared to the experimentally observed mass 
values of the unstable particles a The mass 
is obtained by observing the scattering of 
the particle as a function of its residual 
range0 The results are given in the follow­
ing diagram. The errors on the mass values 
are each about 200 m e e The two particles 
which decay into identified Tt mesons have a 
mean mass of 1400 ̂ 200 m e o The measured 
mass of the primaries which decay into 
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identifiable^ mesons have a mean mass of about 1100 i t 150 m e . For thermes on, 
the mass 1400 corresponds to the decay into aTTW^; however, a decay into 77^/7^ 
cannot be excluded„ 

To date, at Bristol, 7 identified^ and 4 ident i f ied^ have been found5 so 
that; they have approximately equal frequencies,, Calling K s then the rate 
at which these particles are found is N / N ^ s ^ relative number of K*s and ~ff ls 
stopping :r l/70o (Previously a figure of 1/150 had been given; however, this did 
not take into account the fact that the K particles had to have considerable track 
length in the emulsion in order to be identified whereas the 7/j a r e identified by 
their decay or star production,) N ^ / N n 1/3000; N R / N ^ 10 since only one £ 
has been found in lloon flights so far. These data were computed from balloon 
flights at 80, 000 feet in which there was about Z0 g/cm^ of local matter (glass. 
emulsion3 e t c ) These abundance numbers apply to the relative numbers coming 
to rest and decaying in the emulsion,, 

(Daniel and Perkins) 
When the K particles were discovered by 0*Ceallaigh in 1951, a study was 

begun on the origin of these particles. The jets (nuclear interactions of primary 
energy greater than 50 Bev) were searched for evidence of K particle production 
because the ratio of protons to *T?"mesons is low. The next diagram shows a 
plot of g# versus for jet particles 0 

From these data an estimate of the r e ­
lative numbers of ^ 8s and K f fs may be 
made, namely; R r K^f-O 5, however, 
some might say that all of the particles 
in the K curve are protons and R ~0 o 3 
]£. 0o 30 Consider a second argument g* 
then; for the lower energy showers 
the ratio N-jf<* f^fft w a s determined 
by looking for the number of electron 
pairs originating near the shower or i ­
gin from the decay of the77"°o A ratio 
of 0, 56+ 0.1 was found in agreement 
with cloud chamber work, In jets, however 9 the ratio Nf l ' /CNg.^ N ^ t ) 
0, 33 j£ 0* which appears to substantiate the conclusion that there are K part­
icles in the jets e If it. is assumed that N-fl-* /N-fpt 0e 5 then it is found that 
/N^t-0o 6 i0o 50 There are not many primaries of energy greater than 50 Bev. 
and consequently these primaries cannot account for all the K"s observed to 
stop in the emulsion, Some K*s must therefore originate in the lower energy 
showerSo 

By requiring longer tracks and doing more accurate grain xting and scat­
tering measurements it was considered possible to separate the K particles from 
a 90% proton background. The measurement was calibrated by using plates ex­
posed at Columbia to thefjhneson beam and at Berkeley 340 Mev protons* 
The next graph shows the results of measurements on^&^shower particles from 
showers of multiplicity greater than L Only tracks whose ionization was between 
L 07 and 20 0 times the t" eoi value were used0 The line through the Jf" meson 
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points was the best straight line through 
the points and the P and D lines were plac­
ed according to the mass ratios. The K 
line was drawn at 1200 electrons masses. 

The curves below show the mass spec­
trum obtained from measurements on arti­
ficially accelerated and produced particle s. 
The distributions are fitted with skew gaus -
sians with two adjustable parameters 9 A 
and B, The r 0 m a s0 errors in the mass * 
measurements due to statistical fluctua­

t ions in the scattering of the particle is 
equal to A ffrTwhere n is the number of 
scattering cells 0 The error in grain count­
ing is equal to B / ^rru Where m is the 

number of grains counted,, The constants A and B are determined from the mass 
spectrum obtained from artificially produced mesons and protons* The mass spec­
tra obtained from the measurements and the fitted curve are shown helow* 

The mass spectrum obtained from cosmic ray showers with n g ^ r< l is ihown above* 
In order to guard against local variations in the sensitivity of the. emulsion a plot 
of g* versus pj8 was made for cases in which other tracks besides the supposed K 
in the same star were measurable* When other tracks were measurable they 
appeared to fit well on the or P curves. This diagram is given below, (see p.45). 

A comparison was made of the mass jspectrum of the K particles coming to 
rest and those created in showers 0 From the comparison it was concluded that 
the two curves are the same within the experimental errors. It is not possible to 
tell whether the particles that are ejected are } ( or y£* particles. There have been 
a few cases observed in which the K particle is observed to come from a shower 
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and decay0 Sorenson (Oslo) has observ­
ed such a case, The K particle comes 
from a star produced by a proton with 
16 heavy prongs and 3 shower particles. 
The K meson has a range of 14 mm in 
the emulsion. The mass measurement 
gives 3Q80ÏT 100 m eo The secondary 
particles travels 20 5 mm 0 in the emul­
sion and consequently the identification 
as a M meson is fairly certain; PBz 125 

120 Mev /c , g* = L 05+ 6 03, In reply 
to a question by LePrince-Ringuet con­
cerning the identification of the P e r ­
kins showed a plot of g* versusp£ whicl 

indicated that the identification was 95% certain, l w w / w w w 

Levi-Setti in Milan also has found two cases of K particle production. One 
of these showers produced by a proton of E ^ 3 0 Bev has 23 heavy prongs and 15 
shower particles. The K particle emerges from the shower 9 stops and decays 
but unfortunately the path length of the secondary particle is too short for identi-
fication0 The mass of the K particle was found to be 1040+ 90 m e „ In the sec­
ond case a K particle emerges from a shower of 28 heavy prongs and 11 shower 
particles produced by a proton. The track of the K is 7 mm^^Long and gives a 
mass value 1380+ 250 m e „ The ^ o f the secondary was 100- Mev/c* This 
is lower than the of a If* produced in the decay of ay^" meson, Shapiro asked 
whether the grain density of the secondary particle had been established, 
Perkins replied that the secondary particle was almost at minimum ionization 
having a grain density of L l i t 0*1 times minimum. The track length was un­
fortunately too short to establish the identity of the secondary particle* Perkins 
concluded that this was more direct evidence that X particles are projected 
from starSc This evidence, however, does not exclude the possibility of the 
direct production ofj2Tmesons0 

Perkins t xt presented evidence as to how the fraction of K particles might 
depend on the energy of the primary particle. In almost all of the cases present­
ed the primary energy was deduced by indirect means (multiplicity of the show­
er particles e ) The number of jff-and K particles in the same velocity range 
(0o 5 £p 0, 8) were compared,, 

For 

jets 

0.13 + 0.05 

0, 28± 0,08 

0, 30+ 0. 30 

E 
5 Bev 

(1. 5 Bev*E^ 8 Bev) 
20 Bev ( Bev-<L E < 40 Bev) 
200 Bev 

Next the number K-particles and ofTf-particles in the momentum range 300 
Mev , Mev , 

k t—p^-950 T T ~ w e r e compared, 
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R 

C. 10 + 0, 04 
0. 20 t 0. 06 
0. 30 t 0. 30 

E 

5 Bev 
20 Bev 
200 Bev 

Energy into ff's 
0,17 Î 0,06 

0,36 ± 0,10 

1. 00 - 0, 03 

5 Bev 
20 Bev 
200 Bev 

The yield of K particles is rather high even at low energies. If the relative amounts 
of energy going into K particles and "Jf particles is compared, the ratio R l is 
given in the second table* These numbers are what is to be expected on the basis of 
Ferftii theory if the K ! s have spin 0« 

13-14 
In an extremely high energy interaction of E-^IO ev P the rest masses of the 

N^o - g 22 ^ 0 1 if ^ - <Q product particles are small compared 
Tt° to the energy available so that one 

^ s should expect equal numbers of pro-
N 7f° ^0. 26 t o . l i f £ r. 10" 1 4 seCo duced ^ 3s and K s a For a shower of 

— 7T* 10 ev energy, the relative numbers 
N <j s of 7̂  fs and shower particles was de -

terminedo On the basis of five high 
energy pair conversions; (cf* insert)* 

this is consistent with half 7f and half K particles. It was noted that Kaplon and Rit-
son had obtained a ratio of 0> 5 for showers in this energy range, Shapiro remark­
ed that Peters had obtained an even higher ratio of T"f?s to shower particles* Oppen-
heimer said that there had apparently been some misinterpretation in this case 0 

The nuclear plates are not well suited for a determination of lifetimes of decay­
ing articles; nowever, an estimate of lifetime may be made from the relative num­
ber of K f s produced and stopping in the emulsion*, The relative numbers of K *s and 
7f-fs brought to rest in the emulsion is as follows: N , zz 0. 015, 

' , K / ( N i r ]stopping 
The relative numbers produced in showers of all energies: NT^ / / 1 V T v . _ 

^, > s

 5 K / ( N - ^ ) production — 
0, 05 1 0, 05o This figure is somewhat different from those quoted before because of 
the contribution of the low energy showers, Actually, the K r s which come to rest 
in th^emulsion are created in a lower part of the momentum sprectum than the 330-
950 n interval for which the 0* 05 ratio has been determined,, From the ratios as 

10 
quoted, a lifetime of 3 x 10" sec 0 is deduced, If the 0, 05 were high by a factor of 
2o 5 then no upper limit could be set on the lifetime. The lifetime could very easily 

Q 
be as long as 10 sec 0 Oppenheimer commented that a lifetime an order of magni­
tude shorter would give an inconsistency* A total K particle track length of 15 cm, 
has been observed without observing any decays in flight. This result gives a lower 
limit of 3 x 10 sec. for the lifetime* The group at Manchester working on charg­
ed V 3 s (Astbury et al) have found negative particles of about protonic mass emerg­
ing from, penetrating showers. If they assume equal numbers^of positive and nega­
tive unstable particles then they deduce a lifetime of 10 6 x 10 sec, from the num­
ber of charged V decays that they observe* 

So far 16 cm track length of identified K particles have been observed without 
seeing any nuclear interaction» The mean free path in nuclear emulsion correspond-
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in g to geometric cross section is 26 cm 0 If one believes that K particles are 
produced abundantly at extremely high energies (10^ ev 0 ) , then there is evi ­
dence that the K f s do interact with geometric cross section0 The following data 
indicate a geometric mean free path for the secondary particles from extreme­
ly high energy inter action^* 

Bristol shower -10 ' ev/nucleon: 4 secondary showers S total track 
Peters et al -10^ ev/nucleon: 8 secondary showers clengthc440 cms 
Jets ( j > 50 Be , ; 5 secondary showers 

From these data a mean-free path of 2 7 i ô cm is deduced for the secondary 
particle So 

If the K particles have strong interaction, then the negative K particles 
should produce stars on coming to resto So far 20 K particles have been observ­
ed to come to rest and decay* Bristol has found no examples of K particles pro­
ducing stars* Schein and his co-workers (Fry and Lord) have found one such 
example* The ratio of the number K f s decaying to those producing stars must 
be greater than 10 to L 

A slide showed the mass sprectum obtained by measuring scattering versus 
residual range of the particles producing (J* stars. Al l of the mass values seem­
ed consistent with-]"]* mass* Perkins then suggested that the K particles might 
not fall down to the inner shells of the material before decaying in non-metallic 
materials, A short discussion followed on the subject of trapping0 The concen­
sus seemed to be that trapping effects could not explain the lack of stars by K 
particles,, 

Dr 0 Oppenheimer next called on LePrince-Ringuet for some comments on 
K particles in French, n s o lucid, that all will know it* , f 

LePrince-Ringuefc Je voudrais reprendre simplement quelques uns des 
passages du superbe expose de Perkins, En Europe, il y a pour les emulsions, 
Bristol, le grand soleil, et puis un tout petit nombre de petits satellites dont la 
dimension, même en faisant la somme, reste très inférieure a celle de Bristol 
On est toujours un peu timide pour parler après Bristol de problèmes dans 
lesquels Bristol a obtenu 75%«80% des résultats* Je voudrais simplement rappe­
ler dabord deux ou trois points, et puis venir a certaines questions tout a fait 
precises sur le faite de savoir si il y a d x particules^ e t^ f s si il n'y a pas 
d fevidence tout a fait sure sur ces deux particules 5 et comment on peut les dis-
t ingueeSo Parce que ce sont sûrement des particules très différentes, et c ?est 
très important d 8avoir une vision peut-être très critique, et peut-être trop 
critique 0 Dabord, il y a un an, au congres de Bristol, il y avait quatres, peut-
être cinq0 mesons kappa5 et il n^y avait pas encore de mesons chi0 Et après, 
au congrès de Copenhagen, il y avait une dizaine de mésons kappa, et on c sest 
apper^u que, grâce à Pabondance des résultats de Bristol, que L*on trouvait 
Pensem^Je des autres compatible avec quelque chose qui ce situait autour de 
180-190 — p o u r le p|3 * Alors , on a decide quson examinerait tous les résult­
ats avec beaucoup de soin; et5 que Perkins vient de dire, c1]est dans ce domaine 
la le résultat de ces observations,. Naturellement, les mesures de trajectoires 
etprôsont difficiles, et on sait trè*s bien que les méthodes des différents 



4 n, 
Ù 

laboratoires ne sont pas absolument comparables; et que même des formules donnant 
les erreurs ne sont pas %x riparable, parce qu2il y a le ! tspurious scattering1 1, parce 
qu!]i] faut utilizer plusieurs cellules successives, e tc Cela donne des difficultés 
pour comparer les mesures et les erreurs, 

Alors , la premiere question à laquelle je voudrais , tirer attention avec un es­
prit spécialement critique,, c e s t premierement; quelle est la fin du spectre? Dont 
îe spectre actuel il y a deux résultats qui sont au-delà de 270 Mev/c ( ffî ) :! c ?est a 
dire 200 Me^ , d'énergie., Il y a deux mesures qui ont été indiquées: (1) le kappa un 
de Bristol {2} 3es résultats italiens. C 8est très important, la fin. du spectre, parce 
que la rmsse de la particule primaire depend de la fin du spectre* Or 5 je pense que 
les deux secondaires correspondant ne nt pas très bons pour les mesures, Le 
secondaire de Levi-Setti est court et on ne peux pas être sur. Le secondaire du 
kappa a une longeur de 2200 microns seulement, et c 3est a peu près 200 Mev, mais 
ca peut être 150 Mev: on n/est pas sur d la fin du spectre., C fest mon impression 
(tout a fait personelle) d sexperimentateur. 

Deuxième point: Est-ce qu-ii. y a des differences, est-ce qu'il y a certainement 
des secondaires pi et des secondaires mu? Pour cela, il y a deux cas de second­
aires mu qui sont surs, ce sont les deux de Bristol qui donnent 3 l a un mu-electron, 
et Lau t re , dont 1''énergie est faible; par consequent la differentiation est tout a fait 
certaine entre le mu et le pi. Il y en a d sautres qui sont extrêmement probables* et, 
en particulier, Pinter et du méson de Paris (qui a été étudie par le groupe de mon 
laboratoire avec Crussard, Trembley, Mabboux, Jauneau et Morellet) est que le 
secondaire est très long (plus de 20, 000 microns, ) Et Pautre intérêt est que cette 
longueur peut être doublée ; parce que nous avons à Paris deux méthodes de r rscat~ 
tering" mdépendente, qui sont, l'une, le "scatterinj :T lateral, et P autre le t f scatter­
ing" en profondeur9 qui a été mis au point par Mabboux0 Et ça aide beaucoup a 
avoir de la precision sur les mesures 0 Aussi bien, puisque cette particule se trou­
vait dans la bande correspondant au chi 5 il était intéressant d'avoir des informations 
plus certaines sur cette particule; et, nous savons maintenant que c sest une particule 
mu (comme Perkins Pa montre). Mais c 2est une particule mu qui est obtenu avec 
une bonne certitude. Par conséquent, il y a dans ce domaine la, qui correspond a 
environ 120 Mev d11 énergie,, une particule mu qui est très probable^ Gela veut dire P 

il y a une chance sur 20 que <̂ a soit un pl. Ensuite, il y a le kappa 3 de Bristol qui 
donne aussi un mu qui est également très probable. Ce kappa 3 a une longueur de 
6000 microns qui est suffisant pour avoir une bonne me sure s. et la mesure donne un 
muo A mon avis, si on veut être extrêmement critique, il y a 4 secondaires qui 
sont presque certainement des mu: par conséquent, 4 kappa-mu surs» 

Est-ce qu'il y a des kappa -pi (ou des chi-pi) sûrs? Il y a, à mon avis, deux 
kappa-pi surs0 II n*est pas la sécurité complète, mais c'est une très grande prob­
abilité. Ce sont les numéros kappa 8 de Bristol, qui a 7, 800 microns, et le kappa 
9 de Bristol, qui a 19; 500 microns 0 On a la une bonne certitude qu ?il existe ^ *s 
mesons piQ Si Pon avait encore 4 ou 5 cas semblables^ on aurait une certitude pres­
que absoluea 

En. dehors de ces résultats, est-ce que Pon peut séparer la particule kappa de 
la particule cm par quelques propriétés. Si Pon prend les résultats sur quelle est 
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la masse du primaire? La masse du primaire dans aucun de ces cas n'est 
bien déterminée. Dans le cas du kappa de Paris (1600 microns) et de Bristol, 
la masse du primaire n'est pas bien déterminée. Il n'y a donc pas de possibil­
ité, a present, par des valeurs individuelles, de dire que le primaire de ceci 
(mu) est different du primaire de cela (pi) par les mesures de masses» Par 
consequent, ceci est aussi un point qui est intéressant* 

j-nfin je fais encore une remarque. Il y a 3 kappa lents qui sortent de les 
étoiles. Il y a le kappa de Bristol que Sorens a examiné^ et il est très long. 
Dans ce cas, le primaire est bien mesura et c'est toujours le même ordre de 
grandeur de la masse qui a été indiqué par Perkins: entre 1000 et 1100 m e „ 
L'énergie du secondaire est, je crois ^0^.125 j t 20 M e v / c 0 Pour les autres 
kappa de Levi-Setti et Tomasini, l'un d*eux est long[:<iuU microns) et donne 
1040j£90 m e , l'autre est très court* Tout est consistent avec une masse que 
l'on a bien mesurée. Est-ce qu§ a r t i cu le s (les secondaires) sont pi ou mu? 
Ce cas n'est pas, à mon avis ? certain,, Les deux mésons kappa italiens ont des 
secondaires trop courts pour que l'on puisse dire; et je crois que suis un 
peu plus pessimiste que Perkins pour le troisiè"me meson-celu? de Sorenson0 

La longueur du secondaire de celui de Sorenson est de l 'ordre de 2000 microns; 
ce n'est pas très considerable pour avoir une differentiation certaine entre un 
pi et un mu, Par consequent ceci reste, pour mon avis, avec un point d'inter­
rogation, tant qu sil n'y aura pas d'autres mesures de ce coté-la 0 

Un dernier mot maintenant, sur un problème que Perkins a évoque tout a" 
l !heure. C'est le problème des mésons lourds, négatifs, s'arrêtant dans 1 e m ­
ulsion, Nous avons un phénomène qui peut s'interpréter comme cela, qui est 
un phénomène réel, et qui correspond a un étoile sigma, a un branche seule­
ment, mais avec des characteristiques différents» Dans cette étoile, la part­
icule est très longue (elle va dans deux plaques); elle a une ionization de 3, 
environs--c'est très facile a mesurer. On sait que c'est un proton--il n'y a 
aucun doute--on peut faire des mesures de masse par plusieurs méthodes» 
Ces méthodes donnent une énergie kinétique (si c'est un proton) de 130 — 20 Mev, 
C'est une grande énergie kinétique; dans les étoiles sigma, on a observé seule­
ment trois cas en 3000 pour un proton de 90 Mev, ou plus. Ceci sont les résul­
tat obtenus avec les mésons artificielles, par Menon et autres, par Cheston 
et autres, et Adelman et autres. 

Mais d'autre part 2 la mesure de la masse du primaire; nous l'avons faite 
par plusieurs facon^ et nous avons même aussi envoya la plaque a Bristol, La 
longueur n'est pas très grande--2300 microns --mais elle permet une evalua­
tion. Les moyenne des observations donne 570^ 200 m e , environs. C'est at 
dire, c'est peut-être un méson pi; on n'est pas sûr, mais la probabilité est de 
l 'order de l%-2% pour avoir un méson pi* Si l'on prend l'ensemble de ce'phen-
ome , et si l'on ^ense que l'émission par un meson pi d'un proton avec une 
telle énergie est très improbable, (parce qu'il faudrait qu'il y ait tout un groupe 
de is--10 neutrons --qui sortent en même temps dans l'autre sens - -et 
rien d'autre); la probabilité totale d'avoir une étoile sigma est de l 'ordre de un 
sur 100, 000o îvais tant qu'il y a une lecture de 1005 000 phénomènes, il est 
possible qu'on trouve le phénomène rare. Je ne veux rien dire de plus 
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Oppenheimer next called on Amaldi for a report on the Crmeson* Amaldi wrote 

down the Q values calculated from the observations on the mesons observed in photo­

graphic emulsions. 

Q 
Bristol} kbit 6 Mev. ( nly case in which one of the three products given 

rise to a star) 0 

Bristol? 75+4 

London^ 76 i 15 
(Harding et al) 

London^ 69 i 8 

London^ 730 5 ± 7 

Padua-j 860 5 + 5 

(Ceccarelli , Dallaporta5 Merlin, Rostagni) 

Rome, 75 ± / 4 
(Baroni 5 Castagnoli9 C'ortini5 Franzinetti s Manfredini) 

These Q values were obtained under the assumption that all three particles are me-
sonSo Using this assumption ( Q d 7 4 ^ 2 0 5 Mev; 277*4+L1 m ) a mass of 
979— 4 m e is obtained by averaging the above results* 

Next Âmaldi spoke of the nature of the secondary particles. In the original case 
found at Bristol one of the decay particles stops and gives rise to a QT star. This 
particle is presumably affmesono From the "C* observed at Rome recently* one of 
the decay particles stops in the emulsion and gives rise to a> secondary particle 0 

The secondary particle is not very well situated for measurement; however, it is 
possible to exclude the possibility that the particle is a proton and it is probably a 

meson from a Jf^decay. It was not possible to establish with certainty by grain 
counting and scattering measurements whether the other two particles wereJ^or^T 
mesons$ but one can recognize from a detailed discussion of the experimental data 
that they are better fitted with a three/^decay. 

The decay found by the group at Padua is also very favorable for identifying 
the secondary particles. The secondaries had lengths in the emulsion of Z9 bOOj 
2, 000 and lOO f̂l respectively. The angles of emission can of course be measured 
rather welL By assuming the nature of two of the particles the momentum of the 
third can be calculated by momentum balance and compared with the experimentally 
determined value. As a result of the analysis it was concluded that the experiment­
al data, could be fitted by assuming that all three of the particles areffmesons; how­
ever, the possibility could not be excluded that two of the particles w e r e ^ ?s and 
one of them a 0 Under this latter assumption the energy of the ^ s h o u l d be 27 

ladessus; simplement, si d'autres physiciens ont d*autres phénomènes analogues,, 
les mettre simplement: dans la balance* Ce n sest pas un résultat très sûr en faveur 
d'interaction nucléaire d'un meson lourde 



Mev and experimentally it was found to be 37 Mev, but since the distance tra­
veled in the emulsion was only lO^Hthe possibility of theff 8s having 27 Mev 
cannot be excluded, 

Next, the production of the 8s was discus sed0 Amaldi noted that all ex-
ce r t one of the particles observed were produced at mountain altitudes under 
considerable amounts ©f absorber0 The Bristol were observed under 10 and 
30 cm of lead respectively,, The London J^fis were found in plates exposed under 
1 - 3 meters of ice 0 The Padua £ -vas observed under aluminiume The only 
exception known until now is the Rome f^which was observed in a plate flown at 
25, 000 meters with very little material surrounding the plate0 

THEORETICAL DISCUSSION OF PHOTOMESIC PRODUCTION 
AND PION-NUCLEON SCATTERING 

Friday afternoon (Part U)9 Prof 0 J 0 B o Oppenheimer presiding* 

The session was opened by Oppenheimer who requested comments from 
Feld, Chew and DysonQ F eld discussed the interpretation of the photoproduction 
of mesons 9 that is, the p r o c e s s e s p - y f f t ^ n a j * d * ¥ p ^ F f V p * The point 
of view adopted is that of Brueckner and Watson9 namely, to correlate photopro­
duction to pion-nucléon scattering0 The most important processes are those in­
volving three states of the pion and nucléon characterized by the total angular 
momentum J and the parity of the pion with respect to the proton» as summar­
ized in the table 0 

Transition caused bys J Parity Amplitude 
electric di 1/2 - a 
magnetic di 1/2 + b 
magnetic dipoie 3/2 - | * c 
(or electric quadrupole) 

The possibility of electric quadrupole pion production in a 3/2 state is neglected 
because the observed angular distribution corresponds to magnetic dipoie tran­
sitions* The most general angular distribution possible for these three states 
is given by 

~f «H 2*N 2
 + | c | 2 ( H l 0 5 s i n 2 ô ) 

+ 2 Re [a ( b - c ) * ] cos &• 

~2 Re be* (3/2 c o s 2 $ - 1/2) 0 

Which terms are the most important? In the production of ff mesons we can drop 
the electric dipoie term since close to threshold the matrix element depends on 
the cube of the momentum of .the^mesoiu Hence 9 the Jf^neson is being emitted 
into a p state and since it is pseudoscalar, it can only come from a positive par­
ity state. Therefore, the only remaining question is the ratio of the p j ^ a n c * 
P3/2 ^ontributionSo It turns out that because of the interference term, if we 
describe the cross section as ( A + B sin^O), then the ratio B / A gives a sensitive 
test of this mixture0 Actually, the ratio B / A depends on three constants: b § e 5 

and the relative phase between them; for simplicity we neglect the phase, that is* 
assume it to be 0 or 180°o The resulting dependence of the rati© B / A on the 
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admixture of p^y^ a n c * Pg * s g i y e n below 0 The most striking feature of this curve 
is its extreme sharpness in the region of 
the experimentally observed values 0 This 
allows a very precise determination of 

the V^i2 t o ^3/2 r a t * ° ^ r o m a v e r Y inac­
curate measurement of B / A , For exam­
ple, the best experiments only limit the 
ratio B / A to the range 1 - 7; neverthe­
less, this implies that the V\f2 ^° P3/2 
ratio lies between 0 and Oo 4« The 
second point to note is the double-valued 
nature of the curve, that is P it is imposs­
ible to exclude in this way a large 
to p 0 / 0 ratio rather than vice versa, 

j / Z ——-———— 
just as it is impossible at the present 

K£ ' r j e to exclude the Yang type phase 
shifts as compared to the Fermi type 
phase shifts. Feld suspects that the 

Ratio of Pjy'2 t o P3/2 ^ o nt ributions=:b/c 

scattering is a better way to determine experimentally which ratio in fact holds 
The effect of electric dipole production of charged mesons has already been dis 
cussed. 

