HIGH ENERGY

NUCLEAR PHYSICS
o 1957 Hoeudes
Proceedings of the Third Annualg Rochester Conference,, December 18-20, 1952
Compiled and Edited by
H. P. NOYES, M. CAMAC, and W. D. WALKER

Department of Physics, The University of Rochester

/gn ZM; ‘é?f / 7 9-2«

Conference co-sponsored by

THE UNIVERSITY OF ROCHESTER and the NATIONAL SCIENCE FOUNDATION

Proceedings printed by The University of Rochester and distributed

by Interscience Publishers, Inc., 250 Fifth Avenue, New York City



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 conferences. 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. The
Third Annual Conference was attended by well over one hundred physicists re-
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,
Camac and Walker are responsible respectively for the theoretical, "accelera-
tor" and cosmic ray portions of the Proceedings, with Dr. Noyes also actingas
general editor, Thanks are due the Gray Audograph Company and the IBM Com-
pany for supplying the recording equipment and typewriter respectively, Mrs.
Helen Woodruff and Mrsa, Bernice Skelly for typing the '"pagemasters'’, Mr.
Robert Trumeter for the printing job, and finally the Atomic Energy Commis-
gion 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.P. Wigner presiding,

Marshak opened the conference by welcoming the conferees and stress-
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 hjstorical 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 supermultiplet theory was
improved in the second approximation by introducing the spin dependence,
that is, the known difference between singlet and triplet scattering, since
tensor forces were not yet known. 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 carried out by Heitler and by Kemmer, but very
little was done after the beginning., When the situation was reviewed by Wig-
ner in 1942, 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 =un 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,



{2} Consequences for low energy nuclear phenomena; selection and inten-
sity rules, 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 iso-
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 wili be
discussed in other sessions of the conference,

{3} Inherent limitations of the theory, There are two possible origins for
such limitations, (a) The electrostatic interaction will introduce deviations.
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
tc give gross apparent contradictions to the basic hypothesis, These effects
have been nvestigated by Thomas with regard to mirror nuclei, somewhat
more theoretically by Tibarri and Radicati, 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
elenents of an operator, The role of mesons is less simply described than
that of electromagnetic radiation in atoms where, for example, dipoie radia-
tion 1s given by the matrix elements of x, y, and z, and higher multipoles by
more complicated expressions., However, 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, to what degree can low energy phe-
nemena be described by a potential and by two particle interactions? In this
connection we should discuss (a) Lévy's work, (b) general questions of satura-
i1on, and {c} "new fangled methods" of derivation of all of these rules, for
exan-ple, as given by Van Hove, Wigner then called upon Christy to discuss
topic 2 {a) that is, selection and intensity rules in nuclear reactions and alpha
decay.

Christy started by stating that, as is well known, charge independence can
e described in terms of isotopic spin wave functions for the neutron and the
groton and the operators associated with the isotopic spin, Because of the fact
that the 1sotopic spin matrices have identical commutation relations with the
rrauli spin matrices, the selection rules for isotopic spin can be identified as
being e:sertially the same as those one obtains for angular momentum, If the
operatorT, has eigenvalues -1 for a proton and 1 for a neutron, then the charge
an the proton is described by the operator e(l»'CZ) /2 and the charge on the neu-
iron by the same operator, The x and y components of together with T, form
a vector in isctopic spin space, but only the z compenent of this vector has a
direct, simple physical interpretation in terms of total charge.



The first step in deriving selection rules for the isotepic spin is to identi-
fy the total isotopic spin T for various nuclear states, Just as the total angu-
lar momentum J can be determined by counting the number of levels into which
a given state splits under®ae &pplied magnetic field, the coulomb field automa-
tically splits states of diffevent 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 (2T+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 cerressording
isobars at low energies of excitation; therefore, since the multinhiiy i 27
low energy levels of carbon and oxygen is 1, these levels musi have woion
spin T=0, In the case of A =10, that is, Belo, Bloj and Glo, the difference
between the ground states is only a few Mev, Again, the ground staie of BLO
has no countert: yiyend must have T =0, bu’ the ground states of BelV spq CLO
and ar excitec siate of B0 at 174 Mev form a triplet with apoarently cor:
sponding properiice and hence with T=1, The correspondence can icariily br