The second point Feld made had to do with the resonance in the neutral photo-
meson production so strongly indicated by the Cal 0 Tech, data. If there is a true 
resonance,, it will in fact make itself felt even at the threshold, that is, in distort­
ing the dependence of the meson matrix element* Thus even if the resonance-
were of zero width and occured with a peak at 300 Mev, the resonance factor^^j^^p 
would contribute at threshold,, The effect of this term is indicated on page in 
comparison with Goldschmidt-Clermont 1 s excitation curve. The data is not yet good 
enough to say whether or not the resonance manifests itself near threshold, but it is 
conceivable that a considerable improvement in experimental accuracy could settle 
this point. Finally, the resonance may not be as strong as one would think, at first 
sight. Thus, the CaL Tech» measurement has been made at 90°; if the magnetic 
dipole dependence (1+L 5 s in^©) is most important, this gives a maximum at 90 
However, the possibility which we neglected at lower energy of electric quadrupole 
production in the 3/2 positive parity state could occur at the higher energies with 
its angular dependence of ( l*f-cos^ô) which has a minimum at 90°. Further, the 
interference effects have not been calculated0 Hence, part of the reduction in the 
cross section beyond the maximum could be due to the reduced contribution at 90° 
due to the increasing importance of the electric quadrupole term. This might per­
haps explain a factor 2 but not the observed.decrease of a factor 4, 

Marshak injected one word of warning about the photoproduction resonance. 
The rise in the cross section comes only from dropping the . ^coil terms in the usu­
al perturbation theory calculation and even a weak coupling calculation would pre­
dict a drop in cross section beyond a certain, energy, Oppenheimer added that the 
drop is a pretty major thing and thought that though it might in part have to do with 
the instrumentation and in part with the importance of recoil and in part with the 
shifting importance of quadrupole and dipole terms, it also does suggest that there 
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is a maximum at a rather special energy for the system0 Bethe commented 
with regard to the double valuedness of the . t o P ratio, that if you re ­
place Fermi 8 s phase shifts by Yang 8s phase shifts, do get exacly the same 
angular distribution in scattering0 

Brueckner commented that the charge independence arguments which were 
discussed yesterday also w that if S wave is not active for outrai mesons, 
then the S wave photoproduction for charged mesons would be the same for neu­
trons and protons5 and that these are very intimately connected together. Hence, 
if one could actually show the absence of that term in the neutral photoproduction 
for both neutrons and protons then one could conclude that the equality of the 
charged meson production is not at all surpri; ing0 

The discussion now shifted to the pion-nucleon scattering problem* Chew 
began, this discussion with what he characterized as a simple-minded theoreti­
cal attempt to understand the problem on the basis of Yukawa5s fundamental 
idea. He had agreed to make the following rather glib statements only with the 
understanding that Dyson and Bethe would not contradict him at this session» but 
would take up these points in the technical theoretical session* The main feat­
ure of the Yukawa theory is that the fundamental process consists of the emiss­
ion or absorption of a single pion0 If we assume that the motion of the nucléon 
is unimportant compared to the motion of the pion3 that is, that nucléon pairs 
are not important, then the large interaction between the nucléon and pion must 
be in p states. This can be seen by considering the following diagram: 
The slow nucléon has angular 

slow nucléon 
J = l /2 ; Parity = + 

(definition) 

r.ucleon 
j - 1 / 2 ; 

mesonj P ~ 
1 

momentum 1/2 and we arbitrar­
ily define its intrinsic parity P 
as positive 0 Then the emitted 
nucléon continues to have j —1/2 
and positive parity* and we can 
ask what must be the angular 
momentum and parity of the 
emitted meson0 Clearly it can 
only have angular momentum equal to either 0 or 1, and since its intrinsic par­
ity is negative with respect to the proton, the parity of the angular momentum 
state must be negative 0 Therefore parity restricts us to tf—lj that is, to p 
states. It is clear that in order to absorb an s state meson, nucléon pairs must 
be employed as indicated in the second 
diagram* This is c" ?ar since the parity 
of the initial state is odd and the intrin­
sic parity of a nucléon pair is odd for 
Dirac particles; therefore, the same 
argument applies. Consequently* if we 
ig.. nu., 1 •*•• <.m pairs we need discuss only p wave interactions,, Chew has rea­
son to believe that the coupling is in fact intrinsically weak, although these ar­
guments are certainly controversial; however, one can start out by being opti­
mistic and see where this leads 0 

nucléon anti -nucléon P -

The problem is, therefore, to discuss the basic me son-nucléon interaction 
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using only these fundamental ideas from the Yukawa theory. The two basic pro­
cesses are then schematized in the following diagram. The first diagram indicates 

•+i the absorption of a negative meson by a pro­
ton followed subsequently by the reemission of 
the negative meson* The second diagram con­
sists of the emission of the final positive meson 
prior to the absorption of the initial positive 
meson by a proton* The second process is 
less controversial since it does not involve 
the difficulties with the self energy of the nu-
cleon0 Therefore, the discussion will be 

limited to the process in which the final pion is emitted before the absorption, We 
characterize the p wave coupling by a symbol f and ask what phase shift it will give 
rise to if it is smalL By using a straightforward perturbation theory and charge 
independence, it is then possible to break down the p wave scattering into four non-
interacting states characterized by angular momentum 3/2 and 1/2 and isotopic spin 
3/2 and l /2 0 The corresponding phase shifts have been called by Fermi Ot^y ^ 3 P 
0(]3 ? andO^jp where the first index is twice the isotopic spin and the second in­
dex is twice the angular momentum, The result of the calculation is given in the 
table below: 

and k ^ meson momentum o 

- meson rest mass 

w meson energy 

These are the well known weak coupling results for the p wave Yukawa scattering 
and are in disagreement with experiment; for example, they predict that the sc er~ 
ing of positive or negative mesons have the same cross section while the charge ex­
change scattering is smaller; further, that the angular distributions are isot for 
the ordinary scattering and cos^^ fo r the charge exchange scattering* So it was for­
merly thought that the weak coupling approach could not possibly explain the experi­
mental results, 

However, Chew was more optimistic because of the indications that the inter­
action is in fact essentially weak and calculated the fourth order non-relativistic 
corrections s which are relatively s imple He wishes to emphasize that this should 
not be characterized as a pseudovector meson theory calculation since it is based 
only on momentum and parity arguments and not on a statement about the basic na­
ture of the couplingo Two of the basic higher order processes can be schematized 
in the following diagram c The first describes the emission of a virtual meson of 

momentum k5 the absorption of the initial me­
son with momentum kQ/) the emission of the 
final meson with the momentum k£P and finally 
the reabsorption of the ir:ual meson with mo­
mentum k; clearly this diagram must be summed 
over all virtual momenta k0 The second diagram 
indicates a similar process in which the final 
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meson is emitted before the initial meson is absorbed* Both are proportional 
to f̂  and both contain an integration over intermediate momenta* It soon be­
came apparent that there is a very basic difference in the size of the contribu­
tion from each of these two diagrams,, In the first case only one meson is pre­
sent at a time, while in the second case there are two additional mesons pre­
sent. That means that in a perturbation calculation the energy denominator 
which is associated with the intermediate state in the first case can become 
very much smaller than it can in the second case, because one can have an 
intermediate meson with an energy quite close to the energy of the initial me -
son0 Therefore^ when this energy approaches the energy of the incident me -
son, one will get an unusually large contribution to the scatterings This is well 
known from ordinary scattering calculati is 0 For example^ if you try to cal-
cul ate the nuclear force according to meson theory and find the matrix element 
for nucleon-nucleon scatterings and calculate the scattering with it you obtain 
a very poor answer; but if the matrix element is used to derive a potential and 
this potential is then used to calculate the scattering aswer obtained is 
much better 0 The reason is simply that the second procedure takes into ac­
count higher order states which can have energies quite close to the initial 
state0 

(Discussion was choked off at this point by Oppenheimer with the comment 
that Bethe and Dyson have renounced all our rights to make any comment ) 

The procedure is therefore to take into account a sequence of higher order 
terms characterized by intermediate states in which only a single^ pion is pre -
sento This can be schematized by the following diagram: 
The first thing we find is that we should be calculating the tangent of the phase 
shift instead of the phase shift0 This well known result is due to Heitler and 
corresponds to picking out just the intermediate state with the value of the mo­
mentum of the intermediate meson equal to the initial momentum0 In our ap­
proach we propose to keep in addition those values of k in the same neighbor­
hood as the initial momentum and not just that value which is precisely equal 
to ito The result is that the original formulae are damped in the following way: 

Here &is the integration over intermediate meson momenta or, as Chew calls 
it* the reaction term in the scattering, given by the formula: 

2 f2 r k m A k2 r wn 

3 ]J? J0 (27T) 2 ^ L w - w O J 

This integral is divergent as it stands and so it is necessary to give a maximum 
value to k m to cut~off the integral; the divergence is due to the omission of the 
recoil energy of the nucleon0 For the energies now under investigation^ is 
intrin- :ally positive reasonably high values of the cut-off momentum; this5 

of course, adds twice as many parameters to the theory as we had initially. It 
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is seen that all but ^ a r e decreased by the reaction. There is a simple relation 
which explains this, namely, positive phase shifts are increased by the reaction 
while negative phase shifts are decreased by the reaction, the change being propor­
tional to the original size of the phase shift. The above formulae are based on one 
of Schwinger ls variational principles. They are valid so long as the non-relativis-
tic cut-off approach is valid, and even if the cut-off approximation fails they will 
indicate correctly the direction and order of magnitude of the reaction effects. As 
Dyson will point outs if the high frequency pions cannot be eliminated, then the var i­
ational formula is quantitatively inadequate fdr the 33 state when a resonance occurs„ 
The values of the parameters, f̂  and k . which are used here to fit the data as 

l ixi * 

shown correspond to the resonance being approached but not reached* 

Physically,, our method corresponds to saying that there exists a potential be­
tween the meson and the nucléon which is giv > by the first order matrix element 
of the interaction* The iteration of this potential then gives Ive corrections,, 
The sign of the matrix element gives the sign of the potential, a positive sign corre­
sponding to a repulsive potential An attractive potential gives a positive phase 
shift, in this case 0^3? and as usual the reactive effects for an attractive potential 
are larger than for a repulsive potential. It is clear that the scattering will have a 
resonance m the 3/2-3/2 state if the reaction is equal to 1/2, If the cut-off is 
fixed 5 the resulting behavior of A is indicated below. In the present experimental 
A/Î2 region A i s increasing and we are approaching a 

resonance in a certain sense, It is still necessary 

to see if an appropriate choice of the cut 
make the higher order terms negligible. First , it 
iE shown that the two parameters can be chosen to 
obtain agreement with experiment for f̂  ~ 0. 2 and 
k m

: = : 3e 2y(A 0 The agreement obtained is not a 
critical test of the parameters, since if 0 ^ is 
given correctly by some compilation of f̂  and k m 3 

another combination which also fits (X will pro-
3 3 

duce little change in the results. The cross sec­
tions and phase shifts calculated for these para­
meters are given in the table below, in comparison 
with the experimental values given by Anderson, 
Fermi, et al, Phys» Rev, 86, 793 (1952)0 

(millibarns per steradian) 

Process 

~6o 8 ± 20 7 (0) 17. 5 k 6. 6 (9- 4) 
"Ool ± . 3 (0: 0, 3 i 0 7 (0 4} 
-2. 5 t 0o 5 (v., 6, 3 ± - l . 9 (5,1) 

"max — 3 2/A are given within the parentheses. 
Note that the old bad feature of ÇT( ]î0 ~(TïfO ^as been overcome, If the S wave is 
small, it shows up only in the interference so that the correctness of this theory 
for the p wave is checked approximately by comparing with a and c alone. Hence 
the gross disagreement of the theoretical predictions with experiment has been 
eliminated; further, the approach is consistant since the terms which have been 
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dropped are (with the above choice of parameters) only about 10% of those re-
tained. Graphical comparison with experiment is given in the accompanying 
figurée The connec­
tion of Chew1 s ap­
proach to a more 
sophisticated theory 
will, concentrate on 
the discussion of k 0 

m 
Chew used to be 
skeptical that the 
c onventional 5 
theory would give a 
sufficient cut-off but 
he is no longer so 
skeptical of this 
pointo However, 
heavy mesons may 
well spoil complete 
agreement,, so that 
Chew feels that it is 
sensible to work with 
a cut-off theory until a complete relativistic calculation is available 0 So far the s wave terms have 
been omitted in this theory* If we are to believe the pseudoscalar ^ theory 
with nucléon pairs, then the basic diagram is sketched below: 
The s wave scattering gives a repulsive potential for both 
states and the result tan $ ^ G^(k 0 /M) / (1 + 0o 35 G^) where 
M is the nucléon mass. The numerator is the weak coupling 
result with the nucléon mass appearing due to the pair crea­
tion. The denominator due to reactive effects has been esti­
mated from the fourth order calculation of Ashki: „ Simon and Mar shako If 
the value of G^ is as large as proposed by Levy, then tandis essentially inde­
pendent of G^ and is given by r^>3 k 0 / M e Chew assumed that the damping 
would be the same in both isotopic spin states since the potential is the same 
for both, but this may well be incorrect» Damping does cut down the s wave 
scattering (which is in fact that due to a repulsive potential of short range) in 
spite of the large coupling constant, although it does not reproduce the differ­
ence between the two isotopic spin states or the rapid energy dependence*. The 
discussion of these points will be left to Dyson0 Chew ss own feeling is that 
only the p wave calculation is believable since it does not involve the relativis­
tic properties of the nucléon, 

Dyson then described the investigation of the pion-nucléon scattering pro­
blem by the theoretical group at Cornell, which was started as a direct conse­
quence of hearing what Chew had done* The people working on this are Bethe, 
Dyson, Salpeter, Ross, Sundaresan, Schweber, Mitra, and Visscher* We 
attempt to carry out the calculation of the meson-nucleon interaction using the 
full blooded relativistic theory, and in particular take seriously the relativis­
tic properties of the nucléons. The method adopted is due to Tamm and Dan-
coff and will be explained briefly here* If we use the relativistic meson theory 
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we find that a complete description of the meson-nucleon system cannot be expressed 
in terms of a single particle or a two particle wave function; one needs a wave func­
tion which represents a mixture of states with all kinds of numbers of particles pre­
sent,, That is 5 

Here the first subscript re *rs to the number of nucléons present and the second to 
the number of mesons present, so that the first line corresponds to a single nucléon 
with 1, 2, 0 mesoiiSj etc, present while the second line corresponds to three nuclé­
ons present with 1, 2 or 0 mesons, etc0 The fundamental equation of the theory is 
the simple Schroedinger eqm: ion H ^ - where H - Hj j+Hj and H Q corresponds to 
the non-interacting particle Hamiltonian, that is, H^ corresponds to the energy of 
interaction» When this equation is expressed in terms of the components of the 
wave function, it becomes a complicated infinite array of coupled in;*gral equations, 
and there is J chance of obtaining an exact solution0 The basic idea is to restrict 
all considerations to a certain portion of the wave function, but to calcul- e the ma­
t r ix elements exactly within this subspacee If we draw a coupling scheme, the 
states directly coupled to the initial state can be schematized as follows: 

The approximation therefore consists in throwing 
away all other states. When this is done we find, 
for example, an equation for the one meson part of 
the wave function^ y (k ) defined by the equation 
(H - E k - E ) ^ Jdk' H x (k,k<) y - 2 (k ,k ' ) . Here 
^ ( k , k J ) is a wave function for two mesons of mo­
menta k and k s There will then be a second equa­
tion which defines^ in terms of ^ % and in general 

other wave functions as well, which are however dropped by our fundamental ap~ 
pre Kimatioiu It is therefore possible to substitute the expression for^/ into the 
original equation and obtain an equation f o r ^ j alone0 This is precisely Lé r 2s 
procedure in the neutron-proton system, onl} lie has carried it much further. How­
ever, we stopped here as it was not clear how to go any furtherc The main com­
plication in the pion scattering problem is that the relativistic behavior of the nu~ 
cleons is taken seriously, In Levy 3 s analysis of the neutron-proton system, he 
could make a consistent non~relativistic approximation, that is, he assumed that 
the nucléon wave function only contained low momenta and his final result confirmed 
this assumption* This is by no means the case for pion-nucleon scattering,. 

We were able to write down an integral equation for the ^ part of the wave 
function alone, which restates the Schroedinger equation in our approximation. 
We were able to derive individual equations for each scattering state much as Chew 
has done. The phase shifts have been computed from these equations by means of 
a variational principle used by Chew, They confirm Chewgs results very well. 
The relativistic properties do give cut-off at momenta comparable to the nucléon 
rest mass 0 Therefore we find the same qualitative behavior as Chew fo r^ , 
namely a strong attractive potential close to resonance which is sensitive to^the 
strength of the interaction. The other phase shifts are insensitive functions of the 
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energy. 

We have also tried to solve the isotopic spin 3/2 integral equations numer­
ically in order to get a check on the general behavior of the space wave function 
and to estimate the accuracy of the variational principles used0 It turns out 
that the estimates made by the Chew method for the ^33 phase shift are very 
bad0 For example, for —10 at 110 Mev, the Born approximation result (2x) 
is approximately 5° 0 The estimate by Chewl's method gives a denominator of 
approximately 1/5 and hence a phase shift of about 25 „ But the exact solution 
yields 9°« The reason is simply that the wave function is far from correctly 
given by the Born approximation. The reactive terms are greatly overestima­
ted by such a variational principle. Therefore, it is difficult to get solutions 
for the 0(33 phase shift, which are accurate enough to be useful, even if we ig ­
nore the inaccuracy of the starting equations,, 

Actually, Bethe has performed a rather complete calculation which will be 
discussed in the theoretical session tomorrow* However^ the results will be 
reported here to the full groups He used a coupling constant G^ 23014 and obtained 
phase shifts approximately as a function of en jy 9 The difficulty is that the 
actual energy of scattering occurs as a parameter and hence one has to solve 
the integral equation for each energy, which makes the amount of work very 
great, However, by approximate methods, Bethe finds that with this value of 
the coupling constant, the experimental values of the $(33 phase shifts are fairly 
well represented; they go through a resonance at about 200 Mev and come down 
very sharply on the high energy side* This fall is much more rapid than a sin­
gle term resonance formula would give, and is apparently in; Seated experiment­
ally in the photoproduction^ although the exact connection to the photoproduction 
is not at all clear 0 

Salpeter has also obtained a solution for the s states which confirm the r e ­
sults of Drell and Henley, That is, he finds a spin independent short range r e ­
pulsion,, This one has the scattering by a small hard sphere of radius roughly 
twice the Compton wave length of the nucléon, and the results are in good agree­
ment with theirs. The results are, however, not in good agreement with the 
experiment As Chew has said, the s phase shift is proportional to the momen­
tum and the order of magnitude is correctly given as 15 to 20° at 135 Mev 0 But 
the energy dependence is quite wrong. Furthermore, isotopic spin 1/2 phase 
shift is not calculated consistently0 Experimentally it should be small; theore­
tically we don't know what it is* But the theory is unambiguous for the isotopic 
spin 3/2 s phase and gives a variation linear with the momentum,. Therefore, 
if the phase shift is large enough at 135 Mev, it is much too large at 80 Mev and 
this is not by any means a consequence of our way of doing things. The point is, 
it does not matter to what order of perturbation theory you go, it does not matter 
how you set up your equations, as long as the meson must come in and interact 
with the proton, then the interaction has a range which is of the order of the pro­
ton Compton wave length, and a repulsive interaction of this range cannot give 
you phase shifts which are essentially different from hard sphere phase shift s 0 

So the experiments .. .re are certainly very interesting because they show un­
mistakably that there is a force of some kind of longer range than that Ms is 
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not included in our theory and if you went to better approximations would still not 
be included,, Therefore* in S states at least we have something in the nature of a 
long range force acting in addition to the direct interaction of meson and protona 

This is understandable only as a direct interaction of the incident meson with the 
13 

meson in the meson cloud, which extends out to 10 cm from the proton. This 
would possibly explain the rapid energy variation of the s phase shift but this calcu­
lation has not been made exact as yet. So we cannot expect quantitative agreement 
without the inclusion of the long range term* 

Oppenheimer asked Dyson to comment on the one parameter character of his 
theory and the problem of renormalization* Dyson said that one parameter is cer ­
tainly an advantage0 With regard to renormalization s we have to pay the penalty 
for a relativistic theory^ with the result that so far this difficulty has not been over­
come in the isotopic spin 1/2 state« The value of the coupling constant will certain­
ly be strongly influenced by what is done about the renormali ;ion and it is already 
known that the ù( phase shift is extremely sensitive to the value of the coupling 
constant; for example, the resonance at 200 Mev which is obtained with a coupling 
constant of 14 is reduced to zero energy if the cou ling constant is increased to only 
14. 6C 

DISCUSSION OF FERMI'S NEW PHASE SHIFTS; FURTHER INFORMATION 
ABOUT MEGALOMORPHS, 

Saturday mornings Professor Oppenheimer presiding,, 

Oppenheimer opened the session by remarking that he thinks it is hardly necess­
ary to say in behalf of everyone who has spoken on nuclear forces and Jf-mesons that 
it is not of course a question of getting a complete description of what goes on from 
the pseudoscalar meson theory. No one has any notion, for instance, of how one 
could in this way understand the masses of proton and neutron, or the magnetic mo­
ments of proton and neutron, or the difference between them, or the electrical pro­
perties of neutron^ and no one understands how one will in detail get the small 
deviations from charge symmetry, but there have been big changes in the last few 
years. These are, that instead of on the one hand using manifestly inadequate 
mathematical tools to find out what this theory predicts, and on the other hand wav­
ing generally in the direction of the unknown, one has now found some way of getting 
a little closer to what the theory predicts 0 I think no one is sure that one can even 
read the theory with arbitrary accuracy; that is, that something better than a iugh 
solution which cannot be impro d upon exists 0 This is an open question and I have 
no wisdom to add to it0 But the point now is that one can recognize in the conse­
quences of the theory some things which bear a remote resemblance to what is found 
in real life. So the comparison is instructive, and a good example is just the devia­
tions from charge symmetry. If one had not thought of charge symmetry, one would 
not have noticed the 1% deviation* That is a problem for the future* In the same 
way if the p igram outlined by Levy, or the p ro 5 / am outlined by Dyson should be 
successful^ the success would be in indicating what was wrong* You couldnft * 
do that before^ ice there was no similarity between what seemed to be implied Dy 
these equations and anything anyone ever found, and it is only in that very general 
sense that it seems to me that an immense progress may have been started. 
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F e r m i then presented the new data for which the conference had been wait­
ing, f i rs t remarking that the cour ier when he got here handed him a small 
piece of paper on which there we re writ ten, in a crypt ic fashion as is proper 
for something that comes f rom L a s A l a m o s , cer tain numbers which then had 
to be decodedo F e r m i then presented to the conference certain essential r e ­
sults which he had conver ted f rom duo to decimal notation* He has since sup­
pl ied us with the full and co r r ec t data, and these are given in the table b elow: 

Phase Angles (deg rees ) 
M e v Type \ ^ 3 W l ^33 $31 <*13 *11 
53 Conv* 0. 78 0 - 9 - 2 Brookhaven 
78 Conv, 0o-97 6 -13 3 

113 Conv. L 20 13 -.\7. -27 - 1 12 14 Old Data 
113 Yang 1. 20 13 - 7 -10 «36 14 10 Old Data 
135 Convo 1.325 21 - 3 -38 -11 17 4 Old Data 
135 Yang 1„ 325 20 - 2 -21 -49 15 9 Old Data 

New Data Leas t Squares 
Sum 

120 Conv, 1.24, 17,8 -10,2 -31. 6 - 4 , 1 0,3 3.1 L 44 
120 Yang 1,24 30.1 4,6 -13,1 -29,5 6.3 10.5 60 05 
135 Conv. L 325 16.1 - IL 1 -4L 8 - 6 . 1 1.2 5.1 1.25 
135 Yang 1,325 40,5 5,9 -19,6 -33.9 7.8 13. 8 4 0 75 

It wi l l be noted that the calculated cross section represents the observed cross 
section v e r y w e l L The phase shifts have no business to represent the obse rva ­
tions so we lL That i s , for the nine measurements this set is inconsistent 
s tat is t ical ly with the e r r o r s given. The most striking difference f rom the p r e ­
vious results is in the OC^ and (Xy^ phase shifts, F e r m i had noted more or less 
empi r i ca l ly the ex t reme sensit ivity of these angles to a change in c ross section. 
They have never changed sign, but they have va r i ed all ove r the map. He was 
so r ry to repor t that Y a n g ' s solution is much worse with the new cross sections 
although this is r ea l ly a t r ick of arithmetic and, cheer-up 3 maybe they are 
v e r y good. The result can be expressed by giving the least square constant 
for the two solutions. F o r f t e r m i s solution, the least square constant is ap­
proximate ly L 44 ? which is a value that is v e r y much too smal l . That i s , the 
six var iables are adjusted to min imize the least squares constant and if the 
e r r o r s we re c o r r e c t l y given one would obtain the value 9; Yang*s solution is 
much worse in the sense that it corresponds to a constant of 6* 05 but this is 
sti l l we l l within the experimental e r r o r , The change in. Yang 3 s solution due to 
the new data is much m o r e striking than that in F e r m i ' s hvX it s t i l l has the 
feature of 0(31 being l a rge and p<y^ baing smal l , so that in this sense it is still 
recognizable , A second point about the new data is that the phase shift now 
is lower for the higher energy* This is probably a t r ick of the e r r o r s , and the 
cross section may eas i ly st i l l be r is ing with energy in this region, although the 
smoother dependence given or ig ina l ly no longer appears so convincing, 

Bethe made the fol lowing comment on the two sets of phase shifts 3 consi­
dering the s implest case of a single isotopic spin state, that i s , the elastic 
scattering of posi t ive j fmesons 0 In this case , only <5^9

 a n c ^ X 3] e n t e r * ^ 
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there are no d waves présente That i s , the experiments are complete ly descr ibed 
by the s phase shift* the p scattering amplitude without spin flig^ and the p scat ter­
ing intensity with spin f l ip. The latter intensity is given by sin ( ^ 3 3 "^31* 
The re fo re , if the sign of the difference is changed one still obtains the same inten-
sity e The average p amplitude is given by . 

A ^ 2 e Z l 3 3 + e Z l 31 - 3 (1) 
Bethe now proves that, given a solution that yields a certain value for A , there a l ­
ways exists a second solution that yields the same A and hence identical p scatter » 
ing and an identical interference t e r m with the s state. The s wave scattering am­
plitude is regarded as definitely given except possibly for sign. Consider the quan­
tity A * defined by w 2 i A 

A ^ A + S ^ e ^ (2ie ) (2) 
If there exists one solution04q A » then c l e a r l y 

5 5 ) | A « | = / 2 + e ^ i A | (3) 
Now we have seen that, as far as spin-flip is concerned, we are permit ted to r e ­
place A by - A ; and ifo(io is the corresponding value of O C ^ , we must have 

3 3 ; A ^ e 2 i * 8 3 3 ( 2 + e ~ 2 i A ) 3 3 (4) 
But by { 3 ) 5 the absolute values of the two sides of Eq a (4) are equal; therefore it 
must be possible to find a so lu t ion^^^ such that also the complex phases are equal 9 

Q e E. D. 

F e r m i remarked that if Bethels point we re true in general , then a representa­
tion in te rms of a given set of phase shifts and a second set of the Yang type could 
never differ in any respect* In part icular, s imply as a matter of formal mathema­
t ics , they could not give appreciably different least squares constants, as is actu 
al ly the case« It is true that when one starts with a different set of approximate 
angles for the machine to min imize one does get a scatter of about 0 o 01 in the least 
squares constant for the final solution, but the difference between the least squares 
constants for the two types of solutions is much l a rge r than this 0 Then Yang r e ­
marked that if (0(33 ^ 3 1 ^ * s ^ e s a m e o rder of magnitude as ( ^ 3 - 0(jj)* then 
the equivalence of the two solutions is exact, but not otherwise. Thus the scat ter­
ing of posi t ive mesons can always be fitted as Bethe "s remarked, and the scat­
tering of negative mesons at 0 and 180° but not in general at 90 * H„ L 0 Anderson 
made two remarks: (1) Yang 's transformation is designed to maintain the same 
cross section of any one isotopic spin state separately, but does not control the 
re la t ive phase; (2) The transformation i tself would keep^3 andfl^ the same; how­
eve r , the machine starts at this point and finds a better solution than the str ict 
Yang transformation would give* Marshak remarked that, independently 9 the 
Rochester group has also found a second set of phase shifts by starting f rom the 
T ^ 3 / 2 case and finding the alternate exact solution (0^ staying the same) ; it was 
then found possible to fit the full data within the e r r o r s by a second set of phase 
shifts* 

Bethe then made the fol lowing remarks on the sign of the phase shifts. E v e r y 
theorist who does meson theory gives opposite signs to those l i s ted by F e r m i 0 

There is, in fact., experimental evidence which tends to show that the signs should 
be turned around; this comes f rom the scattering of mesons by carbon c We 
heard last year (cfo Byf ie ld , K e s s l e r , and L e de r man, Pfays. Rev , 86, 17(1952)) 
that there is interference between coulomb and nuclear scattering showing that 
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e nuclear scattering is attractive at 60 M e v 0 The question then is which 
part ial wave is responsible for this scattering* Bethe be l i eves that this is 
mainly p wave scattering; f i r s t ly because at these energies the p phase shift is 
the la rges t and secondly because it has a weight factor of 2 as compared to 1 for 
the s phase shift so that it wi l l predominate where cos $ is l a r g e , that i s , p r e ­
c i s e ly in the region where the interference with the coulomb scattering takes 
p lace 0 Fur ther , the Brookhaven data at 60 M e v indicates v e r y small s phase 
shifts which might even be z e r o 5 and the experiments on carbon were done at 
60 M e v , Fur ther , the analysis of the carbon experiments themselves ca r r i ed 
out by P e a s l e e gives evidence that the p wave scattering does predominate^ That 
isj he showed that the angular distribution looks like p wave scattering as m o d ­
if ied by the nuclear f o r m factor to be expected f rom carbon with a given nuclear 
radius. T h e r e f o r e , there are good arguments to be l i eve (a) that the nuclear 
scattering is p scattering and (b) that the nuclear scattering is at t ract ive, which 
means that the signs should be turned around, 

the added the third remark that it might prove possible to decide on the 
sign of ( ( X 3 3 "$(3]) f rom other exper iments 0 This is possible if one uses a 
model such as that of Brueckner and Watson or of F e l d for the photomeson p r o ­
duction. Reca l l that the photomesic interference t e r m had as its coefficient 
a* ( b - c ) wher a, b 5 and c represent the s, a n C * ^ 3 / 2 s c a * * e r * n S amplitudes 
respec t ive ly . If the phase shifts are smal l , then these amplitudes are real and 
negative if the potential is repuls ive , or posi t ive if the potential is attractive,, 
F r o m F e r m i 8 s analysis , s and p phase shifts have opposite signs 0 T h e r e f o r e , 
one can decide whether b - c is posi t ive or negative f rom the exper iments , and 
if one Relieves this analysis and the signs have been inser ted correctly, , the 
backward maximum of photoproduction shows that the V^j^ P ^ a s e shift * s l a r g e r 
than the p phase shift which decides for F e r m i ! s set rather than Y a n g ? s 0 

Bethe is somewhat uncertain of this conclusion because it depends on the model 
used for the photo-effect; but it is c lear that there exists a poss ibi l i ty of dec id­
ing the question* 

F e r m i remarked that the recent results on the photo-effect permi t one to 
anchor the energy dependence of the v e r y low energy phase shifts, unfortun­
ately still with a plus or minus sign* T h e r e is some not inconsiderable e v i d ­
ence for the low energy s state production of pions, Panofsky found that when 
a 7T"meson is captured f rom a Bohr orbit in hydrogen, it g ives r i se to a neu­
tron and a ° meson, or a neutron and a 'ft'- rav with approximately equal 
probabilty. The f i rs t reaction is e s ­
sentially a fo rm of charge exchange 
scattering at v e r y low energy> while 
the second is s imply the inverse of 
the photo-effect at v e r y low energy. 
T h e r e f o r e , since we know the photo-
effect at v e r y low energy, it is p o s ­
sible to calculate f rom it the charge ^ 
exchange scattering at low energy 0 Slope § i v e n b Y Panofsky experiment 

ogives the slope of the ^ phase 
shift plotted against energy as indicated above 0 Unfortunately, the high energy 
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data are sti l l so inaccurate that either •;u, polation indicated by curve 1 or curve 2 

is possible 0 Howeve r , these can be distinguished experimental ly in the region in­

dicated by the a r row on the diagram by looking at the s~p interference, that i s , at 

whether there is a backward or forward maximum in the scattering* If the backward 

scattering observed at high energy were to shift to forward scattering at low energy, 

it would be evidence for the extrapolation given by curve 2 rather than by curve 1. 

Marshak commented that he had t r ied to fit the old high energy data and the slope at 

z e r o energy phenomenologically by using a monotonie potential for the s wave scat­

ter ing (in the 3/2 isotopic spin state) and found this to be impossible,, Howeve r , by 

using a repulsive core potential surrounded by an attractive tail» it was possible to 

obtain a fit of the type indicated by an inver ted curve 20 F e r m i warned that there is 

a weakness in the argument since is not z e r o and introduces another parameter 

into the theory 0 Marshak went on to point out that Dyson 8 s model including a meson-

meson interaction t e rm would seem to indicate the type of isotopic spin 3/2 s wave 

potential with a repulsive core and attractive tail that he had a r r i ved at phenomen-

olog ica l ly 0 A second remark was that Van Hove has calculated coulomb interference 

with nuclear scattering in hydrogen at 40 M e v and finds a factor of 2 difference b e ­

tween the two signs for the s phase shift, using the 17 mb cross section as measured 

by BarneSo This cross section is l a rge and the effect would be even greater if the 

c ross section w e r e smal ler 0 T h e r e f o r e , it is in fact possible to settle the sign of 

the phase shift unambiguously by expe r imen t F e r m i agreed with this remark . 

Chew remarked that all theoret ical calculations agree that only the phase 

built is attractive and the D ^ j^ûC 3^ v e r y c lose ly . He , therefore , feels that the at­

tempt should be made to t ry to analyze the data under these restr ict ions and to see 

if they still can be fitted. If this should prove to be impossible it w i l l then become 

imperat ive to look at the te rms which have been omitted in the analysis*, 

7/entzel remarked that looking at the new figures in a quite unbiased way one can 

say that the 3/2 resonance is even better shown 0 Schiff noted in connection with the 

rep i l s ive core remark by Marshak that L e l e v i e r some t ime ago had attempted to fit 

chc meson scattering in carbon with such a modeL He found that the attractive r e ­

gion gave the observed coulomb interference at small angles while the co re gave the 

observed la rge angle scatteringo Brueckner warned that one character is t ic feature 

of perturbation theory is the appearance of d with s waves at high energy,, T h e r e ­

fo re , the energy dependence of the s wave phase shift should perhaps not be taken too 

ser iously as the d wave could easi ly make possible a rapid energy change 9 Bethe 

stated that he did not agree with this at al l 0 It is true only for the pseudovector 

theory which he is sure is not righto In the pseudoscalar interaction the d wave is 

truly a quite small perturbation and the s wave is something all its own 0 

Oppenheimer asked Leighton to report on the rec it CaL Tech, work on the char­

ged V par t ic les , Leighton announced that they be l ieved that they had evidence of part­

ic les that appeared to be the charged counterpart of the neutral V, , that i s , an un­

stable charged part icle more mass ive than a proton, Recent ly , Manchester published 

a paper which indicated doubt concerning the existence of any charged V y s heavier 

than a proton. A l l measurements of the mass of the decaying part ic le indicated a 

mass less than that of the proton and all of the decay products appeared to have mas 

es consistent with the | f mass 0 The first indication that there might be two types of 

charged V[s came as a result of the study of the l i fe t ime of the charged V, The 
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decay points of all the charged V ? s are indicated in the d iagram below 0 

Qualitat ively there appear to be many de ­
cays v e r y c lose to the plate between the 
two chambers . The decays Occurring in 
the upper chamber appeared to be spread 
m o r e uniformly throughout the chamber. 
Next the rat io of posi t ive to negative V 2 s 
fo rmed above the chambers and in the 
plate between the chambers was measur ­
ed. The results are given in the f o l l o w - -
ing table « The probabil i ty that such a F o r m e d above 4 15 
distribution of + a n d - par t ic les should F o r m e d in P b 
occur by chance is about 0* 001 (a s sum- between chambers 14 6 
ing equal numbers of V^Sand V *s with 
equal l i f e t imes , ) 

H e r e Leighton showed a sl ide of V decaying in which the decay par t ic le 
was v e r y probably a proton, Leighton said that such a decay might be s imu­
lated by a scattering of a proton in the gas 0 The momentum change in this 
case was 90 M e v / c so that some blob of ionization f rom the recoi l ing argon 
nucleus should be visible* Ross i wondered whether the case shown might be 
a neutral V . Leighton rep l ied that the parent par t ic le appeared to originate 
at the point of interaction and that the p r i m a r y par t ic le appeared to have high­
er ionization than the secondary particle* Thompson asked whether this event 
might be a neutron-induced star in the gas ô Leighton thought that the fact 
that: the p r i m a r y par t ic le seemed to originate at the interaction point made 
his own explanation m o r e l ike ly 0 Reynolds said that f r o m their exper ience 
with stars originating in argon that a r e co i l nucleus should have been v is ib le 
if this w e r e an elast ic scattering* P e y r o u questioned Leighton 8 s calculation 
of the probabi l i ty of the distribution of the re la t ive numbers of posi t ive and 
negative V ' s in the upper and lower chamber as the a - p r i o r i assumptions w e r e 
not c l ea r 0 

Oppenheimer then asked R o s s i to g ive a repor t of the investigation o n S -
par t ic les and charged V 8 s at M 0 1 » T, R o s s i repor ted the work by B r i d g e , 
Safford, Courant? Annis , P e y r o u and h imsel f « Eight examples of unstable 
par t ic les stopping and decaying (S par t i c les ) and six examples of V*~ 8s decay­
ing in flight have been found. Mos t of the observat ions w e r e made in the 
course of a se r i e s of 22» 000 cloud chamber pictures,. T h e r e seems to be a 
continuous transit ion f r o m V ~ to S par t i c les , so that ca l l ing them by different 
names is perhaps unnecessary* (This was i l lustrated by a picture of an e x ­
t r e m e l y s low decaying in the gas* ) H o w e v e r 9 the V— and also the S group 
might be made up of seve ra l kinds of par t ic les in different propart ions 0 

F r o m the measurements of multiple scat ter ing versus range of the S par t ­
ic les an est imate of their mass was made 0 The mass determined was 1470 

410 
«*»360**ieo In the calculation all possible mass values w e r e given equal sta­

t is t ical weightSo The -hand — values w e r e determined by using the (1 /e ) 
maximum values of the mass on the probabi l i ty distribution curve 0 These 
results indicate that S par t ic les could be as heavy as protons but not as light 
as mesons . The S par t ic les w e r e assumed to be all pos i t ive since negative 



66 

ones would be expected to suffer nuclear absorpt ion There were two cases in which 

the secondaries stop inside of the chamber. F r o m scattering and ionization it was 

c lear that the par t ic les are probably-ff o r /<mesons , The range of the secondary par t ­

ic les in the two cases was 65* 6 - 670 7 g / c m ^ P b and 64, 4 - 740 3 g / c m 2 Pb„ The 

range estimates were made to thicknesses smal le r than the plate thickness by using 

estimates of the ionization of the par t ic le 0 If the secondary part icle was assumed to 

be a meson the momentum imparted in decay is 2131 2 M e v / c , if a jfj5 184^ 2 M e v / 

c, In the other 6 cases the secondary part ic le leaves the chamber before stopping 

so that a minimum value of the range was obtained. In all cases the minimum value 

is less than the values given above,, A l s o an estimate of the momentum was made 

f rom scattering,, In all cases the measured momenta were consistent with a unique 

value of the momentum, The l imits of momenta of the secondary part ic les are given 

in the diagram below. In reply to a question by Shapiro, Ross i said that the kinetic 

energy of theff' secondary is about 100 M e v , In reply to another question Ross i noted 

' ,at the chance of seeing 

an electron f rom a 7Î" 

There is a continuous transtion f rom V ! s to S f s so that it is felt that there is the 

s a p e type of par t ic le among the V - ?s and the S Bs, The re is the possibi l i ty that 

either the V ' s or the 8 ! s have components of par t ic les not present in the other group, 

l î the K - a s a shorter mean life than the X then we would expect to find more among 

the V c s th n the S 1*, There are 6 cases of ! s which have been analyzed* The 

f irs t of these was the case obtained by Br idge and Annis, This V was seen to e m ­

erge f rom a star and to decay in the gas 0 The secondary par t ic le undergoes a nu­

clear scattering in one of the cloud chamber plates* If the nuclear interaction was 

an elastic scattering then f rom the range measurement the momentum of the second­

ary part icle was between 172 and 225 M e v / c 0 It is assumed in the calculation that 

the part icle is a ^ m e s o n which appears wel l established by the Quclear interaction. 

The $ of the V part ic le is est imated f rom its ionization. In 4 of the remaining 5 

cases one may make rough estimates of the momenta in the center of mass system,, 

With no effort at all the measured momenta are all consistent with 212 M e v / c e The 

e r r o r s are la rge so that a spread is possible,. 

In reply to question by Shapiro, Ross i said that 4 V*s came f rom outside and 2 

w e r e produced in the chamber* In one of the cases of 8s produced inside the 

cloud chamber the momentum of the secondary appeared to be less than 212 M e v / c : 

owever , it was possible that the part icle underwent an inelastic scattering in t r av ­

ersing one of the lead plates. 

—£ytt—pz decay is v e r y 

smalL None has been 

observed in relation to 

a stopped secondary 

par t ic le 0 No nuclear 

interactions of the s ec ­

ondary part ic les were 

observed. F r o m the 

momentum of the s ec ­

ondary par t ic les these 

par t ic les are s imi lar to 

t h e ^ part ic les of Br i s to l . 
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Ross i next discussed the Manchester results on the analysis of about 20 
V ~ f s s Manchester has one case in which the f$ ( f rom ionization) of the p r i ­
mary and the P of the secondary are known 0 In this case P s e ~ 2 2 5 J720 Mev/c 
in the C o M 9 system* In 6 other cases the momenta of the p r i m a r y and second­
ary w e r e known 0 If one assumes a mass of 1500 m then the C« M 0 momenta 

e 
of the secondaries w e r e all consistent with 213 M e v / c « If one assumes a mass 
of 1, the agreement is not so good but is not ruled out, Ross i then showed 
the combined results of Manchester and M , L I \ on the P e o / . « A l l of the cases 

sec 
appeared to be consistent with the momentum of 213 M e v / c , Ross i then d i s ­
cussed the Manchester argument for a three body decay through their d i s t r i ­
bution of t ransverse momentum. The i r 
distribution of P ^ seems to favor the 
three body decay, The i r arguments w e r e 
based on only 14 cases 0 Some of the trans­
ve r se momenta w e r e l a r g e r than the maxi­
mum allowable for a two-body decay; how­
eve r , the e r r o r s w e r e large* Ross i said 
that he and Put le r w e r e agreed that most 
but perhaps not all of the Manchen er V ^ s 
could bê Hf s s 9 Ros s i concluded that p r o b ­
ably all of the S 2s and many and perhaps 
all of the V t »s a r e a ' s . 

1 1 I I I 

i t-j*—m I , 

J 1̂  > J—4 j ' 

• '1 1 *< I—1 I I ' 1 1 
: ! H i i 

P in M e v / c 
Manchester Data- o—/ 

The S par t ic les require a t ime in their own f rame of re fe rence of the order 
of 10"9 sec. for stopping. Thus their mean l i fe cannot be much shorter than 
this. An estimate of mean l i fe can be made f rom the re la t ive number decaying 
in flight and at rest . Under the fol lowing assumptions an est imate of Twas 
made 0 

L V s s and Sl's are the same, 
2 a Only S par t ic les decay after stopping* 
3, How many of the V £ 3s would have stopped had they not decayed 0 The last 
was determined f rom specific ionization* Using the above assumptions and 
allowing generously for possible e r r o r s in the ratio of the nurnbers of V 8 s and 
S ! s the fol lowing results we re obtained: 2 x 10~^| ^2 x 10 sec 0 

On the other hand, if it is supposed that all the V ? s are different f rom the S ?s 
then a l ower l imi t of 2 x 10 sec, for fis obtained* 

The next question is that of the nature of neutral decay product. Assuming 
a mass of the V i of 1400-1500 m 0 This is suggest ive of a V ° and in one case 
the Manchester group has seen a charged V apparently giving r i se to a neutral 
V 0 This might be a chance coincidence 0 By looking along the path that the 
neutral decay product must have fol lowed a total t ime of flight of 5 x 10 ^ sec, 
has been so far obse rved 
without any signs of decay 
or inter action.. Including PATH OF 
the charged V ' s as w e l l . flilIr^A. 

6 3 /WETRfitL PRODUCT 
the total t ime spent in the 
chamber by the neutral 
decay products must have 
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been of the order of 10" sec* Thus we must conclude that either the neutral p r o ­
duct has a long l i fe or e lse decays in an invisible manner. It is possible that the 
V | decays into two T ^ s in which case the #"rays f rom theTf-^ni t easi ly be missed . 
Unless this type of decay predominates ove r the decay into c h a r g e a i s by a cons i ­
derable amount, it is ex t remely difficult to reconci le these data with V~->7f - f -V2 
unless the l i fe t ime of the is longer than now appears^likely 0 If the mass were 
as low as 1, 000 m e , then it is possible that V - ->Tf"^-7f and t h e r a y s f rom the Tt 
might have been missedo F e r m i : " I f it we re a neutral pion, do you not have a f a i r ­
l y high probabil i ty of seeing a shower? 1 1 Rossi : " W e must look into this matter 
again but we are not v e r y confident because the momentum of t h e j ^ s not v e r y high, 
the Y cs wi l l go at wide angles and wi l l not be energet ic , the plates are fa i r ly 
thick, etc* Hence t h e ^ c o u l d possibly be missedo t f f f M y impress ion is that we 
would have seen it but we need m o r e data to be certain. 1 1 Coceoni: "Might you not 
have discr iminated against the cases in which the converts in the same plate that 
the decay occurs i n ? " Ross i thought that it was unlikely that such an event would 
be missed because one looks for the penetrating par t ic le ar is ing f rom the stopping 
particle,, Ross i said that because of the c lose agreement between the best Man­
chester and Mo L T , measurements of the secondary momentum, that there was good 
evidence for a two body decay B Uhlenbeck: "Is it the conclusion that 7 7 ^ ^ e c a y is 
P possible or n o t ? " Ross i : "The con-

secondary elusion is that it is not ve ry l ike ly 
225 Î 20 M e v / c Manchester charged V but poss ible e

 n Marshak pointed out 
204-235 M e v / c M . I . To S that if V - > r V 7tmt and T?~-+>1 J 
212-215 M e v / c M* I . T 0 S then the angle between the ^ s would 

be quite l a rge and the y y s might have 
been m i s s e d Leighton: "Couldn't a lower l imi t be set on the mass of the vt ?u 

Rossi : " N o 5 not f rom our measurements,, We can not say that the mass of the V 
is greater than 1, 000 " Shapiro: " I think Perk ins would agree that the photo­
graphic plate evidence would tend to exclude the neutral pion and tend to favor some­
thing of the order of the neutral V^* " Oppenheimer: "What does Perkins say? 
Perkins is here G " Perk ins : "We have only two X'mesol[ls a n ( l the e r r o r s in the 
mass are rather l a rge . " Perkins then gave the mass values repor ted below. 
^ M : z 1450jr 300 Shapiro: " I made m y statement on the basis of previous ly 
2} M s r l 3 8 0 l 350 published e r r o r s of *t 100 m . I f Perkins : "This e r r o r is 

cer ta in ly unrealist ic. You cannot exclude the possibi l i ty 
that the mass of theyfis as low as 19 000* " 

Ross i then wrote down the table below in order to give some idea of the abu* ance 
of the charged unstable par t ic les , A l v a r e z 
wondered whether any cor rec t ion was made Produced Produced 
for charged V 8 s that decayed in the lead Inside Outside 
plates in the chamber 0 Ross i said that • 
this did not matter v e r y much in their 
analysis; if the charged V were heavi ly 
ionizing when it entered the plate in which 
it decayed it might be misc lass i f i ed as an 
SQ 

Perkins noted that since the f ive parti­
cles were presumably 4. ̂ one should see the 

V L 2 1 

VJ 4 28 

3 
S , 2 4 
V - 3 

TÎ"stopping 500 
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eu;cay electrons f rom the stopping */( mesons 0 Ross i said that in the course of 
many stoppings of mesons in the cloud chamber that v e r y few decay electrons 
were observed, 

Heavy Mesons 

Shapiro started with a comment on the report given by R o s s L t ! I f we de­
fine the j ^ a s Br i s to l does and the way that Ross i is wi l l ing , as a two-body de­
cay, one of the products of which is a pion of unique energy about 100 M e v , 
then, I think that it is significant that Ross i has apparently given us evidence 
for the production in nuclear col l is ions of t h e s e ^ e s« It is worth noting that 
there is no evidence f rom photographic emulsions for the direct production of 
^C 8s although there appears to be some evidence for Urect production of 
K / S o 

Shapiro then proceeded with his report* The investigation descr ibed here 
was c a r r i e d out in collaborat ion with D 0 T « King and N 0 Seeman* The tracks 
of l ightly ionizing par t ic les generated in energet ic nuclear col l is ions have been 
studied. Four events involving the production of par t ic les heavier t han f fme­
sons have been found so far* The tracks occur in 400ytf emulsions exposed at 
10 g / c m ^ depth above Minnesota 0 The plates w e r e exposed ve r t i ca l ly under 
30 g / c m ^ of carbon or no absorber. T w o of the par t ic les^seem to have a mass 
of 525 m e « The latter par t ic les resemble c lose ly the ^ r e p o r t e d by P o w e l l at 
the Copenhagen conference but which Br i s to l seems much less sure of now 0 

A l l of these par t ic les which were descr ibed apparently arose f rom coll is ions 
of moderate energy~~lQ Bev or possibly much l e s s 0 In none of the cases of 
production are there any black evaporation t racks. In each case of production 
there are three thin or g rey tracks involved in the event. 

In o rder to attain reasonable prec is ion in the mass measurements , meas­
urements were confined to long tracks of par t ic les with r e l a t ive ly low ve loc i ty 
(o 5 « 8), A lower l imi t of severa l thousand^ length gives an adequate 
number of independent ce l l s if the par t ic le is not too fast* An upper l imi t of 
0o 8 onj@ insures that the mean angle of scattering wi l l not be too small , with 
ce l l lengths less than 400^/4 , for a re l iable determination of p^5 * which is 
di rect ly der ived f rom multiple scatteringo F o r re l iable results on ve loc i ty 
measurement, the grain count must l i e in a certain range of values*. The grain 
count must be higher than the F e r m i plateau value, otherwise g is too insensi­
t ive a function of^3 . On the other hand3 if the grain count is t,oo high, difficulty 
is encountered frorri overlapping grains. Grain densities between 1. 3 and 2» 5 
t imes the minimum value permit good measurements of ionization and multiple 
scattering. Tracks which satisfy these conditions w e r e examined for pheno-
menological evidence of unusual processes of generation or decay. About 25 
interactions of fundamental type have been found, "Fundamental 1 1 means that 
all the charged par t ic les are fast (thin or g rey tracks)* Mos t of the par t ic les 
f rom these interactions are protons or pions within the experimental e r ro r s 
of about 10%o F o r the calibration P and ft tracks of 2 or 3 cent imeters length 
were used, (20, 000-30 0 OOOytf î ) 0 A diagram of one of the four tracks is given 
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below. The ionization was 2„ 2 t imes the minimum, The mass is determined to be 
1270* 140 m , In the measurement, 54 indepen­
dent ce l l s 2§0yU long were used* F o r this ce l l 
length the scattering was about 5 t imes noise level 
for the system. The mean scattering angle is 

3 = 0.105 t 0. 010 deg, /(100/4 ) ^ 2 , The grain 
density after the deflection was near ly 40% higher, 
The track deviates through 43° , almost ent i re ly 
in a plane perpendicular to the emulsion* The 
secondary track leaves the emulsion after AbQytf 

which does permit a fair estimate of p but not the 
mass There was no reco i l v is ib le at the point of deflection* We therefore suppose 
that this is a decay The t ime between prodtfction and decay in the par t i c le f s own 
rest system is 6, 4 x 10"^ sec* It is worth consider:; ; whether this might be the 
decay of a ^ 1 ^ 7 ^ - ^ . N >fQ where thelfhas an energy of about 110 Mev , If this were 
the case the decay par t ic le should have^sO, 9. The m e a s u r e d ^ is only about 0, 4* 
This seems to rule out the possibi l i ty that this might be a decay of thejy£ type meson, 

There is no evidence for the direct production of K 3 s at Bristol* In the cases 
discussed yesterday of the direct production of K l f e> the one by Sorenson seems the 
best* The track length in that case of the decay product was 2 5 0 0 ^ and the grain 
density was L 1 plateau value, Perkins considered that this was wel l established as 
a muon; however , Lepr ince-Ringuet took exception wi th this. With that grain den­
sity and length it would be ex t remely difficult to distinguish between a pion and a 
:ruon, Since there seems no c lear cut evidence for the direct production of K * s it 
seems that our example is of special interest because it is possible to rule out the 
production of a y£ Q * 

If the daughter part icle is assumed to be a pion, then, .a two body decay would 
fix its ve loc i ty in the center of mass system as 0» 39 c, and the mass of the neutral 
decay product 955 m , On the other hand, if the decay product w e r e a muon, 
then the mass of the neutral par t ic le is 1030 m e * Both of these mass values are 
c lose to that of the charged £ meson or a V ^ . If, on the other hand ? the charged 
decay product is assumed to be a£*? then the neutral decay product must have ze ro 
mass and would presumably be a neutrino, 

In order to avoid invoking new decay schemes, it is reasonable, provis ional ly , 
to r egard this meson as a meson, This case is unique in that both production and 
decay are observed and the par t ic le is not ay£ meson. A l s o ? the production was 
associated with a par t icular ly simple star ? involving only two other t racks, both 
due t o fast par t ic les 0 

On the next page are schematic sketches of the other three heavy meson events. 
These events l ike the f i rs t case contain three thin or gray tracks, T rack 2 has a 
length of 5. 0 0 0 ^ before leaving the emulsion; no decay is observed, The ve loc i ty 
is 0« 57c, as for part ic le 1. The mass estimate is 12401" 2/5 m e where the magni ­
tude of e r r o r is due mainly to the shortness of the track. A s in example 1, there 
is a small blob at the or igin. 
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T r a c k 3 goes 3, 000//and the mass is measured as 5 2 5 i 105 m e « A t the 
end of its t rave l it appears to suffer a deflection of 0tt 9 ° , and then it runs for 
another 155 000^,* The ve loc i ty after the point of deflection is the same as 
before to within experimental e r r o r of 3 or 4%, but its mean angle of sca t ter ­
ing suddenly jumps by a factor of 2 and stays at this higher l eve l for the r e ­
maining L 5 cm, of t r ave l . This is attributed to a decay in flight. The second­
ary mass is 265^30 The time between production and decay is 1 1 x 10 
sec. The significant fact is not so much the deflection at 3, OOO^but the change 
in the mean scattering by a factor of 2 io» 3. The secondary par t ic le is a w e l l -
behaved pion in showing st the right energy loss in the course of the 15P OOO^M 
as manifested fey the change of grain density and the change in multiple scat ter­
ing* 

P a r t i c l e 4 presents less favorable conditions for observations mainly b e ­
cause its ve loc i ty is high 5 as in the Br i s to l examples,, but it r esembles pa r t i ­
cle 3 c lose ly . Its t rack run for 7, 300^* then undergoes deflection (through 
0a 7 ° ) , and an abrupt change in the mean scattering angle* The deflected t rack 
continues in the emulsion for another 4 , 0 0 0 / / o The parent 's mass is es t ima­
ted as 45 7 £.100 m e 9 The daughter pa r t i c l e ! s mass is est imated as 2 6 0 i 3 5 m e * 
The t ime of flight before the decay is 2 0 0 x 10 sec» The ratio of masses 
obtained d i rec t ly f rom the scattering measurements is 1Q 8 i 0 . 3 (g remains 
constant) o 

In response to a question Shapiro said that they had not seen evidence of 
any ^ r a y s associated with the decay of thej 7*"; however , the chances of s e e ­
ing any is pret ty s m a l l / Shapiro said that there is nothing inconsistent in 
their data with the two body decay as proposed by Br i s to l , F e r m i asked what 
Q value the decay of the J°^"showt . Shapiro: f t The Q value is difficult to 
determine with any prec i s ion at all but I am sure that it is less than 6 M e v and 
it is l ike ly that it is less than 1 M e v 0 If I use the t ransverse momentum which 
is not apt to give an answer wrong by m o r e than a factor Z2 I come a-t with 
the surprising answer of 40 Kev* 1 1 L eight on commented that the t ransverse 
momentum can give a good lower l imi t on Q if the t ransverse momentum is 
accurately known 0 
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Oppenheimer asked Perkins to give what evidence he had on the Perk ins 

showed a diagram of Pj& v s a g for severa l hundred shower t racks. Four tracks 

were in the intermediate mass range between 276 and 1000 m e . Th ree of these 

tracks had rather short lengths 0 T w o of the \ . SM hich gave an apparent mass of 

about 530 JT60 m e are rather long and are retained 0 The track which showed the 

decay looked as fo l lows 0 The total t rack length is 17 mm; 6 m m f rom the beginning 

at the star there occurs an angular de ­

f l ec t i on The f irs t 6 m m of track gives a 

mass value of 530 ± 8 0 m e . The grain 

density is L 19 t imes minimum for the 

whole track, The next 6 m m of track 

gives a mass value of 265 i 30 m e o If the 

whole t rack is used for a mass de termin­

ation assuming that no decay occurs a mass value of 303Z 20 mQ is obtained* T h e r e 

is another track of 12 m m length which gives a mass value of 5 2 0 ^ 6 0 m e 0 This 

t rack gives no inc! ;bn of a decay in flight, B r i s to l would consider as proof of 

the existence of the jT^tke fol lowing type of evidence,, Suppose a mass spectrum is 

made f rom long tracks of shower par t ic les f rom many interactions* If j f ^ s exists 

some of them wi l l l i v e long enough to l eave the emulsion before decaying and others 

wi l l decay in the emulsion* The mass spectrum would show such a state of affairs 

as a continuous smear in the mass spectrum f rom the Ténias s up to a mass of about 