seen in any. energy level diagram for the three nuclei where the coulemb
corrections rave been removed. For nuclei with half integral spin, for exam-
ple Li’ and Be'. there are two nuclei with corresponding ground states and
corresponding first excited states when coulomb energy corrections are made;
there is also evidence for correspondences between states of higher excitation
energy. The nexrt isobars orcur at 15 or 20 Mev excitation so that if there is
charge independerce one cabysay that all the low states have T =1/2, It is not
always easy to make this sort of 1dentification in all cases (e, g. 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]
and T =T, the compound state will have [T; - T,| £T & T} +T;. and if this
state breaks up into two nuclei of definite T, the same selection rules would
apply. Unfortunately, in most cases this selection rule does not obviously ex-
clude anything, This is true because in the cases where the levels are identi-
fied, that is, in light elements, the isotopic spins are 1/2, 0, 1, and if one of
the reacting particles {e. g, a proton) has T =1/2, then all possibilities can
exist, For example, a proton on Li’ 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 =0; for example, there are no corre-
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 ole (d, X} N4, 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 016., the deuteron, and the alpha particle all have T =0 so that
we conclude that only T =0 states of N4 can be formed, It is possible to test
this prediction since both 0 and I states of N4 are known. Most of the excited
states of N4 have T =0 with an occasional state of T =1; hence, the working of



ihis selection rule is sufficient to explain the fact that NM; can be made in 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, Serber com-
mented that this reaction can be explained in terms of a weaker selection rule
thar the full charge independence hypothesm {cf, disewsgion by Kroll below),
Christy went cn to remark that also in the inelastic scattering of deuterons by
B0 the first isotopic spin state 1 is not formed, which again is plausibly ex-
plained in terms of the constancy of the isotopic spin,

Christy noted that selection rules can also appear in the emission and
absorption of electromagnetic radiation, if one assumes that the coupling be-
tween nuclear particles and the electromagnetic field is by virtue of the
charge on the proton, i, e. represented by the operater {1 -T,). 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, AT = %1, or 0. The proviso that the coupling is enly to
the charge of the proton ignores all complications due to the electromagnetic
properties of the virtual meson clouds surrounding the nucleon. For electric
dipole radiation there is a further restriction. Ordinarily an operator which
is a component of a vector allows no zero-zero transition but the charge opey.
ator e(l =,)/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 nucleons of ri/Z,;
which is the position of the center of mass of the nucleons, which is fixed and
does not radiate; hence T=0<»T =0 transitions are forbidden for electric di-
pole radiation., Unfortunately, there is one well known exception to this se-
iection rule, namely, the gamma ray transitions in 01, The levels have been
“=finitely identified by angular correlation experiments, and there is in fact =
gamma ray transition from the state of J=31 and negative parity to a state of
J == this must be an electric dipole transition and the low states in oxygen
are presumably T=0., However, the relevant fact that needs to be shown is

vhetner or not this transition is anomalously long for electric dipole radiation;
this has not been measured but is conceivably observable, Evidence might
also be obtainable from the competition with transitions to other states, but
this evidence is at present unavailable, In most cases, the low states of a
incleus involve a change in isotopic spin so that the above on rule does
ant eperate, Alpha decay clearly gives no change in isotepic spin for an
allowed {ransition, In the case of beta decay, the Fermi selection rules are
given by the operators ) or ’E” which convert a neutron into a proton or a pro-
ton into a neutron, These are linear combinations of components of the vector
%, but the summation of T, or J_over all the nucleons commutes with the iso-
topic spin operator; hence, for Fermi's selection rules &T=0. However, for
Gamow-Teller selection rules, the operator is a summation over the nucleons
ot Gn 7 e Since this weights the various nucleons differently, one has oaly the
seiection rules for the component of a vector, namely, AT= %1, 0. Usually,
tni8 gives no check because when T changes by one unit, as for example in the
transition from He® to Lib the spin also changes by one unit and we krnow that
we must use Gamow-~-Teller selection rules, Conversely, in the cases where



the spin does not change, for example, in the transition from Be' to Li7, 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 order to express thé Pauli principle; there is no isotopic
spin, 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 helpful to have a new Condon and Shortley written on the
subject. Of course, the theoretical physicist says "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 up, and we are very far from this, For
example, electric dipole =~  .sitions 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, There is a whole slew of such regularities, and it
would be very valuable to see if they can be checked, Finally, Wigner re-
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's statement that the best
experimental evidence still comes from the elementary particle scattering was
questioned {cf, discussion primarily by Biatt and Bethe below). Wigner em-
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 {c¢f, Kroll's remarks below,) In response to a question
from Wick as to what is meant by "low energy”™, 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, namely, below 4.5 Mev,