? 0 m . This would be better evidence than giving a few isolated examples 0 

Shapiro said that he thought Perkins* r emark : were wel l taken but sti l l thought 

that it was remarkable that in both cases the scattering should change by a factor 

j f 2Q Perkins : "Have you split all your tracks in two and found the distribution in 

the ratio of the apparent masses given by the two ha lve s? 1 1 Shapiro: "No> but it is 

a goud idea a

 f t Perk ins : "Occasional ly you should find par t ic les which give an ap­

parent ratio of two 0 " Oppenheimer: " I think it is c lear to everyone that the fact 

U*at you get a l a rge mass for the f i rs t part of the track and a smal le r mass for the 

second part* these are not ent i re ly independent things,, " In reply £0 a question 

Perkins said that if all of the tracks used in the determination of à mass spectrum 

were halved that the resulting mass distribution would be sfl t imes wider,, Perk ins : 

^Regarding the direct production of mesons, we have never asser ted that there 

was evidence here ( f rom the mass spectrum of shower par t ic les ) for the direct 

production of ^ m e s o n s * One obviously cannot see f rom the curve what the a v e r ­

age mass is and I think the wordsJX w e r e brought in by those who repor ted the 

conference, It is in the proceedings 9 but we didn 3t say it s " (Laughter) 

Shapiro then showed the table given on the following page with the data on the 

unstable Dart icles 0 A nlot of grain densitv vr... for re la t iv is t ic ve loc i t i e s , bv 

Bo St i l ler and Mo Shapiro 

was given next, This 

curve differs f rom the 

curve obtained at Br i s to l 

last year , The above 

curve agrees v e r y wel l 

with the Halpern-Hal l 

theory (5 K e v ^ 2 K e v ) 
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using res t r ic ted energy loss . This is v e r y important in measuring masses . 
It may be noticed that the r i se f rom the minimum to saturation comes gradual­
ly between ^*-4 a n d ^ . 100 and the total r i se is of the o rde r of 14%. This may 
be compared with data obtained at Br i s to l by Voyvodic which shows saturation 
of 20 and a r i se of 8 or 9%. (See Appendix I ) 

Data on Heavy Mesons 

P a r t i c l e 1 P a r t i c l e 2 Pa r t i c l e 3 P a r t i c l e 4 
P D P D P D 

(5 dcg/(100 0. 105 0. 105 0. 132 0. 260 0.122 0. 22 

1 / ( 1 ^ ) 1 / 2 L 220 1. 13 L 225 1.45 1.45 1.58 1.58 

p 2 Y 0.400 0.408 0. 760 0. 760 0. 947 0. 947 

/UQ(Uev) 649141107 634 268 134 234 129 

M G ( m e ) 1270 276 210 1240 525 263 458 254 

+ 140 ±215 ± 1 0 0 ± 3 0 ± 1 0 0 + 3 5 

0.573 0.466 0. 578 0. 716 0. 716 0.774 0. 774 

p ( M e v / c ) 454 74 56 449 278 146 286 158 

T ( M e v ) 143 18 14 143 i ? l 60 136 75 

11 y 

1 0 u Z ; ( S e c ) 6.4 U l 2.0 

R/Y fa** ) 

Oppenheimer then c losed the session by showing a logar i thmic plot of the 
l i fe t imes of unstable par t ic les as had been suggested ea r l i e r by F e r m i . The 
neutron, TP* , a n d ^ s e e m to have wel l established l i f e t imes 0 F o r some of the 
other par t ic les it is not known whether the le t ter corresponds to a single pa r ­
t ic le or whether a par t ic le exists at all . V ° ? s are most readi ly detectable by 
cloud chamber yet short enough to decay in a cloud chamber., The % 
a r e charac te r ized by having been seen to decay in a plate and cannot have v e r y 
short l i v e s . The jT1", have probably been seen, to decay in f l i g h t in a cloud 
chamber and consequently cannot have ?,ry long l i v e s . TheJ^may or may not 
exist but if it does it is observed to decay in photographic plates in rather 
short dis tanceSo In any event it doesn*t l i ve v e r y long 0 F o r thej^f the Nobel 
P r i z e for undis cove ring a par t ic le has been won. The re is some piling up in 
the region around 9<> T h e r e are some rather l a rge gaps so fa r unfilled betweea 
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-3 and 6 and between 9 and 14. F e r m i : "Which are all gaps access ib le to e x p e r i ­
mental obse rva t ion f f Oppenheimer: "One is so dependent on identification of the 
decay process and these processes keep coming in; it would be a lot to say that these 
regions are r ea l ly empty 0 I think it is m o r e l ike ly that they have been missed , f t 

F e r m i : f r It is a striking plot and probably has a meaning too I would say. 1 1 Oppen­
heimer: t r I hope our great grandchildren when they attend the 2038 conference in 
Rochester wi l l take it for granted that they know these things 0 " 

T H E O R E T I C A L C A L C U L A T I O N S OF P I O N - N U C L E O N S C A T T E R I N G 
Saturday afternoon* P r o f e s s o r Ho A* Betfre presiding. 

Bethe opened the session by remarking that the log ica l o rder of the proceedings 
would have been, f i rs t , Dyson 9 s presentation of his equations for the pion-nucleon 
scattering, fo l lowed by Bethels remarks on their solution, then Wentze l ' s calcula­
tions on this subject and on nuclear f o r ce s , Brueckner and Watson 's calculations 
on the potential approach and its relat ion to the L e v y potential and finally Low^s 
covariant calculation along the lines of Chew. H o w e v e r , since Brueckner , Watson 
and L o w w e r e leaving v e r y shortly s Bethe thought it best to have them speak f i rs t . 

L o w repor ted that Schwinger ? s variat ional method can be applied v e r y i m m e d i ­
ately to the Bethe-Salpeter équation» He had proposed to use plane waves as t r ia l 
functions, but Dyson suggests that this is a v e r y bad approximation, (cf b e l o w ) . 
L o w is attempting to solve the pion-nucleon scattering p rob lem Ing the f ive boxes 
of Dyson 3 but in a fully covariant theory. That i s , he is i terating a se r ies of dia­
grams such as VVAA/1 I \ v u v [ V M % V i . The interaction .-I:*n is the re la t iv is t ic 
general izat ion of the n o n - r e l a t i v i s t i c 4 - 4» xtheory 0 The wave functions for the 
scattering prob lem are 4* + K t K z GY* • In t e rms of these wave 

functions the ̂ scattering mat r ix is given by S - ( i f ^(y ) or equivalently 
ky S ^ ( H f ) & S t̂ ) 9 * n f ° r m tk* s * s exact ly the same as the normal 
scattering equation with a potential; therefore , Schwinger f s derivat ion of the v a r ­
iational method goes through identically. So far no way has been found of checking 
the approximations used 0 The only result to date is the t r i v i a l l y soluble four dimen­
sional p rob lem of a product potential* The variat ional principle gives an exact solu­
tion for this case 9 but it is t r iv ia l since it is just the general izat ion of the delta 
function interaction and almost any method gives an exact solution. Dyson comment ­
ed that this approach includes a lot that he has left out and that if the Bethe-Salpeter 
equation could be solved it would be a much better approximation than his and much 
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-3 and 6 and between 9 and 14. Fermi: "Which are all gaps accessible to experi­
mental observation,, f f Oppenheimer: "One is so dependent on identification of the 
decay process and these processes keep coming in; it would be a lot to say that these 
regions are really empty0 I think it is more likely that they have been missed, f t 

Fermi: f rIt is a striking plot and probably has a meaning too I would say. 1 1 Oppen­
heimer: t r I hope our great grandchildren when they attend the 2038 conference in 
Rochester will take it for granted that they know these things0 " 

THEORETICAL CALCULATIONS OF PION-NUCLEON SCATTERING 
Saturday afternoon* Professor Ho A* Betjie presiding. 

Bethe opened the session by remarking that the logical order of the proceedings 
would have been, first, Dyson9s presentation of his equations for the pion-nucleon 
scattering, followed by Bethels remarks on their solution, then Wentzel's calcula­
tions on this subject and on nuclear forces, Brueckner and Watson's calculations 
on the potential approach and its relation to the Levy potential and finally Low^s 
covariant calculation along the lines of Chew. However, since Brueckner, Watson 
and Low were leaving very shortly s Bethe thought it best to have them speak first. 

Low reported that Schwinger ?s variational method can be applied very immedi­
ately to the Bethe-Salpeter équation» He had proposed to use plane waves as trial 
functions, but Dyson suggests that this is a very bad approximation, (cf below). 
Low is attempting to solve the pion-nucleon scattering problem Ing the five boxes 
of Dyson3 but in a fully covariant theory. That is, he is iterating a series of dia­
grams such as VVAA/1 I \ v u v [ V M % V i . The interaction .-I:*n is the relativistic 
generalization of the non-relativistic 4- 4» xtheory 0 The wave functions for the 
scattering problem are 4* + K t K z G Y * • In terms of these wave 

functions the ̂ scattering matrix is given by S - ( i f ^(y ) or equivalently 
ky S ^ ( H f ) & S t̂ ) 9 * n ^ o r m tk*s * s exactly the same as the normal 
scattering equation with a potential; therefore, Schwinger's derivation of the var­
iational method goes through identically. So far no way has been found of checking 
the approximations used0 The only result to date is the trivially soluble four dimen­
sional problem of a product potential* The variational principle gives an exact solu­
tion for this case 9 but it is trivial since it is just the generalization of the delta 
function interaction and almost any method gives an exact solution, Dyson comment­
ed that this approach includes a lot that he has left out and that if the Bethe-Salpeter 
equation could be solved it would be a much better approximation than his and much 
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more accurate* Low added that if the interaction function and propagation ker « 
nels were time ordered presumably all of Dyson fs terms would fall out and a 
lot more besides. This is related to the Goldberger, Ge 11-Mann equation,, ex­
cept that the latter were concerned with7T~scatterings and diagrams of the form 
Their approach is to insert the renormalized Sf 
in the circled region* Low's approach is not the 
same since he takes essentially the zero order 
approximation to the Goldberger* Ge 11-Mann approximation to the Goldberger, Ge 11-Mann 
equation but does include modifications of the 
vertices, etc* 

Watson reported on the work which he and Brueckner are doing in construct­
ing integral equations to study meson-nucléon scattering, nucléon -nucléon scat­
tering, etc. The method is closely related to that of Tamm and Dancoff but uses 
Goldberger §s formal algebraic approach and the Lippman-Schwinger integral 
equation,. The method is capable of generalization to non-linear theories with or 
without nucléon pair production. For simplicity s only the linear case of a Hamil-
tonian (H^ 4~-H f) with no pair production and linear coupling of the meson field 
was discussed at this session. The Lippman-Schwinger equation can be written 

as ^ ( - c k + E+\vH^T- cc^T w h e r e 

Ct= E+lH, — Ho • In terms of the Miller scattering matrix defined by 
v^- : ^ this becomes the algebraic equation rr | +- ^ tf'SL* * 

Chew and Goldberger give the formally exact solution to this equation 
Jfj^r J - 3 rré |-f /

 t The procedure is to reduce this solution algebraic-
ly to a form in which one can actually do calculations,. For this purpose we use 
a set of algebraic relations in this equation which sequentially separate off those 
parts of the potential which are non-diagonal in occupation numbers* When this 
has been done an infinite number of times we are left with jQ.^ — j 4* ^ £ ï * > » 
Here V i s diagonal in occupation numbers so that this is^a standard form of the 
Schroedinger equation* The first step is jQ^ — | 4- a — ^ ^~ 0L~A^* 
where - H ^ /-/^ * Note that the second term is bilinear in the meson 
field variable whereas the first term cannot contribute in the asymptotic re ­
gion because it contains an odd number of field variables* Therefore, we can 
write JOL g c ~ ( + ^ ô * ^ e n o t e t : ^ S e c l u a t l o n * s °^ ^ e 
same form as the original solution with A^replacing the potential. The first 
Tamm-Daneoff approximation consists in neglecting the off-diagonal elements 
of A 5 this is the potential that Chew used and would be diagonal, creating or 
absorbing two mesons, We defineU = N D P Z \ and V «DPZXo where NDP and 

o 0 0 o 
DP stand for non -diagonal part and diagonal part respectively* in the sense of 
occupation numbers. Therefore, U creates or absorbs two mesons while V 

o 1 0 

is a scattering intensity in the sense that it is diagonal in occupation numbers,. 
We can then show by induction that { — Jjf ^ — 
If this theory converges we can Q~~)[(K--\ ' 
show that in the limit asAapproac 

es infinity V ~ n î ^ V n • 
This can be evaluated as follows 

A n = U , w , 1 U• . 
n-i ^-1 — n-1 

where d-
w . - I + 1 V , w _ 

n-1— I r
 - • - n - l n-1 
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V is diagonal in occupation numbers so that a solution of this last equation is simply 
a solution of a scattering problem. It is in fact of the form of the Lippman-Schwinger 
equation, except that it corresponds to scattering off the energy shell, Note that the 
U n are homogeneous functions of the field variables of order <£> ^ Every field var­
iable contained in the U n _j on the right must emit a meson and every field variable 
contained in the U on the left must absorb a meson, except in the lowest order in 
which the order of these processes may be inverted. In other words, there is no 
mixing of emission and absorption. Every field variable has to either emit or ab­
sorb a meson, and these virtual mesons are scattered by a solution to the Schroed-
inger equation before being reabsorbed, The problem of constructing this series of 
potentials therefore involves the solution of a scattering problem diagonal in occup­
ation numbers. The first approximation gives what one gets by using the Tamm-
Dancoff method. These results are easily generalized to include nucléon pair pro­
duction or any non-linear meson interaction 

Note that there are 2 n mesons present in the intermediate state* so that the energy 
denominator becomes quite large. Thus even for the fourth order potential there will 
be sixteen mesons present in the intermediate state, and each higher state doubles the 
number0 This suggests that as a rough approximation we may neglect V n j in 1 
It is then possible to agrue that, at least in a cut-off theory,, the series can a - > ^ .4 
converge for some value of the coupling constant. Since these IPs are applied in­
ductively, actually one has a2 1 l^îor each one that occurs, so one obtains a factor 
(2 " f ) in the denominator times a a numerical factor that depends on the cut-off. 
the numerator contains ( 2 n r ) as a factor also from the permutations in the order­
ing of the operators; therefore, at the very worst, the factorial dependences will can-
cel. Actually the rearrangement of the spin and isotopic spin matrices may well cut 
down the size of the numerator considerably below this upper estimate. Convergence 
1 S 2 t n ^ r e ^ ° ^ e » | j ^ e l y for some value of the coupling constant. Note that the series is 
G , G , G s G , G , . . * o. ; This is a genuine power series if the V3s are neglected, 
L; corresponds to 2,4, 8, l6 c . . • * virtual mesons present in the intermediate state, 

Brueckner commented that the nf dependence of the numerator, which had caused 
'Dyson to think that the ordinary perturbation theory expansion might not converge, has 
bee : .1"' ; , /:.\\ which makes convergence much more likely, Chew was as­
sured that it was correct to say that since each potential has a larger number of mes­
ons associated with it, that the range of each potential becomes smaller than the last 
at a great rate. In principle this approach leaves out nothing, although the simplified 
version presented here has left out nucléon pair production for reasons of simplicity* 
The chief limitation of this approach is that it may be impossible to recognize singu­
larities unambigiously and hence impossible to carry out a renormalization program. 
The proof of convergence is still shaky, but not as shaky as in the customary pertur-
bation expansion. The trivial renormalization of the incoming waves can be done eas­
ily, Watson thinks that possibly it may prove feasible to look at the formal form of 
the series and by grouping terms pick out self-energy effects, etc, Oppenheimer com­
mented that it has always turned out in the past that when you use occupation numbers 
and distinguish diagonal and off-diagonal things, it is not easy to follow singularities 
in the higher orders, 

Watson concluded with a comment on the effect that his and Brueckner*s method is 
likely to introduce by modifing the fourth-order nuclear force potential. Consider the 
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following diagram^ If we consider first proton-
proton scattering* the initial isotopic spin is 1; 
the emission of the meson from leaves that 
nucléon in an isotopic spin 1/2 state, but the 
meson can interact in both the 1/2 and 3/2 states 
with P^, which brings in the large 3/2 scattering 
state. However, in the neutron-proton system, 
the initial isotopic spin is 0 for the triplet scatterings and hence in a diagram 
of this sort the 3/2 scattering state will not enter because isotopic spin is not 
conservedo Brueckner added that the essential difference compared to the 
usual fourth-order theory is that the emitted mesons do not go into plane wave 
states but into eigenstates of the scattering problem for a single mesona This 
is a very essential difference because the effect of the scattering potential on 
the meson is to modify the wave function and, therefore, to make the calcula­
tion with the usual plane wave intermediate states somewhat misleading, and 
probably one should take into account the effect of the lowest order potential on 
the mesoiio This effect has been left out in the Levy potential and the resulting 
modification of might give a coefficient much less than the one used by Levy; 
at least Brueckner suspects that this will be the effect. 

Jastrow has calculated the resulting changes in the low energy p rameters 
if the of Levy is reduced to 1/4 its original value and the coupling constant 
increased from 10 to 150 The results are summarized in the table given below. 

2 4 

The net effect is a considerable improvement in the agreement of the quadru-
pole moment with experiment while the effective ranges do not agree as welL 
This calculation differs from Levy in that the singlet and triplet core radii do 
not fall at the same point for this particular choice of coupling constant; how­
ever, a slightly larger coupling constant would bring them back to the same 
value without altering the low energy properties very greatly. The essential 
conclusion is that the low energy properties are extremely insensitive to the co­
efficient of provided one makes compensating adjustments in the coupling 
constante This comes about because the l / ( r ) ^ singularity in the tensor force 
and contribute about equal amounts to the well volume of the deutrono Blatt 
is coding the problem for the Illinois computer and when the code is ready (in 
about a month) will be able to carry out such calculations in about five minutes,, 
The first application that Brueckner and Watson are planning to make with their 
method is to find out precisely what changes it does introduce into the Levy 
potential 

Dyson now described in more detail the equation he had discussed 
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qualitatively on Thursday afternoon: The original wave equation is set up as in Gold 
berger or in Lippman and Schwinger. We are interested right at the start in stand­
ing wave solutions, so we want real integral equations in which the small negative 
imaginary parts are absent from the energy denominators and in which all the reson­
ance denominators are taken with principle values. Our original Schroedinger equa-

This solution is the bchroedmger equation involving only standing waves because all 
the amplitudes can be made simultaneously real, G is a many component affair from, 
which we wish to abstract a wave equation for a one meson wave function only. If 
our one meson wave function for a meson of momentum k is g(k) and the correspond­
ing two meson wave function for mesons of momentum k and k f is gik, k) we have 
tin p r m m I prl i n f p a r a l p m i a f i n n s 

Here L is the 
matrix element of H-j for the emission or absorption of a meson and G is the coupling 
constant,, There will be two more terms for cases where nucléon pairs are involved. 
Even here som.eth.ing is left out because, due to Bose statistics, the equation for 
gfk, k s) should be a symmetric function of k and k2; therefore,, we must add to the 
whole expression the term with k and k* erchanged, and similarly elsewhere* Sub­
stituting back in to the equation for the single meson wave function we obtained an 
equation of the form r r . T 

Altogether this equation contains nine terms of which four involve g (k 5pon the right 
while five involve g (k) on the right, The five terms are the result of self energy 
processes such as that indicated in the diagram below* We note that the meson with 

^Qb I C momentum k takes no part in this process* Such oro-
cesses are perfectly allowable and ought to be included; 
one has no excuse for throwing them out except that it is 
simpler if one does* Since the t terms occur only as a 
multiplicative factor of g (k) the correct treatment would 
be to transfer them to the left hand side obtaining an 
equation of the formQ+S (k) ] g (k)sjK(k, k 1) g (k 3 ) dk\ 

This factor |J-fS (k)jin a covariant treatment would correspond to using rather than 
S-f for the propagation of a proton, that is, the inclusion of diagrams such as given 
below. That is , presence of mesons in intermediate states allows the proton to 

have a self energy. However, in our formalism we are prevented from 
evaluating such terms properly because they diverge and there is no 
method of subtracting the self energy parts unambiguously, Hence, it 
is absolutely necessary to carry out the renormalization in a covariant 
scheme before applying the Tamm-Daneoff approximation0 This pro­
blem remains unsolved.. Since we have no way of treating these terms 
correctly we just throw them away. This will make quite a difference; 

http://som.eth.ing
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how many we cannot say. 

The equation we then have is still rather complicated since it involves the 
charge coordinates of the meson and nucléon and the four components of the 
Dirac spinor for the nucléon, or 24 components in all. That is, we have a sys­
tem of 24 coupled integral equations whose variable is three-dimensional. This 
can be simplified in a perfectly standard way when we use the fact that we know 
a number of the constants of the motion, The charge coordinates are eliminated 
completely by using pure isotopic spin states, reducing the 24 components to 40 

The small Dirac components are eliminated by using the fact that the wave func­
tion is by definition a superposition of positive energy states for the proton only0 

Hence, the small components can be expressed in terms of the large components 
and can be eliminated,. This brings the equation down to a two component equa­
tion involving Pauli spin matrices* Angular momentum and parity are constants 
of the motion6 The angular variation can be eliminated by assuming that g(k) is 
expanded in a series of Legendre polynomials, that is, g ( k ) = ^ Y j ^ (k , spin) g( \k \ ) . 
Similarly, the incident plane wave can be writtencj>(k)^£]Yj g (£, spin)cj>( jk|) 
where the same spherical harmonics occur* Substituting these expressions into 
the equation, it is then possible to carry out the integration over angles. The 
unpleasantness only comes about from the presence of the recoil energy denom­
inator E ^ t This introduces interactions in all possible states of J and^ 0 

However, the energy denominator can expanded in shperical harmonics of 
the angle between k and k\ that is.. : — — - ^ V * P { $ ) " Y ( I k U k H ) . After 

E k + k ' + C ^ n n [ n 

this expansion, the angular integrations are trivial and after carrying them out 
one obtains the same spherical harmonic of k that one had originally of k9 times 
a kernel that is a function of the magnitudes of k and k* aloneQ This is an expan­
sion in powers of v /c that is convergent for all values of v 9 so it is not an approx-
imation. In facto all except two terms vanish identically, so that there is no 
problem of convergence^, The resulting equation for the po i7 state is approxi-

(The exact equations for all six states obtained by this method are given in 
Appendix IV, ) Two energy denominators occur; :+-w^ - E gives the singular­
ity on the energy shell while E4-G gives a singularity only above the threshold 
for two meson production, Note that the energy of the state appears in the ker­
nel so that if we want to obtain g for a given energy we have to solve these equa­
tions for each energy in which we are interested,, 

It remains to answer the question of the meaning of the S function occurring 
in the equation, the meaning of g, and how it is related to the phase shift for the 
state that we are considering. These questions can be answered by looking at 
the equation in configuration space, In momentum space we have the three-di­

mensional wave function 
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and we can see immediately what the phase shift is; working inside the differential 
operator we have ; this is correct since the Y operator merely shifts the 

phase of this function by as is required. Therefore, tan § — ™Jf&(^0)° The 
above avoid" any discussion of the transition from standing waves to outgoing wave s « 

At this point Blatt made the following comment for Chew3 who had already left. 
Chew has done the same calculation nonrelativistically and checked whether the 
omission of certain terms such as S (k) wat admissible. That is 5 he expanded in a 
power series and tried to find out what; the first order corrections to these equations 
would be. He found that in fact certain charge renormalization terms are not proper­
ly included by the simple dropping^ of the renormalization terms 0 In particular, the 
energy E in the principle value is modified by charge renormalization, so that 
charge renormalization has not been done properly 0 Dyson said that this is certain­
ly true; S(k) would appear in every energy denominator and we must certainly try to 
do thiSo 

Dyson then discussed the attempt to solve his equation by means of a variational 

principle* This principle can be derived quite generally. Suppose we have the 

equ t i o n x ) ~ <j>(x.)4- ^Hx3 y) V (y,9 zff{z) and in analogy to the approach above we define 

g ( x ) » J v ( x , y ) f (y) ; f(x) *=/v(x, y)cj> (y) then g ( x ) « f(x) ^ j V ( x , y) K ( y 3 z) g(z) . We assume 

V and K are symmetric since this can always be accomplished by an appropriate de­

finition of g» Consider the quantity Jg(x) <$> (x)dx tsjffx)^ (x)dx. The general 

Schwinger variational principle may then be written n Y l ! ^ ^ / g ^ " ] ^ / Jfs "j[jfg( x)M x* Y)%ty 
since one can show readily that this variational principle gives only a second 

order error in Y when any trial function is inserted for g; here <j?(x)r £ ( x - z ) ; f ix)sV(z) 
Hence our variational principle for g (z ) 9 which i^ in fact the tangent of the phase shift 
which we wish to compute 3 is simply n Y l ! : s [g (z f j /jfg ^ g ( ^ ) F ( x 3 y)g(y) e This var­
iational principle has been tested against an equation whose solutions are known exact­
ly and which is very similar to the equation with which we are dealing. This equation 
is g ( x ) - ^ _ X ^ f ! L _ - _ _ g(yîdy0 The kernel of this equation is quite similar to that of 

y ma„(x, y) 
the equation which we are actually interested in solving and in fact is less singular* 
The solution for this equation is g(l)*j l -^j-^ | In the physical situation the £-function 
gives the Born approximation to g5 that is 5 matrix element of the operator on the 
energy shell or in this simple case b/x 0 Just as in the real case, the second term is 
a linear operator operating on the wave function,. Using the Born approximation, b/x 
in the variational principle gives "gflj'is-p^— 0 The equation has a singularity for^1/4 
but the solutions are not badly behaved up to this singularity, which is not very patho -

In configuration space this becomes Y ( r ) - Yf[ ( V ) \ $ ( r ) - f ( r J T h e < l u e s t i o n i s * 
there. what function of r these should be 0 The incoming wave is an eigenfunction 

of HL and hence is a S function in momentum space. For purposes of normalization 
j l s in k> r 

it is convenient to take this as £(Ek+>-'.. ~E); then <fc(r)s-^——~- 0 The operator Y ( y ) 
j.v r 

simply converts the sine into the appropriate Bessel function for the angular momen­
tum involvedo The Fourier transform of f(r) is in general complicated, but we can 
tell what; it will be where the singularity occurs and find in fact that the ^ m ^ o t i c 
behavior depends only on g ( k 0 ) 0 The energy denominator in fact gives us — r 

+o(I) as this symptotic form^ Hence we^vrit.e 1 ^ 
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logical. In fact the wave function g(x) would become infinite at a scattering 
resonance* whereas in this example it remains finite even at the singularity^ 
For ^ -1 /4 the true solution g(l)~2b while the Born approximation trial function 
in the variational principle gives , r g ( l ) , r —1[4/3Jb. This is not surprising since 
the Born approximation is not a good trial function. However, if as is usually 
done, the equ ion is iterated once one obtains the first iterate gj(x)-^l+K+b3^i) # 

One usually assumes that by using the first iterated solution in the variational 
principle one is pretty safe and gets a very close approximation to the tru^ 
answer, However, in this case, we obtain r f g( l ) t f s ^ y - ^ ( H - 4 Y ) /(1+Y)^ * 2 b 

fo r^ s^ . Thus the imp: ^ eme^nt is slight even though this represents the square 
root correctly to terms in*^ 9 This is really the point that distinguishes our 
equation and makes it rather different from what one would get from a cut-off. 
We have here not a consequence of relativity but of the structure of the equa­
tion,, Therefore, you must know g quite well if only to get a very rough idea 
of the tangent to the phase shift. One has to come down quite a ways below the 
singularity in order to get results which are even good to 25% with the varia­
tional principle. The kernels in the physical equation vary more abruptly than 
in the simple case which we have been discussing here so that our example is 
by no means extreme. 

In order to U st the variational principle in the physical case, calculations 
have been carried out at 110 Mev for coupling constants of 10 to 15 using Born 
trial functions in the variational principle and then by a numerical method0 

The numerical method consisted of replacing the integration by seven points 
and solving the resulting linear equations, and gives not too bad an approxima­
tion* Thus for G^/4TT= 10 the first Born approximation for the phase shift is 
1/5 of the experimental shift. The variational principle with Born approxima­
tion wave function gives the experimental shift correctly. However, the exact 
solution gives only 1/3 of the experimental value» 

For a coupling constant of 15 the ratio of the exact solution to the Born 
solution is -6.4; that is, one has gone over the resonance and has a phase 
shift of 140°o By interpolation and a little more calculation it is found that 
the dependence is a very sensitive function of the coupling constant and that 
G^/4Tf~14 gives phase shifts which are close to the experimental values» 

Since experimentally the s phase shifts are apparently rapidly varying^ we 
tried to find out whether this feature came out of the equations,, For the 
isotopic spin 3/2 state we found, just as Chew did, that the tangent of the phase 
shift is of the order of 2k/M which is the right order o ' magnitude but has a 
completely wrong energy dependence. It was therefore investigated whether 
the meson-meson scattering which has so far been 
omitted, that is, diagrams of the form indicated 
could change the result* For orientation, the meson-
meson scattering was calculated simply in Born 
approximation at low energies compared to the proton rest mass. There is 
an s state of isotopic spin 0 and 2 and a p state of isotopic spin 1. The Born 
interaction is extremely large numerically since it depends on G ^ and there 
are only a few factors of to bring this down* In fact, it is so strong that 



82 

one does not have any faith in the results at alL In terms of a potential, the poten­
tial would be greater than the rest mass of both mesons over most of its range* 
The renormalization has not been done, but Dyson thinks that it is not really necess-
ary 0 The interaction is so singular even with renormali ition that we really do not 
know what to do with it* The forces are attractive in the states of isotopic spin 0 
and 1; in the state of isotopic spin 1 there is no renormalization problem and the 
forces there are still so strongly attractive that there will be a catastrophe-, that 
is^ the integral equation has a bound state at low negative energies so that the 
scattering phase shifts calculated from the equation are completely meaningless. 
It appears, therefore, that the meson-meson interaction will have to be included 
phénoménologie ally o It is true that the catastrophe occurs only for large G and it 
is conceivable that the coupling constant might be brought down* But this does not 
make very much sense since so many processes which have not been taken into 
account will make drastic modifications the forces 0 It seems that there is no 
way to separate a good first approximation from other effects* Presumably, the 
Born approximation is not too bad in this case since the intermediate states all have 
very high energy, 

Serber raised the question whether the fact that g(k) contains quite high meson 
momenta would not render the experimental observation of me s on-me s on scattering 
quite difficulté, He had in mind the experiment proposed by Piccioni to scatter 
mesons of about L 5 Bev from hydrogen and to observe pairs of mesons coming off 
at such momenta and energies as would correspond to free meson-meson scattering,, 
Dyson, however, did not think that this experiment would be very seriously messed 
up* Although the high momenta are certainly present in the wave function, they are 
not really that important This is true because the low momentum part of the wave 
function is not very strongly coupled to the high momentum part 5 and the kernel of 
the integral equation decreases rather rapidly even before you get to the relativistic 
cut-off « 

The g al conclusion reached by Dyson is that the main qualitative features 
are correct or ? as Oppenheimer put it, that all the classic arguments that the con­
clusions of the pseudoscalar meson theory were in disagreement with experiment 
are wrong. 

In response to a question from Breit as to what extent Dyson^s work clarifies the 
relation between the large meson-nucléon scattering and the nuclear forces, Oppen­
heimer made the following remark, t !The situation now, I am afraid, is that in Levy 1 s 
account of the collision of a neutron with a proton, some of the terms which are re le­
vant for the collision of a meson with a proton have been included, and in Dyson^s 
account of a collision of a meson with a proton some of the terms that Levy thinks 
are important have been included, but that there is no complete correspondence and 
it is not perfectly clear that the. relatively important terms are the same, n 

(The session was adjourned for tea, ) 
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THEORETICAL CALCULATIONS 
(second part) 

Saturday afternoon, Professor £L A. Bethe presiding. 

Professor Bethe opened the second half of the theoretical session by dis­
cussing certain very approximate methods he had used to obtain solutions of 
Dyson ss equations0 These consist of approximating the integral equation by a 
differential equation,, which is possible only under certain assumptions,. We 
note that the kernel of the integral equation is equal to a function of k alone 
times a function of kB alone times a function of £ which depends essentially on 
the larger of k or k 8

0 That is, ^ 

É - i r ( M 2 H k t k * ) 2 2 » i \{uzHk-W)Z 2 k<^k' 

->E, k f >>k 
k̂  ' 

The approximations are good to second order; even when k and k 8 are compar -
able3 they are not too bad. In the relativistic region the above is still an exact 
statement; therefore^, the approximation is only serious in some intermediate 
energy region and then only for comparable k and k 1 . In order to simplify the 
work the same approximation has been made in the multiplicative factor 
(E^-f-E^g+*w^-Srw^ b - M - E)„ Similarly, in the term C (see page 79) for w^ 
much greater than w ^ i , w ^ t is replaced by/J , and conversely; with these two 
approximations the multiplicative factor becomes equal to E f C The integral 
equation then becomes g ( k ) t £ J ' A ( k ) B ( k 2 ) ^ ( m a x k 3 kB)g(k5)4-inhomogeneous term. 
It is convenient to introduce a new function which we will call a which is g 
divided by g as given by the Born approximation; note that the kernel factors 
only piecewise, giving different factors according as k or k' is larger 0 

Now note if we are honest there are really six different regions which have 
to be considered because one must also compare k and k? with k Q 9 the momen­
tum of the incident me s on, which enters into the Born approximation» All the 
same 5 if one factors the kernel in the various regions, k ' ^ k > k , k^k *>kf etc. , 
one obtains a second order differential equation which has the great advantage 
that it can be solved. It has the further advantage that it is also easier to use 
it to determine the energy dependence of the solutions. Further approximations 
have been made which are not altogether necessary and lead to the differential 

2 2 1 / 2 
In contrast to the previous notation., E~(M -f-k ) and w Q is the energy of the 
incident meson. The first two denominators correspond to the singularity on 
the energy shell and the singularity for double meson production respectively. 

If we look at the equation in the interesting region of large W, that is ? for 
high momenta or small distances, we get approximately y M s . ( - + 2) ^ 2 

4 w 
As is well known, the solution of an equation of this form is simply a power of 

equation 
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For if <1 3 it is possible to integrate the differential equation and this has b r ^ n 
done in fact for^f* 3/4 with a coupling constant of G^/4ff approximately 14* When 
k » 09 that is , at threshold, the resultant wave function is sketched below. 

Note that there is a large effect from 
high momenta comparable to the nu­
cléon rest mass and that the asymp­
totic behavior falls off very slowly, 

^ ^ namely as W " ^ ' ^ . For incident 
énergies above threshold, the form of the wave function similar when plotted a~ 
gainst (W - W Q ) (rather then w itself), except that the wave function^ deriv ;ive is 

logarithmically infinite at and 
there is a change in slope when one 
passes into the region below W 0 0 

This is because the wave function 
satisfies two different differential 

equations in the two regions. It is possible to show by going back to the integral 
equation that the value of a at W ~ W Q is very importante In fact if ar̂ O at this point, 
then one-has a resonance. For W G ~ Z^K, this is nearly r ached for a coupling con­
stant; of 14, and by increasing the coupling constant, one obtains a resonance at zero 
kinetic energy. 

It is important to treat the high energy part of the kernel correctly and not in 
terms of a cut-off, since the high-energy dependence is the feature that gives to y 
a flat maximum near w ~ 2M and thus permits the wave function to pass through zero 
at\w«yttj with only a quarter-wave rather than a half-wave in the low energy region. 
Thusj, for instance5 if momenta greater than the nucléon rest mass did not contribute 
one would have the situation indicated below, and one would never be able to get a 

resonance at zero energy with a coupling constant as 
low as 14, If the wave function went to zero at a point 
w } w Q , for w Q —^, this would indicate a bound state of 
proton and 7f meson at a lower energy than the sum of 
the rest masses of the two particles. 

En order to investigate the behavior of the resonance, the solutions have been ex­
panded in terms of x « w Q -M°, so far only the first order terms in x have been calcula» 
ted but this will be improved upon. The result is tan J ^ 9 tan 5o « Here the 

1 z) —X D 

3/2 (1 i 1J "V* ' \ 

the meson energy and in fact we find a w * ~ K If ^ is small there are 
two asymptotic behaviors, one decreasing and one increasing; the positive sign gives 
an symptotic behavior which is never normalizable, while the negative sign is always 
normalizable. is the limit of normalizable wave functi: ns, so only the second 
solution is acceptable. If both solutions are not normalizable ad in fact oscill 
ate wildly for high momenta of the meson; therefore the theory makes sense only for 
*$(\ or G^/4tî ^ 6ïfo If the integral equation is not mutilated, one obtains precisely 
the same result with the exception that 6ÎÎ is replaced by 5 If /(32-10 ff ) ~ 29. 6; this 
gives an impression of the accuracy .with which the differential equation represents 
the integral equation. Similar limitations as to the size of the coupling constant 
come in at various points in the theory, for example, in the large meson-meson 
interaction. 
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unit is taken as the nucléon rest mass so that 0* 15 corresponds toyU and gives a 
resonance at 140 Mev 9 Therefore, G is too large to agree with experiment* 
Note that soon after the phase shift goes through 90° it also goes to 180°, 
is, we have an anti-resonance and the cross section, for meson scattering, or 
presumably for photomeson production, would ave the general appearance 
sketched below. In response to a 
question from Oppenheimer, Bethe 
admitted that this expansion x has 
neglected terms in^p^JL, that is, it 
is an expansion in terms of the meson 
mass. However, in expanding the 
resonance term, the de. ominator was 
not expanded but rather the numerator, so that this is not as bad as it would 
seem at first s i g h t o Further what has been seen so far of the higher terms 
indicates that a more exact approximation will still exhibit this phenomenon, 
Bethe believes that it is possible that the resonance could be postponed but not 
abolished and it is interesting to see that one can get such a peculiar looking 
resonance which is in fact very similar to the curve shown us by the CaL Tech, 
data* 

Wentzel went on to talk abo the same kind of theory,, namely, the pseudo-
scalar meson theory with seudoscalar coupling; ^ ÇrK^ ^ 4 ^ ^ • 
He thinks we have had plenty of evidence in these sessions that there is so far 
no good mathematical treatment of this kind of theory. Hence he will compare 
two approaches and see how far certain omissions in one approach or the other 
are important* The approach Wentzel would like to propose is very lowbrow 
compared to what we ve been hearing. It starts with the Dyson-Foldy trans-
formation^ which yiel other more complicated interactions in return* In this 
transformed representation it is not easy to carry out renormalizations, and in 
fact by using this approach one prohibits the derivation of any quantative numer­
ical values* Hence we will restrict ourselves to qualitative aspects and will 
not attach any significance at all to numerical values that may emerge from such 
a theory, "We will treat nucléon recoils as something small and cut off diver­
gent integrals at approximately the nucléon rest mass ( or twice the nucléon 
rest mass, or half the. nucléon rest mass, ) Wentzel would agrue that this kind 
of theory is not so bad as it ^ould seem at first sight. One characteristic term 
that occurs is M*-^M*=^( 1 + G c ^ 7 " ) 1 / 2 where<£ - £ 4 £ a n d appears in the Hamilton-
ian density as ^# In spite of the large G we expand the square root obtain­

ing M 1 . StlÈït— " 1 G^cjS I ne retains the term quadratic in 4*/it is 
f 2 M "8 ~ W ° \ 

possible to solve the resulting theory in a rigorous classical way by expanding 
in normal vibrations 0 Is there any reason to believe that the next terms of this 
expansion are negligible? One can argue as follows: (parenthetically, one should 
realize that when one has made this transformation and talks about mesons these 
are no longer the same kind of mesons as were present in the original theory,, ) 
In this new language we retain terms containing at most two mesons in the field 
at one time and interpret 4 > 4 ^ ^operator <^ <^^/Vacuum where these occur 
with the nucléon density occurring still as a factor a Since the location of the 
nucléon is fixed the above becomes 4 > ^ ^ CJp̂  ^4V** /^vac* but since 

the d> term represents a repulsive potential, the meson will be kept away 
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from the nucléon and the stronger the coupling the greater is the reduction of the 

value of the meson wave function at the position of the nucléon i 9 eQ <j> 0 Let us com­

pare the term in which the expansion is n^ade in the weak coupling and the strong 

coupling cases 0 This is G vac \ G /47T ^ 1 0 for weak coupling 

" ~ ™ ^ Z ™ ™ 47T/G a> 1 /10 for strong cc Hence for 

G /47T of the order of 10 such as Levy uses, the strong coupling expansion parameter 

is 1/10 or smaller, justifying this approach. 

At this point Schiff asked how one got around the difficulties with regard to r e -
normalization that Levy had run into in such a calculation Oppenheimer commented 
that Levy ' s trouble came from taking seriously as the quantized field whereas here 
one has restricted oneself to a one quantum subspace, and these difficulties do not 

arise 0 

Z Z 
Wentzel now studies the effect of this term G <$> / 2 M* In the original represen­

tation transitions involving nucléon pairs were important* These no longer oc^cur 
since they have all been swallowed up in this term just as in the case of the A in 
ordinary electrodynamics,, Wentzel claims that v/:..2n he has solved this theory r ig­
orously to all orders of G he takes account automatically of successive nucléon pair 
processes; of course, there are other terms such as the p terms which have so far 
been neglected,, Wentzel now asks what this approximation does for the deuteron 
problème He solves the problem of two fixed nucléons at a distance R surrounded by 
a meson field, and calculates the change of self energy as a function of PL In the . 
coupling approach G is small and one obtain^ the fourth order Bethe forces, the E, 
found by Levy, and given by V4 6 ( G^ ) A Ki(Z M R ) e Levy in his paper 

mentions in small print that there are higher order diagrams which induce one to 
change G to some constant G[ which he does not know* But Wentzel can say that this 
is taken into account by the multiple nucléon pair-effects to all orders automatically 

in his theory and he obtains r ^ - ^ r r ± • i-
* - y— g—— k a 01 momentum using a linear 

G ^ 271^ M cut-off8 With Levy 3 s value of G 
this gives a reduction by a factor 

of the order of 10, which may be exaggerated, but certainly a factor of 4 is possible. 

Oppenheimer commented that there is a great difference between this formal view 
and Levy i ] s problem^ He thinks Levy would argue that if you go to some large inter -
nuclear distance, then the strength of the fields induced at one nucléon by the other is 
not very greats and that the approximation of with the old constant is not too bad* 
As the nucléons come closer and closer then more and more complicated things hap­
pen and you get into a region in which not only is not there ? but everything is dif­
férente Now this is an extreme view; that it should give the same 1/4 as the strong 
coupling theory would be most amazing* Kroll objected that he could not see why a 
similar reduction would not occur also in Thus there is a term in WentzeFs 
theory given by \7̂ cb ^ Wentzel does not think so because if one expands 

V 1 ^ q*Z*X~Z denominator in this term, then he 
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This second term in the expansion, by a previous argument, is about 1/10 so 
that one can argue that the effect is smalL Feynman objected that the real 
correction is the alteration of <p>due to the fact that it is in a p state for one 
nucléon but not for the other,, Wentzel agreed that this could be so. At this 
point the insensitivity of the results to the exact alue of the coefficient of V , 
was again discussed, and the reader can refer to the discussion by Jastrow for 
the pertinent details, Oppenheimer stressed that the fit never was very quan­
titative and that it was pointless to try to argue the numbers in detail, Kroll 
insisted that a lot of pure charge renormalization effects were included by 
Wentzel fs procedure and that it would be unfair to omit them in V^. Oppen­
heimer and Kroll argued that the cut-off certainly did not take care of renor­
malization effects and that just what would happen when they were included 
was completely uncertain; in fact, Oppenheimer asserted that the only possible 
statement now is that the ratio of and is really unknown, Feynman went 
even further and stated that not only the ratio but also the shape, the spin, and 
the isotopic spin dependence were unknown, drawing his point from the work of 
Taketani who has shown that the <f and'u commutators give numerical factors 
up to 96 in the coefficients, which give 40% corrections at x ^ l and a correction 
bigger than itself at x —0o 7, Feynman elucidated by drawing the following 
These two terms are proportional 
to ( yM-G /2M) and look like they are 
going to be small; Levy in fact as -
serts that they cancel, but this is 
not true* Oppenheimer agreed that 
this is a real mistake in Levy 's calcu­
lation,, 

While he was at the blackbbard Feynman also drew the following sketch 
and pointed out that such a diagram will produce a 
strong spin-orbit coupling vdue to-the fact that in 
order to preserve Gal il eanjin variance, the grad­
ient must be replaced by y — but t'iese 
combine to give {$$)[G^H&V)$$) ~ 
Hence, for instance in 0 , these effects will add 
together for all nucléons and one will obtain a 
very large spin-orbit force on a single nucléon outside the closed shell, 

Wentzel added that the CT '^ te rm is characterized by the coupling constant 
f -=G/M and for strong coupling this is much greater than 1/M, so that the 
theory is presumably applicable to these terms as well. Oppenheimer object­
ed that the theory has not been renormalized, Wentzel went on to the yf meson-
nucléon scattering proble^n and considered first the s states which again are 
given by the term (G cj> ) /2M* Again, a ri^>rous solution is obtainable and 
the cross section is given by (T ^Gf/AffM where G, is the same G, as was 

- . . . . 3 tot -1 - . . 1 1 

obtained before The order of magnitude is quite reasonable^but this scatter­
ing is independent of isotopic spin, since it depends on 0 For a long 
time Wentzel thought this was a serious objection, but now thinks that there is 
a possibility ôf getting around it. One notes that one has (see Drell and HerJe; 

^ ! (<^>^+!/2M xf\ )* Here f f is proportional to the meson energy 
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PROPAGATION — • — — » — - — — - ™ where the use of L e v y 1 s 
OP f (Ve) ¥M g(p^ 

times cj>P so that on the energy shell the second term is a small correction; but if 
one includes reaction this is large for meson energies comparable to the nucléon rest 
masSo One ? therefore,, investigates whether this correction is in the right direction 
Since X i s involved one cannot solve by normal vibrations, so one considers single 
meson states and calculates stationary solutions and phase shifts and compares with 
the rigorous solution to see the order of magnitude of the correction» One obtains 
t a n p ( r G 2 k / 4 7fM Here \is for I :i 3/2, -2 for I i 1/2, and B depends on the 

energy w ^{pr *\>kù)l/ u though not strongly. For low energy values B is given by 
2 

_ 0 The constants A , C l 5 CL all depend on the cutoff0 The weak 

coupling result is obtained by A - ^ 0 5 B~>1 3 while if one takes the G 4> /2M term 
alone, one still has B 1(C] C^™ 0) but A ^ O * In the latter case, one may compare 
A with the rigorous value. The result is that the denominator wj£ - w 2 occurring in 
the k integral for the rigorous solution is now replaced by 2 w^(w^ - w) which means 
an error at most by a factor of two in A, If one includes a ^ d adopts a cut-off 
k A / M ; then one can make the Itsl/2^ s phase shift OC, much smaller than t/$[I ^3/Z)$ 

or even zero, For instance, at 140 Mev 2 one can obtain Ô j - 0 and 0^ Œ 1 5 c

0 So one 
has a possibility in this theory for explaining the difference between the two isotopic 
spin states. If experimentally the dependence of ÔCj/k on energy proves to be strongs 
however, other things must be included. 

Here Dyson gave another possible explantion for the difference between the phase 
shifts for the two s states in the frame-work c: l is theory, There are two important 
terms tin the interaction for s states which are indicated by the following diagrams 

Only the first occurs for the isotopic spin 3/2 state but both occur 

for the isotopic spin 1/2 state,, Apparently accidentally s the 

matrix elements are of the same order of magnitude, (although 

the accident becomes explic&H~ in terms of the Foldy transform­

ation) and the contribution to the 3/2 state turns out to be the 

same s the sum of the contributions from both diagrams to the 

The equation for the 3/2 state can be solved without renormalization so 

it is presumably reliable, But in the 1/2 state one has the sequence indicated by the 

diagram ^ s ^ - ^ \~£ ' ' ° ^ e a r ^ Y s u c ^ a sequence will be 

drastically affected by mass renormalization and the resulting scattering in the 1/2 

state could be vastly different from that of the 3/2 state, Yang questioned whether 

this could be an ®\j2 state because of parity, but Dyson explained that this is pos­

sible because it involves an interaction with an anti-proton, which has opposite par­

ity to the proton. Oppenheimer commented that in general we simply do not know 

what to do about the higher order terms and everything could be most misleading* 

There is one exception and that is the one mistake in Levy, The numerical ratio of 

the change in V to V . is certainly unknown, 

Wentzel concluded with a remark on the work of Goldberger and Gell-Mann who 
have considered the following diagram, One asks how the free nucléon propagation 

\ Y function 1/^f p f - M is altered by the presence of 
s y self energy bubble s, which are here off the en­

ergy shell, The answer is that this goes over to 
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coupling constant gives a reduction by a factor of 1/10, which reduces the 1/2 
state relative to the 3/2 state. This difference occurs because in the 3/2 
state one has the diagram _ and here they say the effect is much 
less drastic because the convergence is much better for the energy denominat­
o r Dyson said that this is true since this diagram belongs to the anti-proton0 

He added that the Gel 1 -Mann, Goldberger problem deals with the ^iji state> 
but that the same thing would happen in an s state At this point Bethe closed 
the session. 

EXPERIMENTAL PHYSICS SESSION 
Saturday afternoon. Professor B* Rossi presiding* 

Rossi remarked that the subjects for discussion would be (1) mesic X-rays, 
(2) new particles, (3) the related problems o f / / 0 lifetime and electron pairs, 
( 4 ) ^ m e s o n production in stars and ( 5 ) the general problem of nuclear inter­
actions* 

Rainwater reported on the measurement of X-rays f r o m ^ m e s i c atoms by 
Fitch and Rainwater at Columbia. When a^|meson stops in solid matter the 
meson is captured into Bohr orbits about the nucleus* For a bare-point nucleus 
the radii of the Bohr orbits are smaller, and the binding energies larger, by a 
factor Mjĵ  /m e£?210 than for electron orbits, Fermi and Tel ler have shown that 
the meson cascades towards the nucleus in transitions such that H/ tends to equal 

i jfo a 3 f^N-l) so the most probable states occupied are the 3d, 2p, Is, etc. For Pb 
the 2 P - > 1 S radiative transition takes^lO"" sec 0 , while nuclear capture from 
the K shell takes /v/7 x 10°" sec» (see report by Reynolds* ) For/ /mesons the 
nuclear absorption is so strong that the 2 P->1S transition is seen only in light 
elements (see following report by Piatt). 

For a Jlf meson of 210 m e and a point nucleus, the predicted Dirac energies 
in Mev are given below, assuming no anomalous mesic moment and only cou­
lomb interaction. 
Z 2 P 3 / 2 2 p l / 2 ( 2 P 3 / ^ ! S ) ( 2 P ! / 2 - ? l s ) Observed 
13 0 .121 0.121 0 . 4 8 5 0 , 3 6 4 0 . 3 6 4 0 . 3 5 2 

2 2 0 . 3 4 7 0o 3 4 9 1.393 L 0 4 6 1, 0 4 4 0 , 9 5 

29 0, 6 0 3 0 , 6 0 9 2 . 4 3 2 1. 829 1.823 1. 55 

82 4* 916 5 . 4 7 4 21.34 1 6 0 4 2 15.187 5. 3 or 6 . 0 

8 2 * 4 0 63 4 0 81 1 0 . 0 8 5 0 4 5 5, 27 5, 3 or 6 0 0 

The observed energies are shown in the last column. The last line gives the 
corresponding result calculated, assuming a constant charge density for r-^0 
to rQ=*A ' 3" R (where r - 1, 3 x 10 1 3 c m was used), with zero density for r > R . 
The results for the finite nuclear size for Pb give about a factor of 3 reduction 
in the transition energies* The 2P , 2P/y^ fine structure splitting shows 
the great sensitivity of the X-ray energy to nuclear size 0 

The Dirac equation for this problem can be written ^proximately as the 
sum of a Klein-Gordon term and terms involving TJT x -g-^-and ~r x x ( / » S ) ' 
which are characteristically Dirac-type terms e The last term gives the fine 
structure s p l i t t i n g o The extra Dirac terms were computed as perturbation 
corrections giving the following results (in Mev) . 
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coup l ing c o n s t a n t g ives a r e d u c t i o n by a f a c t o r of 1/10, wh ich r e d u c e s the 1/2 
s t a t e r e l a t i v e to t he 3 / 2 s t a t e . T h i s d i f f e r ence o c c u r s b e c a u s e in the 3 / 2 
s t a t e one h a s the d i a g r a m _ and h e r e t h e y s a y the effect is m u c h 
l e s s d r a s t i c b e c a u s e the c o n v e r g e n c e i s m u c h b e t t e r for t he e n e r g y d e n o m i n a t ­
o r Dyson s a i d t ha t t h i s i s t r u e s i n c e t h i s d i a g r a m b e l o n g s to the a n t i - p r o t o n 0 

He added tha t the Gel 1 -Mann, G o l d b e r g e r p r o b l e m d e a l s wi th the ^iji s t a t e > 
but t ha t t he s a m e th ing would happen in an s s t a t e At t h i s po in t B e t h e c l o s e d 
the s e s s i o n . 

E X P E R I M E N T A L PHYSICS SESSION 
S a t u r d a y a f t e r n o o n . P r o f e s s o r B* R o s s i p r e s i d i n g * 

R o s s i r e m a r k e d tha t t he s u b j e c t s for d i s c u s s i o n would be (1) m e s i c X - r a y s , 
(2) n e w p a r t i c l e s , (3) the r e l a t e d p r o b l e m s o f / / 0 l i f e t i m e and e l e c t r o n p a i r s , 
( 4 ) ^ m e s o n p r o d u c t i o n in s t a r s and (5) the g e n e r a l p r o b l e m of n u c l e a r i n t e r ­
ac t ions* 

R a i n w a t e r r e p o r t e d on the m e a s u r e m e n t of X - r a y s f r o m ^ m e s i c a t o m s by 
F i t c h and R a i n w a t e r at C o l u m b i a . When a ^ | m e s o n s t o p s in s o l i d m a t t e r the 
m e s o n is c a p t u r e d in to B o h r o r b i t s about t he nuc leus* F o r a b a r e - p o i n t n u c l e u s 
the r a d i i of the B o h r o r b i t s a r e s m a l l e r , and the b ind ing e n e r g i e s l a r g e r , by a 
f a c to r Mjĵ  / m e £ ? 2 1 0 t h a n for e l e c t r o n o r b i t s , F e r m i and T e l l e r have shown t h a t 
the m e s o n c a s c a d e s t o w a r d s the n u c l e u s in t r a n s i t i o n s s u c h tha t H/ t e n d s to equa l 

i jfo a 3 f^N-l) so t h e m o s t p r o b a b l e s t a t e s o c c u p i e d a r e the 3d, 2p, I s , e t c . F o r P b 
the 2 P - > 1 S r a d i a t i v e t r a n s i t i o n t a k e s ^ l O " " s e c 0 , wh i l e n u c l e a r c a p t u r e f r o m 
the K s h e l l t a k e s /v/7 x 10°" sec» ( s e e r e p o r t by Reynolds* ) F o r / / m e s o n s the 
n u c l e a r a b s o r p t i o n i s so s t r o n g tha t the 2 P->1S t r a n s i t i o n i s s e e n only in l igh t 
e l e m e n t s ( s e e fol lowing r e p o r t by P i a t t ) . 

F o r a Jlf m e s o n of 210 m e and a point n u c l e u s , t h e p r e d i c t e d D i r a c e n e r g i e s 
in M e v a r e g iven be low, a s s u m i n g no a n o m a l o u s m e s i c m o m e n t and only c o u ­
l o m b i n t e r a c t i o n . 
z 2 P 3 / 2 2 P 1 / 2 ( 2 P 3 / £ 1 S ) ( 2 P 1 / 2 - ? l S ) O b s e r v e d 

13 0.121 0.121 0 . 4 8 5 0. 364 0. 364 0. 352 
22 0. 347 0. 349 1. 393 1. 046 1. 044 0. 95 
29 0, 603 0* 609 2 . 4 3 2 1. 829 1. 823 1. 55 
82 4 . 916 5 . 4 7 4 21. 34 16 .42 15.187 5. 3 o r 6. 0 
82* 4. 63 4 . 81 10. 08 5 . 4 5 5. 27 5. 3 o r 6. 0 

T h e o b s e r v e d e n e r g i e s a r e shown in the l a s t column,. T h e l a s t l i ne g ives the 
c o r r e s p o n d i n g r e s u l t c a l c u l a t e d , a s s u m i n g a c o n s t a n t c h a r g e d e n s i t y for r-^0 
to r j r A ' 3" R ( w h e r e r Q - U x 10 1 3 c m was u s e d ) , wi th z e r o d e n s i t y for r > R a 

The r e s u l t s for the f in i te n u c l e a r s i z e for P b give about a f a c t o r of 3 r e d u c t i o n 
in the t r a n s i t i o n e n e r g i e s * T h e 2 P 2P/y^ f ine s t r u c t u r e s p l i t t i n g shows 
the g r e a t s e n s i t i v i t y of t he X - r a y e n e r g y to n u c l e a r s i z e 0 

The D i r a c e q u a t i o n for t h i s p r o b l e m c a n be w r i t t e n ^ p r o x i m a t e l y as the 
s u m of a K l e i n - G o r d o n t e r m and t e r m s invo lv ing T J - x - g ^ - a n d ^ x ^ x ( / a S ) ^ 
which a r e c h a r a c t e r i s t i c a l l y D i r a c - t y p e t e r m s e T h e l a s t t e r m g ives the fine 
s t r u c t u r e spl i t t ingo T h e e x t r a D i r a c t e r m s w e r e c o m p u t e d a s p e r t u r b a t i o n 
c o r r e c t i o n s g iv ing the fol lowing r e s u l t s (in M e v ) , 
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2 P 3 / 2 
2 * 1 / 2 
IS 

K. G. 

- 4 . 72 
-4 . 72 

-10. 24 

dV 
dr dr 

0o 032 
0„ 032 
0,16 

I {H° S)f t e r m S m -
r dr ~~ ~ ' 

0. 062 
0.125* 
0 

- 4 . 63 
- 4 . 81 
-10. 08 

Perturbat ion ca lculat ions show that a 1% change of nuc lear radius (R) g ives 0. 05 
Mev change in X - r a y energy for P b , which i s e a s i l y within the p r e c i s i o n of the e x ­
periments , . F o r any other a s s u m e d sh.,pe of nuc lear charge dens i ty vs r, s i m i l a r 
a c c u r a c y can be ta ined for the nuc lear s i z e but the shape cannot be de termined 
f rom the X - r a y e n e r g i e s alone,, Thus , bet ter than 1% a c c u r a c y i s p o s s i b l e in s p e c i ­
fying nuc lear radius (after the cho ice of nuc lear mode l i s made)„ 

The N e v i s negat ive m e s o n b e a m contains m e s o n s of w e l l - d e f i n e d momenta, which 
are/^95%7T, and ^ 5 % " o f equal momenta . The M are probably f o r m e d f r o m 77" de cay 
near the Be target where the/ /"density i s high,, The background rate outs ide the m a i n 
6 foot sh ie ld was too h igh s so that an additional 8 foot c o n c r e t e sh ie ld was u s e d at 
s o m e dis tance f r o m the outs ide wall . The background was further reduced by b r i n g ­
ing the b e a m to the f loor with double - focus ing wedge m a g n e t s . The resu l t ing ' ^ .y 
flux over ^ 2 " d iameter c i r c l e was 00 / s ec» 

The detect ion s y s t e m is shown below. T h e r e a r e four d e t e c t o r s deno ted by 1, 2, 
3 9 a n d 4 0 De~ 

ffsTop herTL e c t o r s lf 2 a n d 

different* 3 s a r e t h in s t i l -
^%$QC$ b e n e c r y s t a l s 

a n d 4 i s a 2 n 

d i a m e t e r N a l 
c r y s t a L T h e 

l a t t e r i s u s e d to d e t e r m i n e the X - r a y éne rg i e s» An even t i s d e t e r m i n e d by a c o i n c i ­
dence b e t w e e n 1, 2 and 4 and an a n t i c o i n c i d e n c e in 31 The b e a m i s i nc iden t upon 
c r y s t a l 1 w h i c h i s fo l lowed by a p p r o x i m a t e l y 3 " of c o p p e r . T h e r a n g e of the"]"]" m e s o n s 
i s 2 ^ / 8 n i ^ / 8 t ! and t h e y do not l e a v e the c o p p e r 0 The/(>jmesons do get out and s top 
in an a b s o r b e r b e t w e e n c r y s t a l s 2 and 31 A 1, 2 9 3 s , 4 f a s t c o i n c i d e n c e ( / M 0 ~ ^ s e c ) 
t r i g g e r s a s l o w e r (<"vl to 5/fcf sec) p u l s e he igh t a n a l y z e r wh ich v i ews t he N a l p u l s e s 0 

24 
The N a l c r y s t a l w a s c a l i b r a t e d wi th t h e Na L 38 M e v and 2„ 76 M e v p h o t o n s . 

S ince bo th pho tons a r e e m i t t e d wi th t h e s a m e i n t e n s i t y s t h i s g ives a m e a s u r e of t he 
s e n s i t i v i t y of the N a l c r y s t a l at t he two e n e r g i e s * The h i g h e r e n e r g y r e g i o n w a s 
c a l i b r a t e d wi th the 4* 4 M e v pho tons f r o m a P o - B e n e u t r o n sou rce* In t h i s c a s e an 
e x t r a 2% D o p p l e r b r o a d e n i n g of the l i ne i s o b s e r v e d . 

Good X " r a y c u r v e s h a v e b e e n o b t a i n e d for Z ~ 1 3 9 14, 22 5 29, 30 3 80, 82 ? 83» 
P o o r e r da t a w e r e o b t a i n e d for Z ~ 50 5 52 and 8L T h e X - r a y p e a k s a r e o b s e r v e d at 
t h e e x p e c t e d p o s i t i o n s for Z ^ 30, F o r Z ~ 8 0 , the fine s t r u c t u r e s p l i t t i n g i s s e e n 
but we a r e not ye t c e r t a i n of the i n t e r p r e t a t i o n of the p e a k s in t e r m s of p a i r , p a i r 
0 o 511 M e v , C o m p t o n , and full e n e r g y . T h i s diff icul ty should be r e s o l v e d soon by 
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d e c r e a s i n g the a n a l y z e r i n t e r v a l width , and by u s i n g 'VLO"*5 s e c f a s t co inc idences 
to e l i m i n a t e m o s t of the n u c l e a r c a p t u r e ^ r a y s 0 The r e s u l t s for Z 13 and 29 
t o g e t h e r wi th the p r e d i c t e d (D i r ac ) t r a n s i t i o n e n e r g y E Q for — Q a r e shown b e ­
low* mr— —t 

T h e shift of the p e a k wi th Z and t h e r a p i d l y i n c r e a s i n g d i f f e r ence f rorn t he 
R = 0 p r e d i c t e d p o s i t i o n i s ev iden t . F o r t h e s e e l e m e n t s , R AP}-^ x 10 ^cm 
g ives a m a t c h b e t w e e n the p r e d i c t e d and o b s e r v e d e n e r g i e s * F o r a r e a s o n a b l e 
cho ice of R 5 t he m e s o n m a s s r= 210 m e g ives a m u c h b e t t e r fit t h a n 205 m e o r 
215 m e * 

The r e s u l t for P b i s shown be low o v e r the r e g i o n f r o m 4 to 6 Mev* 

T h e dip a t 5, 2 M e v r e p e a t e d in s e v e r a l r u n s and is p r o b a b l y r e a l . H e n c e , 
at l e a s t two c l o s e l i n e s a r e p r é s e n t e The p e a k at t he ' ' h e s i t a t i o n s 1 1 at B D 9 

and E and t h e p e a k at A t e n d to r e p e a t in m a n y r u n s . Depend ing on the i n t e r ­
p r e t a t i o n of the s t r u c t u r e ^ t he p r o p e r s p l i t t i n g r'Qo 2 M e v i s p r o b a b l y s e e n , 
and the full e n e r g y of the 2 P 3 / 2 - H S i s 5, 3 o r 6 3 0 M e v if A is the full e n e r g y 
o r C i s t he p a i r e n e r g y 0 The p e a k c o r r e s p o n d i n g to C c a m e at 4 # 8 M e v for 
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Z —80 a n d at 5 S 0 Mev for Z = 8 2 and 83 0 Wi th i m p r o v e d t e c h n i q u e s the r e s u l t s for 

Z ^ 8 0 shou ld be i m p r o v e d and the i n t e r p r e t a t i o n clar if ied, , 

A l v a r e z a s k e d about the s e n s i t i v i t y of t h i s e x p e r i m e n t to the d i s t r i b u t i o n of n u ­
c l e a r c h a r g e 0 R a i n w a t e r r e p l i e d t h a t t h i s e x p e r i m e n t h a s a s t r o n g s e n s i t i v i t y only 
to n u c l e a r s i z e . F o r the m o d e l of c o n s t a n t d e n s i t y up to a c e r t a i n r a d i u s and z e r o 
d e n s i t y o u t s i d e , t he n u c l e a r r a d i u s i s 3 x 1 0 ^ c n i o A s s u m i n g c o n s t a n t d e n s i t y 
to a c e r t a i n r a d i u s and t h e n a t r i a n g u l a r d r o p off, you get e s s e n t i a l l y t h e s a m e opt i ­
c a l t r a n s i t i o n e n e r g y a s if you c o n t i n u e d on s t r a i g h t wi th c o n s t a n t d e n s i t y and t h e n 
cu t off s h a r p l y . The t r Ingle h a s to be 1. 4 x 10 ~* c m wide o r n a r r o w e r * O t h e r 
n u c l e a r s h a p e s have not b e e n t r i e d ? M o r e d e t a i l e d c a l c u l a t i o n s of the o p t i c a l e n e r ­
g ies and the effects of n u c l e a r s i z e a r e b e i n g m a d e , 

P i a t t r e p o r t e d on the m e a s u r e m e n t of X - r a y s f r o m Jfmesic a t o m s by S c h u l t e , 
M c G u i r e s C a m a c and P i a t t a t Roches t e r , , T h i s e x p e r i m e n t i s s i m i l a r to the one 
j u s t d e s c r i b e d by R a i n w a t e r excep t t h a t 7 T m e s o n s w e r e used* X - r a y s f r o m the 
2p-9>ls t r a n s i t i o n have b e e n o b s e r v e d in B e ? C and C, T h e r e i s a c h a r a c t e r i s t i c 
d i f f e rence b e t w e e n th i s e x p e r i m e n t and the one r e p o r t e d by R a i n w a t e r , n a m e l y 9 n u ­
c l e a r a b s o r p t i o n i s a c o m p e t i n g f a c t o r n t h e 7 T b u t not i t h e ^ c a s e . C o n s e q u e n t l y 
for e l e m e n t s of e v e n v e r y s m a l l Z5 p r o o a b l y for Z ~ 2 o r 3 , n u c l e a r a b s o r p t i o n 
f r o m the 2p s t a t e p r e d o m i n a t e s o v e r the 2 p - ^ l s t r a n s i t i o n In o u r e x p e r i m e n t an 
a t t e m p t w a s m a d e to m e a s u r e t h e c o m p e t i t i o n b e t w e e n X - r a y e m i s s i o n and n u c l e a r 
a b s o r p t i o n , In p a r t i c u l a r s we m e a s u r e d t h e f r a c t i o n of the s t o p p e d Jf m e s o n s t ha t 
gave r i s e to t h e 2 p > l s t r a n s i t i o n , Thejf X - r a y e n e r g i e s for B e , C and 0 a r e 44 , 
100 and 178 K e v ? r e s p e c t i v e l y . T h e c o m p e t i t i o n was m e a s u r e d for C and 0 but not 
for Be b e c a u s e of a h igh u a c k g r o u n d at t he l o w e r energy* 

The e x p e r i m e n t a l s e t u p i s s i m i l a r to t h a t a t C o l u m b i a . A 4 0 i t 2 M e v 7T m e s o n 
b e a m is r e s o l v e d in e n e r g y by the c y c l o t r o n f r ing ing f ie ld and a l s o by an a u x i l i a r y 
magneto T h e b e a m c o n s i s t e d of 80% / j T m e s o n s , 13% e l e c t r o n s about 113 M e v 
e n e r g y and 7% m e s o n s of about 45 to 58 M e v e n e r g y 0 T h e d e t e c t o r i s s h i e l d e d 
f r o m t h e g e n e r a l c y c l o t r o n b a c k g r o u n d by about 50 t o n s of c o p p e r 0 T h e X - r a y 
coun t ing r a t e w a s of the o r d e r of a few p e r m i n u t e whi l e the b a c k g r o u n d r a t e w a s 
1/4 m i l l i o n p e r s e c o n d d u r i n g the b e a m t ime* T h e d e t e c t o r c o n s i s t e d of four s c i n ­
t i l l a t i o n c o u n t e r s , the f i r s t t h r e e b e i n g o r g a n i c l i qu id c o u n t e r s and def in ing the 
e n t e r i n g ff m e s o n b e a m . T h e fou r th c o u n t e r w a s a N a l c r y s t a l and m e a s u r e d the 
X - r a y pu l s e s* The TTmesons w e r e d e g r a d e d in e n e r g y by a n a l u m i n u m wedge b e ­
t w e e n c r y s t a l s 2 and 3 and s t o p p e d in a t a r g e t j u s t in b a c k of c r y s t a l 3* B e t w e e n 
the m e s o n s t o p p e r and the Na I X - r a y d e t e c t o r w e r e X - r a y a b s o r b e r s . In m o s t of 
the m e a s u r e m e n t s l e a d and a l u m i n u m w e r e u s e d of wh ich the a l u m i n u m had s l i g h t l y 
g r e a t e r s topp ing p o w e r for c h a r g e d p a r t i c l e s Sg bu t m u c h m o r e t r a n s p a r cy for X -
raySo A fourfo ld fas t c o i n c i d e n c e s ( / v 3 x 10 s e c 0 ) t r i g g e r e d a s l o w e r p u l s e 
(<"V0o 2 x 1 0 " s e c , } f r o m the N a l c r y s t a l to a Zû c h a n n e l p u l s e he igh t a n a l y z e r . 

T h e g r a p h on t h e fol lowing p a g e shows a t y p i c a l p u l s e he igh t s p e c t r u m f r o m 
carbon* T h e u p p e r and l o w e r c u r v e s a r e for a l u m i n u m and l e a d X - r a y a b s o r b e r s , 
r e spec t ive ly , , T h e d i f f e rence b e t w e e n the c u r v e s i s a t t r i b u t e d to t h e 100 Kev X - r a y s 
f r o m c a r b o n & Note tha t t h e r e s o l u t i o n i s p o o r e r t h a n t ha t of the C o l u m b i a work* 
T h i s i s p r o b a b l y due to bo th the n a r r o w e r ga te and the l o w e r e n e r g y quan ta in o u r 



e x p e r i m e n t * The p u l s e a m p l i t u d e c a l i - I 
b r a t i o n was m a d e wi th the 73 Kev l e a d " ' T 
f l u o r e s c e n t r a d i a t i o n , An a r t i l ight Y 
p u i s e r bu i l t in to t he p h o t o m u l t i p l i e r ^ \ A\ A\> 
s h i e l d w a s c a l i b r a t e d a g a i n s t the l e a d ^ V Jt 
l i n e and u s e d a s a s e c o n d a r y s t andard* u ^ f e A ^ ^ x s~ Abs> 
T h e l igh t p u i s e r w a s o p e r a t e d d u r i n g \/(X>" ^ ^ f r w O l 
t h e b e a m t i m e to c h e c k the 100 Kev j2 ^7^*^^p^S5fi& f̂c0 

p u l s e r e s o l u t i o n u n d e r o p e r a t i n g c o n - ^ * ^nfy 
i t ionSo A f u r t h e r c h e c k for c a r b o n 0 ^ ^ ^ 
X - r a y s w a s m a d e wi th the c r i t i c a l CHANNEL hi& 
a b s o r p t i o n t e c h n i q u e 0 T h e P b K c r i t i c a l a b s o r p t i o n edge i s at 88 Kev and t h a t 
of Th i s at 110 K e v 0 T h e 100 K e v c a r b o n l i ne l i e s b e t w e e n t h e s e two . T h u s the 
T h - P b a b s o r p t i o n shou ld be different* T h i s d i f f e r ence w a s o b s e r v e d . T h e 
r e s u l t s of t h i s e x p e r i m e n t a r e : l e t Y b t h e y i e l d of X - r a y s p e r Jfmeson s topped 
in the a b s o r b e r a 

C a r b o n ( g r a p h i t e s t o p p e r ) Y 11 i 2% 
Oxygen ( w a t e r s t o p p e r ) Y 20j£7% 

T h i s i s a r a t h e r s u r p r i s i n g r e s u l t b e c a u s e t he 2p~>ls t r a n s i t i o n p r o b a b i l i t y 
goes a s Z ^ , wh i l e the p r o b a b i l i t y for the n u c l e a r a b s o r p t i o n f r o m t h e 2p s t a t e 
v a r i e s a s T h u s , the y i e l d shou ld be l e s s for oxygen c o m p a r e d to c a r b o n . 
U s i n g the Z d e p e n d e n c e and the c a r b o n r e s u l t s t he y i e l d for oxygen shou ld b e 
about 6%8 T h e low n u c l e a r a b s o r p t i o n r a t e in oxygen m a y be due to the fact 
t ha t 0 ^ is a doubly m a g i c n u c l e u s wi th c l o s e d s h e l l s . T h e c a r b o n y i e l d c a n be 
c h e c k e d wi th the /*>50 M e v 7T s t a r p r o d u c t i o n c r o s s s e c t i o n m e a s u r e m e n t s at 
Columbia, , M a r s h a k and M e s s i a h have shown tha t if only the p p a r t of the 
m e s o n i n t e r a c t i o n i s r e s p o n s i b l e for s t a r f o r m a t i o n and if t he n u c l e a r m a t r i x 
e l e m e n t does not v a r y r a p i d l y wi th e n e r g y , the n u c l e a r a b s o r p t i o n r a t e f r o m 
the 2p s t a t e in C shou ld a g r e e wi th e x p e r i m e n t 

A n o t h e r r u n w a s m a d e wi th v a r i o u s c a r b o n h y d r o g e n c o m p o u n d s : C, GH^ 
and C^ H^o F r o m the P a n o f s k y e x p e r i m e n t we know t h a t t he m e s o n s a r e not 
c a p t u r e d in h y d r o g e n , but when caugh t in a t o m i c o r b i t s of h y d r o g e n a r e t r a n s ­
f e r r e d to o r b i t s of the J.-Z a t o m s 0 The y i e l d s f r o m t h e s e s t o p p e r s w e r e 
11% for C 3 ^ 6 % for C^ a n d / ^ 6 % for CH2 wi th p o o r s t a t i s t i c s for the c o m ­
p o u n d s , T h e r e s u l t s on t h e c a r b o n c o m p o u n d s s u g g e s t t ha t t he y i e l d for oxygen 
is only a l o w e r l i m i t and a h i g h e r va lue shou ld be o b t a i n e d wi th a p u r e oxygen 
t a r g e t i n s t e a d of H^O. In a n s w e r to a q u e s t i o n , P i a t t s a i d t ha t t h e y i e l d c o m p u ­
t a t i o n s r e q u i r e d knowing (1) the c r y s t a l g e o m e t r y , (2) t h e d e t e c t o r e f f ic iency 
and (3) t he n u m b e r and p o s i t i o n of the s t o p p e d 7 T m e s o n s 0 F o r t h e e v a l u a t i o n 
of the oxygen and c a r b o n da t a , only the c r y s t a l e f f i c i ency w a s d i f fe ren t and t h i s 
w a s a f a c t o r of abou t 2 l o w e r for oxygen 0 

R o b e r t s t h e n m a d e s o m e t h e o r e t i c a l r e m a r k s on the m e s i c m o l e c u l e 0 A 
c o m p a r i s o n of the X - r a y y i e l d s f r o m the g r a p h i t e and c a r b o n c o m p o u n d s s top 
p e r s i n d i c a t e s tha t t h e r e a r e about half a s m a n y c a r b o n X - r a y s p r o d u c e d by 
t h e compoundso On t h e o t h e r hand , Panofsky*s e x p e r i m e n t shows tha t l e s s 
t h a n 1/2% of t h e m e s o n s a r e c a p t u r e d in hydrogen. , t h u s , e s s e n t i a l l y a l l t he 
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m e s o n s a r e a b s o r b e d by the c a r b o n n u c l e u s , A p o s s i b l e m e c h a n i s m for t h i s d i f f e r ­
ence is the following: s o m e of the 'If m e sons e n t e r i n g the CH^ a r e o r i g i n a l l y c a p t u r e d 
in a h igh o r b i t a r o u n d a p r o t o n and f o r m an en t i ty which looks l ike a n e u t r o n , i 0 e 0 , a 
s m a l l n e u t r a l p a r t i c l e which can diffuse f r o m a t o m to a t o m wi th t h e r m a l v e l o c i t i e s 0 

T h e r e is t i m e for m a n y c o l l i s i o n s s i n c e the t i m e s for a t o m i c o r b i t t r a n s i t i o n s a r e 
longo If t h i s ent i ty ge t s n e a r a c a r b o n a t o m , t h e r e wil l be a ne t a t t r a c t i o n b e t w e e n 
t h e two, even at l a r g e d i s t a n c e s of the o r d e r of the K s h e l l wh ich in c a r b o n is app rox ­
i m a t e l y 10~^cm o S o m e t h i n g l ike a h y d r o g e n m o l e c u l a r ion i s f o r m e d , tha t i s , two 
p o s i t i v e c h a r g e c e n t e r s , c a r b o n (Z ~ 6 ) and p r o t o n ( Z i l ) s a r e bonded by the m e s o n 0 

With in the c a r b o n e l e c t r o n i c K s h e l l t h e r e c a n be m a n y s t a t e s of t h i s m e s i c m o l e c u l e 0 

T h e e l e c t r o n s a r e ou t s i de of t h i s r e g i o n but , a s F e r m i s u g g e s t e d , m a y ac t as p o t e n ­
t i a l a b s o r b e r s of e n e r g y and p r o d u c e A u g e r t r a n s i t i o n s . The m e s i c m o l e c u l e h a s 
p e c u i ^ j p r o p e r t i e s , , The u s u a l B o r m O p p e n h e i m e r s e p a r a t i o n of e n e r g i e s in to the 
e l e c t r o n i c , r o t a t i o n and v i b r a t i o n a l e n e r g i e s i s not v e r y va l id 0 An a p p r o x i m a t e c a l ­
cu l a t i on of the l e v e l s in t he g r o u n d s t a t e give for the r o t a t i o n a l e n e r g y c o n s t a n t B Q 

about 1/2 Kev and for the f i r s t v i b r a t i o n a l l e v e l v Q a p p r o x i m a t e l y 15 Kev 0 

L e t us c o n s i d e r the e x c i t e d s t a t e s of the m o l e c u l e in m o r e de ta i l : r e m e m b e r i n g 
tha t the n u c l e a r a b s o r p t i o n p r o b a b i l i t y i s p r o p o r t i o n a l to t h e s q u a r e of the wave f u n c ­
t i on at the n u c l e u s , t hen the m a i n c o n t r i b u t i o n c o m e s f r o m the p r o p o r t i o n of the 
s t a t e s , i. e 0 , s t a t e s in which the o r b i t a l a n g u l a r m o m e n t u m about the i n t e r n u c l e a r 
a x i s i s 0, In c a r b o n , for s s t a t e s up to about N 35 5 o r 6, the l i f e t i m e for n u c l e a r 
a b s o r p t i o n is l e s s t han 10 s e c G When a n e u t r a l m e s i c p r o t o n a p p r o a c h e s a c a r b o n 
n u c l e u s the m e s o n fol lows one of the m a n y po t en t i a l e n e r g y c u r v e s c o r r e s p o n d i n g to 
t he v a r i o u s m e s i c s t a t e s of the m o l e c u l e e E v e n for the u n s t a b l e s t a t e s the m e s o n 
m i g h t s t a y in the r e g i o n of the m i n i m a for the o r d e r 1 0 " ^ s e c 0 T h i s t i m e i s long 
enough for n u c l e a r a b s o r p t i o n b e c a u s e of the l a r g e ( ^ c o m p o n e n t of the s t a t e s 0 Al l 
the s t a t e s b e c o m e a m i x t u r e of t he e igenfunc t ions of the a n g u l a r m o m e n t u m about 
t h e i n t e r n u c l e u s a x i s 0 T h i s a l s o o c c u r s for the h igh ly e x c i t e d s t a t e s of the h y d r o g e n 
m o l e c u l a r ion a F o r the m e s i c m o l e c u l e the m i x i n g of t h e s e s t a t e s i s even g r e a t e r . 
T h u s it s e e m s p l a u s i b l e tha t in the m e s i c m o l e c u l a r s y s t e m the n u c l e a r a b s o r p t i o n 
c a n o c c u r without op t i ca l t r a n s i t i o n s to the g round s t a t e . E v e n if we a s s u m e tha t the 
m o l e c u l e i s f o r m e d in a s t a b l e conf igura t ion* the m e s o n does not h a v e to j u m p to 
a s ing le s t a t e a s in the c a s e of an a t o m , With the add i t ion of r o t a t i o n and v i b r a t i o n 
s t a t e s to the m o l e c u l a r s y s t e m the m e s o n wi l l not m a k e a s m a n y h igh e n e r g y op t i ca l 
t r a n s i t i o n s . 

C a m a c e m p h a s i z e d in r e f e r e n c e to P l a t t s s r e p o r t tha t the Jf s t a r p r o d u c t i o n c r o s s 
s e c t i o n for m e s o n s p o s s e s s i n g 50 M e v e n e r g y o r l e s s c a n be e s t i m a t e d f r o m the 
m e s i c X - r a y y i e l d s . The e x t r a p o l a t i o n of the C o l u m b i a da ta for t a bon at about 50 
M e v a g r e e d qui te wel l wi th the X - r a y y i e ld da ta , Us ing the c xygen X - r a y yield,, the 
TT s t a r p r o d u c t i o n c r o s s s e c t i o n shou ld be l e s s t h a n 1/3 tha t of c a rbon , 

Reyno lds r e p o r t e d on the Ji m e s o n a b s o r p t i o n e x p e r i m e n t s by Keuffel , H a r r i s : -
and Reyno lds at Pr ince ton , , T h e r e h a s b e e n p u b l i s h e d a r e p o r t on the m e a s u r e m e n t s 
of the /H m e s o n n u c l e a r a b s o r p t i o n p r o b a b i l i t i e s in which the da ta w e r e c o m p a r e d 
to W h e e l e r 3 s p r e d i c t i o n s . T h e s e m e a s u r e m e n t s w e r e m a d e with m e r c u r y , l e a d and 
b i s m u t h a b s o r b e r s . S ince then a g roup of five e l e m e n t s in the v i c in i t y of Z — 50 have 
b e e n m e a s u r e d to about 8% p r e c i s i o n . T h e r e s e e m s to be no fine s t r u c t u r e in t h i s 
r e g i o n but the c r o s s s e c t i o n is u n i f o r m l y l o w e r t han the l aw would p r e d i c t . The 
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t h e o r e t i c a l w o r k h a s b e e n c o n s i d e r a b l y r e f i n e d by D e m s t e r in wh ich he t a k e s a 
s ing le p a r t i c l e m o d e l wi th an a d j u s t a b l e o s c i l l a t o r p o t e n t i a l and a d j u s t s the e n ­
e r g y l e v e l s e m p i r i c a l l y . He f inds good a g r e e m e n t wi th ou r e x p e r i m e n t a l poin ts . 
He a l s o p r e d i c t s t ha t t h e r e shou ld be no n e u t r o n a b s o r p t i o n in c a l c i u m which i s 
c o n s i s t e n t wi th Sard*s w o r k c It i s i n t e r e s t i n g to no te t h a t t he n u c l e a r a b s o r p ­
t i on t i m e f r o m the Is s t a t e i s qu i te long even for b i s m u t h Zss:83; t h e t i m e i s 
0, 0 % s e c o 

S c he in spoke on the p o s s i b i l i t y of d e t e c t i n g V ° p r o d u c t i o n by p i o n s f r o m the 
C h i c a g o cyc lo t ron* V ° - p a r t i c l e p r o d u c t i o n f r o m the C h i c a g o c y c l o t r o n h a s 
b e e n u n d e r t a k e n by J ô F a i n b e r g , K. B r o w n , R 0 G l a s s e r , and M c Sche in , The 
e x p e r i m e n t a l a r r a n g e m e n t w a s a s fo l lows; A 227 Mev Jfmeson b e a m e n t e r s a 
5 " long c a r b o n t a r g e t 0 Two s e t s of p h o t o g r a p h i c p l a t e s a r e p l a c e d at the s ide 
of the t a r g e t and s h i e l d e d in the d i r e c t i o n of t he TTbeam and in the b a c k w a r d s 
d i r e c t i o n wi th 8" t h i c k l e a d b r i cks» One s e t of p l a t e s w e r e c l o s e to the t a r g e t 
the o t h e r w a s 4 c m a w a y 0 In t he e a r l y w o r k r e p o r t e d l a s t y e a r by L o r d , t h e 
p l a t e s w e r e d i r e c t l y in theTfbeam* S ince the l a s t r e p o r t we hav * o b s e r v e d a 
few m o r e events* We h a v e a t t e m p t e d to p r o d u c e the r eac t ionTf - f p V]_ -f- ( ? ) , 
w h e r e the V ^ h a s v e r y s m a l l k i n e t i c e n e r g y e T h e V? d e c a y V®-»^ p-Kftwas l o o k ­
ed for in the p h o t o g r a p h i c p l a t e s . F o r low e n e r g y V^the p r o t o n and m e s o n c o m e 
off in p r a c t i c a l l y o p p o s i t e d i r e c t i o n s , and the Q va lue i s the s u m of t h e i r k i n e t i c 
e n e r g i e s . A c c e p t i n g only e v e n t s in which t h e m e s o n c o m e s in the b a c k w a r d 
d i r e c t i o n wi th r e s p e c t to t he p ion b e a m , we found t h r e e e v e n t s in the c l o s e 
p l a t e s and no e v e n t s in t he b a c k p l a t e s . Two of t he t h r e e e v e n t s h a v e b e e n a n ­
a l y z e d so f a r Q The b e s t even t i s shown b e l o w 
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A p r o t o n and a m e s o n c o m e off in a l m o s t o p p o s i t e d i r e c t i o n s , 170 a p a r t ; t he 
p r o t o n s t o p p e d in t he e m u l s i o n g iv ing a def in i te r a n g e so t h a t i t s i n i t i a l m o m e n ­
t u m c a n be d e t e r m i n e d v e r y accura te ly , , T h e m e s o n ' s e n e r g y w a s o b t a i n e d by 
m u l t i p l e s c a t t e r i n g m e a s u r e m e n t s . F o r t h i s e v e n t , t he p r o t o n h a d 110 M e v / C 
m o m e n t u m , and t : i 3 7Tmeson h a d 104 M e v / C m o m e n t u m 5 t h e a c c u r a c y of the 
l a t t e r b e i n g 10%. No te t h a t the m o m e n t a a r e a p p r o x i m a t e l y e q u a l , s u g g e s t i n g 
a two body d i s in t eg ra t ion , . A s s u m i n g the r e a c t i o n Vj^p+TT^nd t a k i n g the 10 
ang le in to a c c o u n t , t h e Q va lue for t he r e a c t i o n i s 38 M e v , in v e r y good a g r e e ­
m e n t wi th c o s m i c r a y w o r k . T h e p r o t o n and the p ion e n e r g i e s a r e 6. 4 and 31 
M e v , r e s p e c t i v e l y . It i s diff icult to exp l a in t h i s even t a s a s t a r 0 If i t w e r e , 
s i n c e the m o m e n t u m is b a l a n c e d and the e n e r g y i s not b a l a n c e d , the only type 
of s t a r p o s s i b l e i s one wi th n e u t r a l p a r t i c l e s going at r i g h t a n g l e s to the c h a r g ­
ed p a r t i c l e s and in o p p o s i t e d i r e c t i o n s to e a c h other,, T h i s would be a v e r y 
p e c u l i a r s t a r* A n o t h e r s i m i l a r even t g ives a Q va lue of 32 Mev« In the s e c ­
ond c a s e , t he dip ang l e w a s l a r g e r , so t ha t t h e m e a s u r e m e n t w a s not a s a c c u r -
a t e Q The t h i r d even t h a s not b e e n a n a l y z e d c o m p l e t e l y but i t h a s a Q va lue of 
a p p r o x i m a t e l y 44 M e v , F o r t h i s even t , the j fpmeson does not h a v e a long p a t h 
in the e m u l s i o n . A l l t h i s w o r k i s c o n s i s t e n t w i th t he c o s m i c r a y da ta ; h o w e v e r , 
it i s p r e l i m i n a r y and s h o u l d be c o n s i d e r e d a s s u g g e s t i v e un t i l m o r e w o r k is 
done . In p a r t i c u l a r , t he n u m b e r s and t y p e s of o n e - p r o n g s t a r s s h o u l d be i n ­
v e s t i g a t e d in m o r e d e t a i l . T h e c r o s s s e c t i o n for the " s t r a n g e 1 1 e v e n t s c o m ­
p a r e d to t he m e s o n i n t e r a c t i o n c r o s s s e c t i o n in c a r b o n is e s t i m a t e d to be of 
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S c h e i n a l s o r e p o r t e d on s o m e s t r a n g e n u c l e a r s t a r s p r o d u c e d by p i o n s found by 
J , F a i n b e r g , K, B r o w n , and D 0 W i l l i a m s , Six s i m i l a r c a s e s of a p e c u l i a r t ype of 
s t a r h a v e b e e n o b s e r v e d . An i n c i d e n t Jf" m e s o n wi th 227 M e v e n e r g y p r o d u c e d a 
s t a r on a p h o t o g r a p h i c p l a t e . A m e s o n c o m e s off in the b a c k w a r d d i r e c t i o n ; for e x ­
a m p l e , in one of t h e s e c a s e s t he m e s o n l e a v e s at 160 and wi th 136 Mev e n e r g y , and 
a p r o t o n goes in the f o r w a r d d i r e c t i o n wi th a p p r o x i m a t e l y 110 M e v energy* T h e s e two 
p a r t i c l e s t o g e t h e r p o s s e s s the k i n e t i c e n e r g y of the i n c i d e n t m e s o n 3 and , t h u s , the 
e n e r g y i s u s e d up. S ince the p r o t o n c a r r i e s off m o s t of the m o m e n t u m t h e r e a p p e a r s 
to be no c o n s e r v a t i o n of m o m e n t u m . No n u c l e a r r e c o i l s have b e e n o b s e r v e d 0 So f a r , 
no e x p l a n a t i o n for t h i s t ype of even t h a s b e e n g iven 0 

F i n a l l y , Sche in d i s c u s s e d the e m i s s i o n of h igh e n e r g y e l e c t r o n p a i r s in h igh e n ­
e r g y m e s o n col l i s ions , , T h i s w o r k w a s c a r r i e d out in c o l l a b o r a t i o n wi th JL J . L o r d , 
J 0 F a i n b e r g , D« H a s k i n , and R* G l a s s e r , T h e i nc iden t m e s o n e n e r g i e s w e r e 122, 
141, 227 Mevo An e x a m p l e of s u c h an even t i s shown be low, a i s a 141 M e v i n c i d e n t 

/ m e s o n , b i s a p r o t o n and 
Cj! and C2 a r e e l ec t rons , . 
T h e p a i r t r a c k s a r e a l ­
ways at m i n i m u m i o n i z a ­
t i o n s and s i n c e t h e i r m o ­
m e n t a a r e s o m e t i m e s 
smal l , , t h e i r m a s s e s have 
b e e n e s t i m a t e d to be l e s s 
t h a n 10 e l e c t r o n m a s s e s » 
F o r the even t shown in 
t h e f igure» the m o m e n t a 

of the e l e c t r o n s a r e o v e r 200 M e v / c , F e r m i a s k e d w h e t h e r t h e r e w e r e d i s p l a c e m e n t s 
b e t w e e n the c e n t e r of the s t a r and the o r i g i n of the p a i r s , S c h e i n r e p l i e d tha t t h e y 
l o o k e d v e r y c a r e f u l l y and a l w a y s found tha t the p a i r o r i g i n a t e d wi th in a m i c r o n of 
t he s t a r . 

pAit VRODOCT/ON 

T h e m e c h a n i s m for t h i s p a i r p r o d u c t i o n w a s cons ide red , . C o n v e r s i o n of s i ng l e 
h igh e n e r g y n u c l e a r }f r a y s w a s r u l e d out b e c a u s e of t he B e r k e l e y r e s u l t s wh ich 
s h o w e d tha t the n u m b e r of h igh e n e r g y % r a y s w a s v e r y s m a l L It w a s e s t i m a t e d 
t ha t t h i s effect cou ld not p r o d u c e m o r e t h a n one p a i r in t e n t h o u s a n d e v e n t s , T a a t 
i s , 1 ' o r a d i a t i o n t i m e s l ° / o p a i r conve r s ion* H o w e v e r , we o b s e r v e d a r a t e of one 
d i r e c t p a i r p e r 500 s t a r s . We thus a s s u m e d tha t the p a i r s c a m e d i r e c t l y f r o m Jf° 
decay . The p a i r s cou ld not c o m e f r o m a c o n v e r s i o n of one of the T\° pho tons s i n c e 
it cou ld n o t m a t e r i a l i z e so quickly* Us ing a r e a s o n a b l e va lue for the ff" c h a r g e e x ­
c h a n g e c r o s s s e c t i o n and the f a c t o r of 1/80 for t he d i r e c t p a i r f o r m a t i o n in Jf0 decay* 
the c a l c u l a t e d e l e c t r o n p a i r y i e l d a g r e e s wi th t he r e s u l t of one in 500. H o w e v e r , t he 
a n g u l a r c o r r e l a t i o n of the p a i r e l e c t r o n s i s in p o o r a g r e e m e n t wi th the t h e o r e t i c a l 
a n g u l a r c o r r e l a t i o n . T h e o b s e r v e d a n g u l a r c o r r e l a t i o n i s too c l o s e . F o r the 200 
M e v p a i r shown in the f i gu re t he ang le i s 0* 3 ° , w h e r e a s t he t h e o r y g ives an a v e r ­
age ang le of 10° o F e r m i s a i d tha t t he d i s t r i b u t i o n s t r o n g l y f a v o r s s m a l l a n g l e s . 
T h e d i s t r i b u t i o n goes a s 1/0 and l e v e l s off at v e r y s m a l l a n g l e s , but i t i s t r u e t ha t 
t he m e a n ang le i s about 10° 6 S c h e i n con t inued : Out of a t o t a l of 8 p a i r s m e a s u r e d , 
4 p a i r s have Q^2° w h e r e 0 i s t he c o r r e l a t i o n ang le b e t w e e n the p a i r s 0 T h e l a r g e s t 
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angle o b s e r v e d w a s 25° for a v e r y low e n e r g y p a i r t t T h e r e i s one c a s e w h e r e 
a 200 M e v p a i r h a s &^6°a The l a t t e r even t s e e m s to a g r e e wi th t he d i r e c t p a i r 
p r o d u c t i o n d e c a y s c h e m e * 

The l i f e t i m e w a s nex t e s t ima ted* T h e 77° k i n e t i c e n e r g y c a n be e s t i m a t e d 
f r o m m e a s u r e m e n t s of t he e l e c t r o n p a i r e n e r g i e s and a n g l e s Q Knowing the T[° 
e n e r g y and the d i s t a n c e f r o m the o r i g i n of the p a i r to the s t a r , the ] f ° l i f e t i m e 
c a n be e s t i m a t e d , U n f o r t u n a t e l y , for the c y c l o t r o n thelX° e n e r g i e s a r e too 
s m a l l to give l a r g e d i s p l a c e m e n t s . F o r the 200 M e v "ft 0 p a i r s a gap of 4 . 8 m i ­
c r o n s s h o u l d be o b s e r v e d for a m e a n l i f e t i m e of 1 0 s e c o n d s , a l i f e t i m e r e ­
p o r t e d by the R o c h e s t e r g r o u p 0 In a l l 8 e v e n t s o b s e r v e d , the gap w a s l e s s t h a n 
two m i c r o n s , T h e d i s t a n c e w a s d e t e r m i n e d for t he p a i r s wi th l a r g e a n g l e s by 
e x t r a p o l a t i n g the t r a c k s to a point* F o r t h e s m a l l a n g l e s t h e r e w a s a lways a 
g r a i n wi th in the f i r s t two m i c r o n s 0 It c a n be e s t i m a t e d tha t the l i f e t i m e i s 

-15 
e i t h e r equa l to o r l e s s t h a n 5 x 10 seconds, , A n o t h e r p e c u l i a r f e a t u r e i s t ha t 
a l l t he 8 p a i r s a r e e m i t t e d in a b a c k w a r d d i r e c t i o n . 

R i t s o n t h e n m a d e s o m e r e m a r k s c o n c e r n i n g the m e a s u r e m e n t of the |7"° 
l i f e t i m e by K a p l o n , R i t s o n and W a l k e r at R o c h e s t e r * The r e m a r k s w e r e p u r e l y 
n e g a t i v e s i n c e t h e y a r e now u n s u r e of the p u b l i s h e d va lue of 1 0 " ^ s e c . In fac t , 
b e c a u s e of the B r i s t o l w o r k , t h e y a r e not even s u r e t ha t t he m e a s u r e m e n t s r e -
f e r r e d to the l i f e t i m e of t he | | meson* H e n c e 2 a s h o r t e r l i f e t i m e t h a n 10 
s e c is qui te p o s s i b l e T h e r e a s o n for o u r doubt is due to the fac t t ha t in the 
i n i t i a l o b s e r v a t i o n s u s i n g a s t a c k of a l t e r n a t i n g l e a d and p h o t o g r a p h i c p l a t e s , 
t h e r e w a s a v e r y h igh e n e r g y even t . L o w e r in t he s t a c k s e p a r a t e d f r o m the 
s t a r by s e v e r a l r a d i a t i o n l e n g t h s of m a t e r i a l t h e r e w a s the o r i g i n of a double 
c o r e e l e c t r o n i c s h o w e r . T h e r e w e r e not m a n y p a r t i c l e s a r o u n d the s h o w e r 
origin^ T h e r e a r e t h r e e e x p l a n a t i o n s for t he event : (1) a 7 f ° d e c a y at t h i s o r ­
ig in wh ich f o r m e d a d o u b l e - c o r e s h o w e r , (2) one of the s e c o n d a r y p a r t i c l e s 
c a u s e d a n o t h e r i n t e r a c t i o n wh ich p r o d u c e d ^ r a y s , and (3) t h e r e i s a n o t h e r type 
of p a r t i c l e wh ich d e c a y s 0 The s e c o n d a r y i n t e r a c t i o n e x p l a n a t i o n h a d b e e n r u l e d 
out b e c a u s e t h e e n e r g y of the e l e c t r o n i c s h o w e r w a s c o m p a r a b l e to the i n i t i a l 
e n e r g y and t h e r e w e r e no f r a g m e n t s o r p a r t i c l e s at t he s h o w e r o r i g i n 0 The 
poin t of the so c a l l e d 7 f ° d e c a y w a s o b t a i n e d b y e x t r a p o l a t i n g the a x e s of the 
two c o r e s b a c k to a point* 

H o w e v e r , r e c e n t l y a n o t h e r s i m i l a r even t h a s b e e n o b s e r v e d wi th a s e c o n d ­
a r y e l e c t r o n s h o w e r o r i g i n a t i n g a l a r g e d i s t a n c e f r o m the p r i m a r y even t . 
F r c j p the ang le b e t w e e n the c o r e s , t he ~ff° e n e r g y w a s e s t i m a t e d to be about 
10 evo In t he f i r s t even t , the e n e r g y w a s 5 x 1 0 ^ e l e c t r o n v o l t s s U s i n g a 
l i f e t i m e of 1 0 s e c o n d s for the |f° in the s e c o n d even t , i t i s e x t r e m e l y u n ­
l i k e l y for t h e TT° to d e c a y so f a r f r o m the o r i g i n a l i n t e r ac t i on* T h e l i f e t i m e 
m u s t be a t l e a s t 2 o r 3 x l O ^ s e c * A g a i n , wi th t h e s e c o n d e v e n t , the s h o w e r 
c o n t a i n s a l a r g e f r a c t i o n of the o r i g i n a l e n e r g y and t h e r e i s no v i s i b l e i n t e r ­
a c t i o n at t h e o r i g i n of the pho ton pai r* T h i s , the s e c o n d even t a l s o h a s the 
c h a r a c t e r i s t i c s of a |f° decay* Such a l ong l i f e t i m e i s i n c o n s i s t e n t wi th the r e ­
s u l t s of the o t h e r g r o u p s a n d now we doubt o u r i n t e r p r e t a t i o n of t h e f i r s t even t 
a s a "jj" d e c a y 0 M a r s h a k r e m a r k e d tha t the s e c o n d a r y i n t e r a c t i o n at the s h o w ­
er o r i g i n s e e m e d r a t h e r i m p r o b a b l e and an a l t e r n a t i v e e x p l a n a t i o n cou ld be t h a t 
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a h e a v i e r n e u t r a l m e s o n d e c a y w a s b e i n g observed . , s i n c e t h e e n e r g i e s in the e l e c ­
t r o n i c c o r e s w e r e uncer ta in , , 

P e r k i n s r e p o r t e d on t h e B r i s t o l m e a s u r e m e n t of the TT^lifetime u s i n g the e l e c t r o n 
p a i r s tha t a p p e a r to c o m e out of s t a r s m a d e by Anand , Dan i e l , Davie s 9 M u l v e y , and 
P e r k i n s , , T h e w o r k i s s i m i l a r to t ha t r e p o r t e d b y S c h e i n e T h e | f ° l i f e t ime i s d e t e r ­
m i n e d fay m e a s u r i n g the d i s t a n c e b e t w e e n t h e s t a r and the o r i g i n of the d i r e c t 
d e c a y pair. . If the f r e q u e n c y of p a i r s i s p l o t t e d a s a funct ion of the d i s t a n c e of the 
p a i r o r i g i n to the s t a r a i e f inds a p e a k wi th in t h e f i r s t 5 m i c r o n s and a c o n s t a n t 
s m a l l e r f r e q u e n c y for l a r g e r d i s tances , , T h e p e a k is b e l i e v e d to b e due to d i r e c t 
p a i r f o r m a t i o n the 7 | % e c a y whi le t he s m a l l e r f r e q u e n c y a t l a r g e r d i s t a n c e s i s 
due to t h e c o n v e r s i o n of one of the IT p h o t o n s 0 S i x t y - t w o d i r e c t p a i r e l e c t r o n s h a v e 
b e e n o b s e r v e d , T h e fol lowing g r a p h shows the d i s t a n c e in m i c r o n s to t h e f i r s t r e ­

s o l v e d g r a i n of the e le c -
t r o n pair« A s i m i l a r 
d i s t r i b u t i o n w a s m e a s u r e d 
for p r o t o n s h a v i n g t w i c e 
m i n i m u m i o n i z a t i o n and 
c o m i n g d i r e c t l y f r o m 
starSo T h e d i s t r i b u t i o n 
of t he d i s t a n c e s f r o m the 
f i r s t p r o t o n p r o d u c e d 
g r a i n to t h e s t a r shou ld b e 
e x p o n e n t i a l , but due to the 
l a r g e n u m b e r of g r a i n s a t 

the s t a r i t i s i m p o s s i b l e to r e s o l v e g r a i n s a t the c e n t e r . T h u s , t h e r e i s an i n i t i a l 
gapo A s s u m i n g tha t (1) the f i r s t g r a i n d i s t r i b u t i o n i s t h a t o b s e r v e d for t he pro tons . , 
and (2) t h e l f 0 e n e r g y s p e c t r u m is the s a m e a s t h e c h a r g e d p ion s p e c t r u m , t h e n the 
l i f e t i m e f i t t ing the da ta b e s t i s about 5 x 1 0 " ^ see* wi th a s p r e a d f r o m 3 to 12 xlO 
s e c It i s c l e a r f r o m the d a t a t h a t the p a i ^ s o r i g i n a t e away f r o m the s t a r s and tha t 
t h e f ichas a f ini te l i f e t i m e g r e a t e r t h a n 10 s e c , H. A n d e r s o n s a i d t h a t the m e a ­
s u r e m e n t s of t he g r a i n d e n s i t y fo r c l o s e e l e c t r o n p a i r s w a s m e a s u r e d to b e only L 5 
t i m e s min imum, , P e r k i n s r e p l i e d t h a t t h e y f ind tw ice m i n i m u m . T h e m e a n d i s t a n c e 
to t h e f i r s t g r a i n i s about 4 0 0 j t 0 o 2 m i c r o n s for t h e t w i c e m i n i m u m p r o t o n t r a c k and 
4, 9 ± 0 . 2 m i c r o n s for t h e e l e c t r o n p a i r t r a c k s . T h e c o n c l u s i o n t ha t the l i f e t i m e i s 
f ini te i s s u p p o r t e d by the fact t ha t the high e n e r g y p a i r s o r i g i n a t e f a r t h e r f r o m the 
s ta r* F o r ope: 'ng a n g l e s l e s s t h a n 0» 025 r a d i a n s , the a v e r a g e d i s t a n c e to t he f i r s t 
g r a i n is 4 0 4 + 0. 3 / / ; for open ing a n g l e s g r e a t e r t h a n 0* 025 r a d i a n s , the a v e r a g e d i s ­
t a n c e to t he f i r s t g r a i n i s 5„ 4 4 ; 0 o 4 ^ T h e r a t i o of ffclecay e l e c t r o n p a i r s to the 
two Y'decay i s L 3 + 0« 4%, in a g r e e m e n t wi th t h e w o r k of S t e i n b e r g e r and Da l i t z G 

P e r k i n s nex t d e s c r i b e d t h e B r i s t o l e v i d e n c e for d i r e c t ^ m e s o n p r o d u c t i o n in 
s t a r s 0 T h e r e a r e only two e x a m p l e s of d i r e c t ^ ( m e s o n p r o d u c t i o n in s t a r s . In one 
of t h e s e e v e n t s t h e r e w a s a l a r g e s t a r f r o m wh ich a ^ m e s o n a p p e a r s to leave* It 
t r a v e l s 735 m i c r o n s and d e c a y s in to an e l e c t r o n wi th an e n e r g y of 20 M e v o r m o r e 
wi th a 25% u n c e r t a i n t y in the e n e r g y , A l v a r e z a s k e d wha t would be s e e n if t h e ^ j 
c a m e f r o m a f o r w a r d d e c a y in f l ight of a~Tjj* « P e r k i n s s a i d that in g e n e r a l t h e r e 
would be a l a r g e a n g u l a r de f l ec t ion and not a f o r w a r d d e c a y in f l ight , but e v e n if 
t h e r e was a d e c a y in the forw- cd d i r e c t i o n , t h e r e would be a f a c t o r of 2 o r m o r e 



dit ge in t h e g r a i n density,, T h e r e is a lways the c h a n c e t h a t a T T m e s o n d e c a y s 

in the f i r s t g r a i n , but t h i s i s unlikely,, A l v a r e z t h e n p o i n t e d out t ha t the c h a n c e 

for a j T m e s o n wi th a v e l o c i t y of 1 to d e c a y wi th in t h e f i r s t 10 m i c r o n s i s 1 

in 10 If 8 s l e a v i n g s t a r s 0 B e c a u s e so m a n y s t a r s h a v e b e e n s e e n at B r i s t o l , 

t h e r e i s r e a s o n a b l e c h a n c e to s e e such an event* H o w e v e r , a t o t a l of only 275 

slowlT and 30 s low^f^par t i c les have b e e n o b s e r v e d e j e c t e d f r o m s t a r s and c o m i n g 

to r e s t in t h e s a m e e m u l s i o n , F e r m i s a i d tha t s i n c e the r a n g e of t h e ^ is j u s t a 

l i t t l e o v e r t ha t for a ] ] " d e c a y at r e s t , the f f m e s o n h a d a good c h a n c e to d e c a y n e a r 

the s t a r G In the s e c o n d even t , P e r k i n s c o n t i n u e d t h e / / m e s o n had a r a n g e of 350 

m i c r o n s and the d e c a y e l e c t r o n h a d an e n e r g y of 40^ .10 M e v 0 T h e f r e q u e n c y of 

t h e s e e v e n t s i s l e s s t h a n 3% of t he "tf m e s o n s p r o d u c e d in s t a r s . G o l d s c h m i d t 

s a i d tha t a s i m i l a r even t w a s o b s e r v e d a coup le of y e a r s ago at B r i s t o L 

S e g r e m e n t i o n e d the w o r k on the p o s s i b l e pho to p r o d u c t i o n of V p a r t i c l e s by 

B e r n a r d i n i , et» aL , at I l l i n o i s 0 T h e b r e m s s t r a h l u n g b e a m of t he I l l ino i s b e t a ­

t r o n was s e n t in to a c y l i n d e r of a l u m i n u m wi th p h o t o g r a p h i e p l a t e s p l a c e d in t h e 

c e n t e r 0 T h e p l a t e s w e r e s h i e l d e d f r o m the d i r e c t ^ r a y b e a m by a l e a d b lock , 

About 8 cc of e m u l s i o n h a s b e e n scanned* M a n y Jf m e s o n s and p r o t o n s w e r e 

found p lus 2 e v e n t s wh ich l o o k e d l ike V p a r t i c l e s e A s s u m i n g a l i f e t i m e of 10"^ 

s e c , for the V p a r t i c l e , t he y i e l d i s 1 0 o f the ff m e s o n yieldo 

F e r m i t h e n spoke of the n e g a t i v e r e s u l t s on V ° p r o d u c t i o n by 450 Mev p r o ­

tons o b t a i n e d by G a r w i n at C h i c a g o 0 If V ° p a r t i c l e s a r e p r o d u c e d t h e r e shou ld 

be two e q u a l l y l i k e l y m o d e s of decay , n a m e l y , (1) V°-^ p - f TT~and (2) V°-r&N+"]T0 

fo l lowed byTT - ^ 2 ^ . T h u s , for the V ° p a r t i c l e s t r a v e l i n g a s h o r t d i s t a n c e b e ­

fo re decay , , o n e w o u l d e x p e c t a s o u r c e of ^ r a d i a t i o n o r i g i n a t i n g a few c e n t i m e ­

t e r s f r o m t h e t a rge to A 450 M e v p i Dton b e a m i r r a d i a t e d a t a r g e t ; i n the v i c i n ­

i ty of the t a r g e t a s e a r c h w a s m a d e for h igh e n e r g y ^ r a y s in the v i c in i t y of the 

t a r g e t wi th a v e r y w e l l c o l l i m a t e d tf'ray d e t e c t o r . No e v e n t s w e r e found which 

put an u p p e r l i m i t on the c r o s s s e c t i o n of 1 0 " ^ cm^ p e r n u c l e o n 0 A l v a r e z s a i d 

tha t a s i m i l a r e x p e r i m e n t , a t t e m p t i n g to m e a s u r e t h e ^ l i f e t i m e , w a s done by 

Y o r k at B e r k e l e y , He found no r a d i a t i o n s t a r t i n g 0, 001" f r o m the t a r g e t . 

P e r k i n s m a d e a r e m a r k c o n c e r n i n g the r e l a t i v e e n e r g i e s of the two e l e c t r o n s 

in the r ac t ion jT-^2 e - f^ T h e fol lowing g r a p h s h o w s the r e l a t i v e e n e r g y d i s t r i ­

bu t ion of the e l e c t r o n s in the d e c a y p r o c è s T h e a b s c i s s a i s t he r a t i o 

of the e n e r g y of one of the e l e c t r o n s 

to t h e s u m of the e n e r g y of bo th of the 

e lec t ronSo A l s o shown on the g r a p h 

is the B e t h e - H e i t l e r p a i r p r o d u c t i o n 

d i s t r i b u t i o n T h e o r d i n a t e shows 

the r e l a t i v e n u m b e r of e v e n t s . Note 

tha t the two d i s t r i b u t i o n s a r e qui te 

different* T h e a v e r a g e e n e r g y of 

the d i r e c t e l e c t r o n p a i r s w a s c o m ­

p a r e d to the a v e r a g e e n e r g y of the 

p a i r s p r o d u c e d by one of t he 

photons* T h e r a t i o of the r e l a t e d to the d i r e c t p a i r e n e r g i e s w a s 0* 90jtl0o 24 a 

The u n c e r t a i n t y i s too l a r g e to d r a w any d é f i n i e c o n c l u s i o n s 0 

c(is"tnbui/o^ 
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P e r k i n s a l s o r e m a r k e d on t h e l a c k of d i r e c t e v i d e n c e for Jf , a s i n d i c a t e d by the 
w o r k of D a n y s z , H a r r i s , J u r i t z , and Lock 0 B r i s t o l no >nger b e l i e v e s d i r e c t t h e i r 
o b s e r v a t i o n of the . The i ndependen t e x i s t e n c e in e m u l s i o n s for a J° c a n only be 
shown by an even t in which a p a i r o f / f m e s o n s have an o r i g i n a f in i te d i s t a n c e f r o m 
t h e s t a r a T h i s i s wha t one o b s e r v e s for the T h e r e m a y be i n d i r e c t e v i d e n c e 
fo r the J s i n c e t h e r e i s a v e r y s t r o n g a n g u l a r c o r r e l a t i o n b e t w e e n p a i r s of Ji m e s o n s 
c o m i n g out of s t a r s . Of the c o r r e l a t e d p a i r s which have b e e n a n a l y z e d , 15 h a v e an 
a p p a r e n t Q < 1 5 Mev; 10 of t h e s e a r e c o n s i s t e n t wi th Q ~ 2 S 5 i l M e v , a s s u m i n g two -
p a r t i c l e d e c a y 0 A l v a r e z po in t s out t ha t if the}P e x i s t s for a v e r y s h o r t t i m e t h e n it 
i s l i ke the B e ^ n u c l e u s wh ich dec ~ in to twoô( p a r t i c l e s , 

Ao S a c h s r e p o r t e d on the r e s u l t s at C o l u m b i a on the r e a c t i o n ] f ? 2 e -+ <3"I A c o u n ­
t e r e x p e r i m e n t w a s p e r f o r m e d by looking at the two e l e c t r o n s c o m i n g d i r e c t l y f r o m 
a l i q u i d H^ t a r g e t . The r e s u l t s w e r e 8j^l« 7 p a i r s p e r 1000 e v e n t s c o m p a r e d to the 
t h e o r e t i c a l p r e d i c t i o n of 6 p e r 1000 The r e a c t i o n of tj^2 e wi thout a n y ^ f r a y s h a s a 
c r o s s s e c t i o n l e s s t han 1 p e r 2000 e v e n t s . An i n d e p e n d e n t e x p e r i m e n t by S a r g e n t 
and R i n e h a r t with a h y d r o g e n f i l l ed diffusion c loud c h a m b e r w h e r e the f f m e s o n s 
s top in t h e gas is a l s o in progress** T h e r e s u l t s so f a r a r e t h a t no d i r e c t p a i r s have 
b e e n o b s e r v e d in 200 7T^"stoppings 0 H o w e v e r , in the s a m e se t of p i c t u r e s t h e r e a r e 
20/if s topp ing showing d e c a y electrons*, 

W a l k e r spoke on h i s s e a r c h for p a i r c o r d a t i o n s in o s m i c r a y s h o w e r s . An 
e x t e n s i v e s e a r c h w a s m a d e for p a i r s of p e n e t r a t i n g p a r t i c l e s o r i g i n a t i n g in p e n e ­
t r a t i n g s h o w e r s in carbon* In 100 s h o w e r s no a n g u l a r c o r r e l a t i o n was found between 
p a i r s of p a r t i c l e s which cou ld not be e x p l a i n e d by c h a n c e c o i n c i d e n c e s . The c o r ­
r e c t i o n for c h a n c e c o i n c i d e n c e s is r a t h e r diff icult and one m u s t dea l wi th m a n y 
even tSo It w a s c o n c l u d e d t h a t l e s s t h a n 1/4% of the : o w e r p a r t i c l e s in c a r b o n a r e 
e m i t t e d in p a i r s , 

F e r m i s t a t e d t h a t for h igh e n e r g y s t a r s t h e r e m a y be an a n g u l a r c o r r e l a t i o n 
b e t w e e n p a i r s of p a r t i c l e s wh ich a r e due to a p r o c e s s tha t h a s an i n t e r m e d i a t e 
s t a t e , T h i s i n t e r m e d i a t e s t a t e m a y be a p u r e l y q u a n t u m m e c h a n i c a l s t a t e wh ich is 
v i r t u a l o r it m a y e x i s t for a v e r y s h o r t t ime* Two p a r t i c l e s wi th m o m e n t a P^ and 
P 2 t ha t , in gene ra l , a r e qui te d i f fe ren t have a v e r y s m a l l ang le b e t w e e n them* 
T h e i d e a to be u s e d h e r e i s e s s e n t i a l l y the s a m e which i s u s e d in. t he p r o d u c t i o n of 
e l e c t r o n p a i r s b y ^ r a y s * F o r e x a m p l e , c o n s i d e r the r e a c t i o n T T - ^ 2e-*-V0 T h e r e 
i s a h igh p r o b a b i l i t y fo: the two e l e c t r o n s to have a j i n a l l angle b e t w e e n t h e m , and 
the m o m e n t a P j and F ^ , in g e n e r a l , do not have the s a m e l eng th . T h i s c a n be e x ­
p l a i n e d by the following . \ : i n t u m - m e c h a n i c a l p i c t u r e . Suppose t h e r e is an i n t e r m e ­
d ia te s t a t e A tha t n o r m a l l y e m i t s a pho ton p lus o t h e r things.. O c c a s i o n a l l y , A wil l 
go to a v i r t u a l pho ton wi th s l i gh t l y d i f fe ren t e n e r g y and m a t e r i a l i z e into a p a i r . 
T h e p a i r h a s m o m e n t a P j -j- P ^ „ T h u s the i n t e r m e d i a t e photon m u s t have ' * m o ­
m e n t a IPj^r e n e r g y °f - e pho ton is cjp^ , P2) w h e r e c i s t. ? v e l o c i t y of 
l igh t . The e n e r g y of the f inal s t a t e wi th the two e l e c t r o n s is c | p j -f- CJP2*! ^ 
r e s t m a s s e n e r g y of the e l e c t r o n s c a n be n e g l e c t e d , t hen the g e o m e t r i c a l r e q u i r e ­
m e n t for cl P J -f- c j ^ 2 1 *° ^ e a P P r o x i m a t e l y equa l to c P j 4- P ^ j i s t ha t t h e r e i s a 
v e r y s m a l l angle b e t w e e n the two p a r t i c l e s , , H o w e v e r , the v e c t o r P j and P ^ do not 
have to be the s a m e l eng th , T h u s , for r e l a t i v i s t i c p a r t i c l e s t h e r e shou ld be an a n ­
g u l a r c o r r e l a t i o n , if t h e r e is an i n t e r m . i i a t e s t a t e . 



P e r k i n s s a i d t h a t t he ff p a i r s o b s e r v e d a t B r i s t o l c o m e f r o m low e n e r g y s t a r s 
and t h e ff m e s o n s h a d n o n - r e l a t i v i s t i c e n e r g i e s , T h i s i s r e q u i r e d for s c a t t e r i n g 
and g r a i n coun t ing m e a s u r e m e n t s . F e r m i r e p l i e d t ha t h i s e x p l a n a t i o n would not 
w o r k for low e n e r g i e s . 

Shut t r e p o r t e d on the m e a s u r e m e n t of t he i n t e r a c t i o n of 77 m e s o n s wi th h e l i ­
u m wi th T h o r n d i k e , F o w l e r , W h i t t e m o r e and F o w l e r at C o l u m b i a 0 T h i s w o r k 
w a s c a r r i e d out for 60 M e v 7T~rnesons and 105 M e v 7Î m e s o n s . E v e n t s w e r e o b ­
s e r v e d in a diffusion c loud c h a m b e r c o n t a i n i n g h e l i u m wi th no m a g n e t i c f ie ld . 
The r e s u l t s a r e shown in the t a b l e . The 60 Mev77 andTTdata a r e l u m p e d t o ­
g e t h e r . T h e n u m b e r s a r e the c r o s s s e c t i o n s in m i l l i b a r n s p e r h e l i u m n u c l e u s . 
T h e n u m b e r s in the n a r e n t h e s e s indicate t he n u m b e r of events o b s e r v e d . 

O e l a s t i c 

m e s o n energy- T o t a l £ o r w a r d b a c k w a r d 
60 37 (10) 7 30 

105 71 (25) 37 34 

^ i n t e r a c t i o n 

m e s o n t o t a l i n e l a s t i c a b s o r p t i o n and a b s o r p t i o n c h a r g e p r o n g s 
e n e r g y s c a t t e r i n g c h a r g e e x c h a n g e e x c h a n g e f rwd. bkwd. 

60 52(14) 15 37 15 22 9 0 
105 133(47) 51 82 20 62 23 6 

T h e m a i n s p l i t t i n g of the d a t a i s in to e l a s t i c s c a t t e r i n g a n d o t h e r i n t e r a c t i o n s . 
F o r t h e e l a s t i c s c a t t e r i n g the t o t a l c r o s s s e c t i o n i s f u r t h e r d iv ided into f o r ­
w a r d and b a c k w a r d s c a t t e r i n g . F o r the 60 Mevlf e l a s t i c s c a t t e r i n g if one 
a s s u m e s t h a t theTT^+P s c a t t e r i n g is m o s t l y P wave whi le theTT^fN s c a t t e r i n g i s 
m o s t l y S w a v e , t h e n s i n c e the i n t e r f e r e n c e p r o d u c e s a backward , s c a t t e r i n g , 
the S and P p h a s e s would be o p p o s i t e . T h e h igh f o r w a r d e l a s t i c s c a t t e r i n g for 
the 105 MevU s c a t t e r i n g i s p r o b a b l y due to t h e i n c r e a s e in d i f f r ac t ion s c a t t e r ­
ing due to t h e l a r g e i n t e r a c t i o n c r o s s s e c t i o n . T h e i n t e r a c t i o n c r o s s s e c t i o n 
i s split in to two g r o u p s : (1) i n e l a s t i c s c a t t e r i n g and (2) a b s o r p t i o n and c h a r g e 
exchange* T h e l a t t e r two w e r e difficult to s e p a r a t e * H o w e v e r , b e c a u s e of the 
p r o n g d i s t r i b u t i o n , v a r i a t i o n of t he c r o s s s e c t i o n wi th e n e r g y , and o t h e r f a c ­
t o r s , t h e two t y p e s of p r o c e s s e s a r e e s t i m a t e d individually*. T h e n u m b e r of 
p r o n g s for t h e a b s o r p t i o n and c h a r g e e x c h a n g e e v e n t s a r e a l s o shown in t he 
t a b l e . No tha t t h e p r o n g s a r e p r e d o m i n a n t l y in t h e f o r w a r d d i r e c t i o n . 

L e d e r m a n r e p o r t e d on the 130 Mevjfinteraction c r o s s s e c t i o n s in c a r b o n 
and l e a d p e r f o r m e d wi th K e s s l e r and R o g e r s . A c loud c h a m b e r w a s u s e d wi th 
two l / 8 n l e a d p l a t e s and a g r a p h i t e p l a t e b e t w e e n them* A 130 MevTT b e a m 
t r a v e r s e d the c h a m b e r , and 50, 0 0 0 g m / c m ^ of C and P b w e r e t r a v e r s e d . No 
V p a r t i c l e s w e r e o b s e r v e d , g iv ing a c r o s s s e c t i o n of l e s s t h a n 0. 2% g e o m e ­
t r i c . E v e n t s w e r e l o o k e d for in which a JT m e s o n s t o p p e d in the g r a p h i t e and 
a r e l a t e d e l e c t r o n p a i r w a s p r o d u c e d in the l e a d 0 Bo th e l e c t r o n s of the p a i r 
m u s t have m o r e t h a n 10 Mev e n e r g y c F r o m a n e n o r m o u s n u m b e r of m e s o n 
t r a v e r s a i s t h e r e w e r e only 8 c a s e s of / f s t o p p i n g and a r e l a t e d p a i r . The b a c k ­
g r o u n d w a s e s s e n t i a l l y z e r o , e s p e c i a l l y for p a i r s p r o d u c e d in t he b a c k w a r d 
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d i r e c t i o n , i 0 e e , a t an angle of 110 o r g r e a t e r with r e s p e c t to the i n c o m i n g m e s o n 

d i rec t ion* Assuming"JT c h a r g e e x c h a n g e and theTT d e c a y into two $^rays ? the cross 
s e c t i o n is 5% of g e o m e t r i c o r 10% of the to t a l n u m b e r of s t a r s in l e a d and c a r b o n 0 

U s i n g S t e i n b e r g e r f s value of 1 /80 fo r the J f^decay r a t e in to d i r e c t e l e c t r o n p a l r 3 

t h e y o b s e r v e one d i r e c t p a i r p e r 500 s t a r s in a g r e e m e n t with the w o r k of -xheiim 

A c t u a l l y , it i s not shown that t h e r e i s c h a r g e e x c h a n g e , s i n c e only one h igh e n e r g y 

photon a s s o c i a t e d with the m e s o n i n t e r a c t i o n w a s o b s e r v e d . In the s a m e e x p e r i m e n t 

they looked for n u c l e a r i n t e r a c t i o n s in lead, and carbon* T h i s s u p p l e m e n t s s i m i l a r 

w o r k done wi th 60 M e v m e s o n s 0 "The r e s u l t s for l e a d and c a r b o n a r e shown below. 

125 M e v î f o n l e a d 

e l a s t i c s c a t t e r i n g 

A i n e l a s t i c s c a t t e r i n g ^ E > 60 M e v 

G^ta'u ) ^ o Z O m b 

&m}(>2Q m b 
0 ^ 2 2 0 0 + 2 9 0 mb 

a ~° 

130 M e v J T o n c a r b o n 

t- e l a s t i c s c a t t e r i n g 

i n e l a s t i c s c a t t e r i n g A E ^ 60 M e v 

% e l a s t i c at 62 M e v on c a r b o n 

<T e l( > 15°) ~ 185 i 20 mb 

^ { A E ^ 6 0 ) ^ 80 m b 

- J £ £ ^ b l a c k body di f f rac t ion 

C o m p a r i n g the de action s c a t t e r i n g of the 60 and 130 M e v d a t a , i t i s s u r p r i s i n g 

t ha t t h e a n g u l a r d i s t r i bu t ions a r e the s a m e . T h e o r y p r e d i c t s t ha t for the h i g h e r 

e n e r g y the c u r v e should b e pul led in to s m a l l e r a n g l e s . T h e i n e l a s t i c s c a t t e r i n g 

c r o s s s e c t i o n in c a r b o n i s 80 m i i l i b a r n s fo r e n e r g y l o s s g r e a t e r than 40 M e v 0 

T h e b a c k w a r d i n e l a s t i c s c a t t e r i n g i s four t i m e s l a r g e r than, the f o r w a r d s c a t t e r i n g 

and i s s t r o n g l y s u g g e s t i v e of the p i o n - n u c l é o n d i s t r i b u t i o n 

L e p r i n c e -R ingue t a s k e d what was the h i g h e s t e n e r g y p ro ton o b s e r v e d f r o m a 

nuc l eus c a p t u r e of a f f a t r e s t . S e v e r a l people that p ro tons of e n e r g y g r e a t e r 

t h a n 100 M e v have o c c a s i o n a l l y b e e n o b s e r v e d 8 



Appendix I: THE RELATIVISTIC RISE IN IONIZATION IN NUCLEAR EMULSION, 
B. Stiller and M. Shapiro, N. R. L. 

Further work has been done to determine the amount and rate of increase of 
ionization loss I at high energies,,* In this work scattering measurements have 
been made on long tracks of many particles with velocities in the interef ';ing 
velocity range. A comparison of ionization loss has been made between e l e c ­
trons and heavy particles. All of the data used has been taken from a single 
plate. Blob counting is used instead of grain counting* No variations in G m ^ n 

are found in the plate used within the limits of er rors of the experiment. 

Results showing blob density as a function o f / m a y be found at the end of 
session 5. For 77100 only electrons were used for 10^ 100 mesons and e l e c ­
trons were used and for lower velocities, protons and mesons. 

To arrive at a value of G n / G „ , a least squares determination of G 
p* mm« p£ 

was made using 19 electron tracks with 100. The least squares slope is 
. 15° £ 5 ° . The final result is Gpj^ / G m ^ n o n 1.14 £ • 03, which is higher than 
Voyvodic ! s ^ results; also the rise to the plateau is more gradual. 

3 
Calculations were made of I using Halpern-Hall theory for AgBr using a 

restricted energy los s . The loss was restricted to less than 2 Kev and 5 Kev. 
Either of these fit the data reasonably well. In particular^ the data do not con ­
flict with theory as to the energies ( ^yl00) at which saturation of ionization 
loss sets in. 

1. M. Shapiro and B. Stiller, Phys* 2 e v . , 87, 682 (1952). 
2. Pickup and Voyvodic, Phys. R e v . , 80, 89 (1950). Also L. Voyvodic at 

the Bristol Conference, December, 1951. 
3. O. HalpernandH. Hall, Phys, R e v . , 73^ 477 (1948). 

Appendix I t V PARTICLE PRODUCTION, W. D. Walker, University of Roches ­
ter and N . M . Duller, Rice Institute* 

In. the course of an experiment ,on high energy nuclear interactions in ca r ­
bon, pictures of 500 penetrating showers originating in carbon plates inside a 
cloud chamber were obtained. 

Only two cases of V ° decay and one case of V~ decay were found. Assum­
ing a search efficiency of 50% as compared to that of Fretter 1 , the apparent 
rate of production of V°*s seems to be a factor 4-6 lower than he has found. 

The difference between this experimental arrangement and Fret ter ! s seems 
to be: 

1. His showers were generated in Pb and ours in C. 
2. The triggering requirements in this experiment were more stringent so 

that our median energy could be higher by a factor of 1 1/2 or 2 than in Fretter's 
experiment. (E . ^ 2 0 - 3 0 Bev), The difference in energy was estimated by 

estim. 
roughly comparing average counting rates. 



It seems possible that Vj^s are formed more often in interactions of lower 
energy than those in this experiment If this were the case, energetic showers in 
a heavy nucleus, in which secondary multiplication occurs, would give rise to more 
V^ !s than showers in a light nucleus. 

7 

About one charged V decay was expected according to the Manchester * data if 
the lifetime is greater than 1 0 " ^ sec. 

1. W o B 9 Fretter, F . R . , 83, 1 0 5 3 (1951) 

2 . Barker, Butler, Sowerby and York, Phil. Mag., 4 3 , 1201.(1952). 

Appendix Ht POSSIBLE NEUTRAL PREDECESSOR OF THE Z MESON, M. Annis, 
Washington University, St* Louis and M. Goldhaber, Brookhaven National Labor­
atory, Upton, New York, 

It has recently been suggested^ that the Tmeson may often arioe from the decay 
of a^neutral predecessor, tentatively considered as the neutral counterpart of the 

JQ"meson, decaying in the following way: % - Yf* (Q ^ ^ 0 Me\^ . 

We have, therefore, considered more closely the recently published picture of 
a *£"meson decay^ to find out whether it is compatible with the above decay scheme. 
One finds indeed a particle in the picture which can be interpreted as being the ff0 

meson. This particle and the meson meet at a point above the cloud chamber 
within the uncertainty due to multiple coulom scattering. The particle traverses 

mte l / 4 n Pb plate and shows a possible nuclear scattering in the next Pb plate. 
The-fj- meson, the particle and the apparent origin of the nuclear event lie in a 
plane, again within the expected uncertainty due to multiple coulomb scattering. 
The Q value<> assuming the above decay scheme, is 8 5 ^ 3 8 5 Mev. The life-sp n of 
the H ^ 0 n in this event is of the order of 2 x 10"^ sec in its own restframe. 

1. M. Goldhaber, Bull, of the Am. Phys. Soc. , Cambridge Meeting, Jan. 1 9 5 3 , 
Vol. 2 8 , Abs. R , 

2 . Leighton, Wanlass and Anderson, Phys. Rev. 8 9 , 1 4 8 ( 1 9 5 3 ) . 

3. M. Annis and N . F. Harmon, Phys. Rev. £ 8 , Zi)Z ( 1 9 5 2 ) . 

Appendix IV: DYSONS NON-CO VARIANT INTEGRAL EQUATION FOR PION-NU­
CLEON SCATTERING. 



I CO 

where 
E -energy of the system (meson-f-nucleon) in the center of mass system* 



Since r is never much greater than Q0 05 s these expressions can be expanded in 
power series giving as the leading term: 

Further, in the P^ / ? state H2 and K ? have been neglected giving for 1=^3/2 the 
approximate equation 

The second term ins C jcorresponds^o negative energy intermediate states and 
is only about 5% of the first term 0 If it is dropped one obtains the equation given in 
the body of the text, Bethels first approximation is to use 

Appendix V: ELASTIC PIGNDEUTERON SCATTERING, E. Arase, Gerson Goldhaber 
and ij, Goldhaber 3 Columbia University^ 

The elastic scattering of 140 Mev negative pions by deuterium has been studied 
in loaded Ilford G5 photographic emulsions0 (Deuterium content 0 e 11 gm/cm^ 
of loaded emulsion* ) 

By "area scanning's 876 nuclear interactions were found in an effective tf meson 
pathlength of 290 i 40 meters in emulsion. Since elastic 1T+D scattering events can 
be identified from the energy momentum conservation, all 1-prong scattering events 
were examined according to the following three criteria: 

1) The coplanarity of the three prongs* 
2} The angular correlation between the scattered meson and the recoil prong, 
3) The correlation between the range and angle cf the recoil prong s when ending 

in the emulsion,. 

By this analysis 20 1 prong scattering events were identified as elastic1|4D 
scatterings and 3 asfîf H scatterings. As the scanning efficiency decreases for 
events with a recoil prongs shorter than 50 microns, a safe cut-off at 100 microns 

o 
prong length was taken,. This corresponds to a cut-off angle of 30 for the scattered 
me s on* 

The differential c ross section is found to be strongly peaked in the forward 



direction (see table), with 13 events in the angular interval 30° - 60° and 5 
events in the interval 60° - 180°o 

Concurrently with this work Thomas A, Green has calculated the differential 
cross section of elastic ^f+D scattering* He evaluated an impulse approximation 
by use of the Fermi phase shifts based on the positive and negative Tf+H scat-
ering at 135 Mev, (see table) 

Although our statistics are not very good as yet, there appears to be definite 
disagreement with the impulse approximation calculation. Namely, the exper­
imental cross section obtained so far is considerably smaller than the calcu­
lated value particularly in the backward direction. However as was pointed out 
by Brueckner the neglect of multiple scattering in the impulse approximation 
results in too large a total cross section,. 

An experiment is being carried out at Columbia by Goldhaber and Le de r man 
on scattering of 180 Mev Tfiriesons of hydrogen* The high energy positive mes­
on flux was obtained by internal cyclotron exposures using loaded and normal 
nuclear emulsions* Events in which mesons collide with hydrogen of the em­
ulsion are identified by the kinematics of the collisions. To date 23 scatterings 
have been observed yielding a preliminary cross section of 140 mb0 The data 
is still too preliminary to give information on the resonance behavior of the 

P energy curve, 



Appendix VI: THE UNSTABLE "ELEMENTARY" PARTICLES OR MEGALOMORPHS 



LIST OF CONFERENCE PARTICIPANTS 

Alvatrez, L W* (Berkeley) 
Amaldi, E 0 (Italy) 
Anderson, Co D e (Cal Tech 0 ) 
Anderson, H0 L f l (Chicago) 
Annis, M 0 (Washington, St. Louis) 
Ashkin, J0 (Carnegie Techu ) 
Bâcher, R 0 F* (Cal. ,T,ech. ) 
Bakker, C 9 J. (Holland) 
Barnes, So W. (Rochester) 
Be the 3 He A e (Cornell) 
Blatt, J. M» (Illinois) 
Breit, G0 (Yale) 
Brode, R e B 0 (Berkeley) 
Bromley, Do A 0 (Rochester) 
Brueckner, K« A 0 (Indiana) 
Bruner, J0 A e (Rochester) 
CamaCj MG (Rochester) 
Cartwright 9 W»F Ô (Rochester) 
Case, Ko Mo (Michigan) 
Chamber lain 5 O, (Berkeley) 
Chew, G«Fo (Illinois) 
Christy, R 0 F. (Cal. Tech a ) 
Cocconi, G« and V 0 (Cornell) 
Condon, E 0 U. (Corning Glass) 
Creutz, E« (Carnegie Tech, ) 
Darrow, K e K« (Amer 0 Phys. Soc, ) 
Davis, Wo (ScL Service) 
De Benedetti, S„ (Carnegie Tech, ) 
Dyson, F« J* (Cornell) 
Ebel, A e A 0 ( 0 0 N a R e ) 
Enatsu, H0 (Columbia) 
Feenbergj E 0 (Princeton) 
F eld, Bo T. (MQ L T* ) 
Feldman, D 0 (Rochester) 
Fermi, E 0 (Chicago) 
Feshbach, H0 (M 0 1 9 T. ) 
Feynman, R* P 0 (CaL Tech.) 
Foldy, Lo L s (Case) 
French, J, B* (Rochester) 
Fulbright, Ho W 0 (Rochester) 
Goldhaber, Mo (Brookhaven) 
Goldschmidt--Clermont, Y 0 (M« L T ) 
Goldwasser, E 0 L e (Illinois) 
Greisen, K e (Cornell) 
Hanson, AB O 0 (Illinois) 
Havens, W*Wo (Columbia) 
Haxby, R 0 0 0 (Purdue) 

Henley, E. Mo (Columbia) 
Jastrow, R. (Berkeley) 
Jauch, Jo Mo (Iowa State) 
Jost, R e (Institute) 
Judd, Do (Berkeley) 
Kaplon, M 0 Fo ( ochester) 
Kerst, D. W0 (Illinois) 
Kino s hit a, T. (Institute) 
Knipp, J« Ko (Iowa State, Ames) 
Kolstad, G e A 0 (A. E a C. ) 
Kraushaar, W* L« (M« In T 0 ) 
Kraybill, H. L« (Yale) 
Kroll, No (Columbia) 
Krueger, R 0 E 0 (Rochester Gas k Elec 0 ) 
Lawson, J„ L„ (Gen, Elec. ) 
Lederman^ L e (Columbia) 
Leighton, R c Bo (CaL Tech . ) 
Liddel, U0 (Bendix) 
Livingston, M. Se (M. L T 0 ) 
Leprince-Ringuet, L Q (France) 
Lord s Je J. (Washington, Seattle) 
Low 3 Fo (Illinois) 
Luttinger, J0 M c (Wisconsin) 
Marshak, R e E s (Rochester) 
Marshall, J0 and L 0 (Chicago) 
McMillan, E. M e (Berkeley) 
Messel, HQ (Australia) 
Morrison, P., (Cornell) 
Moszkowski^ . \ (Columbia) 
Mott, Go R. (Haloid) 
Nambu, Y* (Institute) 
Ney, Eo P 9 (Minnesota) 
Nordheim, L e f 9 (Duke) 
Noyes, E P 9 (Rochester) 
Oppenheimer, J, R 0 (Institute) 
Osborne, L 0 S c (M 0 L To ) 
Oxl ey, Co Lo (Rochester) 
Pais, A 0 . (Institute) 
Perkins, D* H0 (England) 
Petschek, A 0 G0 (Rochester) 
Peyrou, C e (M. I. T. ) 
Picciam, 0 0 (Brookhaven) 
Placzek, G. (Institute) 
Piatt, Jo Bo (Rochester) 
Primakoff, H. (Washington, St. Louis) 
Rainwater, J e (Columbia) 
Ramsey, N. F e (Harvard) 



Raù, R 0 R o (Princeton) 
Reynolds, G 0 T 0 (Princeton) 
Riddiford, L e (England) 
Ritson, Do M, (Rochester) 
Roberts, A. (Rochester) 
Rossi , Be (Mo I . To ) 
Ruderman 9 M* (Columbia) 
Sachs, R d Go (Wisconsin) 
Sachs, A. M, (Columbia) 

Salpeter, E ô E* (Cornell) 
Sard, Ro D„ (Washington, St. Louis) 
Sehein, M 0 (Chicago) 
Schiff, L 0 1 . (Stanford) 
Schwinger, Je (Harvard) 
Segre, E. (Berkeley) 
Serber, R» (Colum ia) 
Shapiro, N . M . (Naval Res. Lab 0 ) 
Shutt, R o P o (Brookhaven) 
Silverman, A. (Cornell) 
Sit ?, Ko (Syracuse) 
Stevenson, M 0 L„ (Berkeley) 
Street, J0 C 0 (Harvard) 

Sun, K. Ho (Westinghouse) 
Thaler, R f t M 0 (Yale) 
Thompson, R 0 W, (Indiana) 
Tinlot, Jo Ho (Rochester) 
Uhlenbeck, G . E. (Michigan) 
Vallarta, Mo S, (Mexico) 
Van Hove, L* C 0 (Institute) 
Villars , Fo ( M 9 I , L ) 

Walker, f f l D e (Rochester) 
Waterman, A* T , ( N . S o F o ) 

Watson, K. M 0 (Indiana) 
Webb, J o H . (Eastman Kodak) 
Weisskopf, V o F o (M. I. T. ) 
Wentzel, Go (Chicago) 
White, M « Go (Princeton) 
Wick, a Co (Carnegie Techo ) 
Wigner, E« P e (Princeton) 
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