Blatt objected that even 4. 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. The gcattering length is charge dependent so that any
correspondence between scattering lengths can be stated only very roughly;
further, there is no correspondinrg 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, namely, whether or not the singlet
effective ranges for the two systems are equal, 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
dvhious three or four years ago but bv now the value for the proton-proton
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effective range is about 2,7 x 10~ ° ¢m, as compared with the neutron-pro-
ton effective range of 2.5%0.3, 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 ctnf=-1/2 +r0k2/2 +Pk*4....comes in, and the
P coefficient depends on the shape of the well. Blatt, therefore, concludes
that the low energy evidence for charge independence 1s ine. - ' 2 except for
the corresponding levels in light nuclei, Breit's comment that Snow had ob-
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 0,
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. G, Sachs commented
that Salpeter s analysis depended upon the neutron-proton capture cross sec-
tion which really is not well enough known even theoretically to be used,

Bethe commented that the new experiments on scattering are more re-
liable than the capture cross section and made a positive and a negative re-
mark, The positive remark was that it is still remarkable that the scatter-
ing lengths indicate potentials of equa! sirength to about 1%. The negative
remark, made at the request of Salpeter, was that Schwinger 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 works
with the Yukawa potential essentially because two nucleons like to be close to-
gether in that case and the magnetic interaction for an S state, which ises-~
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'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 nucleons, 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 Lgvy“s poten-
tial for the proton-proton system by two of his students, Martin and Verlet,
However, Oppenheimer thought that a review of Lévy's work would be in order
as "it is not completely clear from his papers, it is not completely clear to
him, and not completely clear to anyone",

Pais, therefore, summarized Lejvy"s work as follows:; With incredible
faith Lévy says that he will investigate the symmetric pseudoscalar meson
theory with pseudoscalar coupling, that is, the interaction G\P'Js'tm‘*f’cf)a(o
If you begin to play with this interaction and to orient yourself with regard to
the constant G, you find that 62/4 hc 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 | believe of all this?" Le/vy,/ in essence, looked at the
nuclear forces following from the PS (PS) interaction taking the GZ 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 dis-
tances I have a very eminent history which tells me that I don’t know what I'm
talking about, 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 1 have a hard core inside, It is immediately obvious that this
approach can cmf,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"), L&vy's claim for dropping
terms higher than G* is that these terms will be important only in the inside
region, Oppenheimer not 4t 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 Le/vy“’s potential V4, which he did not find out until after the calcu-
lation was completed, Therefore, his theory contains in fact three parameters
rather than two, one of which is arbitrarily set equal to 1. 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, and V, do not tell one much, Pais
did not write; © 1 down, but instead listed the parameters of the theory which
are G2/4% = 9.7 + 1.3 and r =1(0.38 £ 0. 03)/pc. There are only two para-
meters since the meson mass is equal to the experimentally observed J{meson
mass in this theory, From these two parameters, the deuteron binding energy
and the singlet scattering length, Lévy then fits the six numbers: the triplet
effective range, the singlet effective range, the triplet scattering length, the
singlet scattering length, the percentage of D state, and the quadrupole mo-
ment of the deuteron approximately, R.G. Sachs objected that two of these
parameters are already essentially included by assuming the ;... ling 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. t:he;,'ﬁ‘%,_‘q_'tﬁymption of the T{experimental
rest mass means that he is only working on a small correction to the effective
ranges, Oppenheimer objected to the last statement because the large Vg4
leads one to expect no a priori magnitude for the effective ranges. Bethe finds
it remarkable t_ :: 2 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%, 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. Lévy



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 interest.

Pais then reported on the calculations of Martin and Verlet on the proton-
proton scattering to be expected from the Levy potential at 18, 3 and 32 Mev,
They calculate S, P and D phase shifts
and obtain the agreement with experi-

ment indicated in figure below, To ob-
o \ _® 183meEV tain this agreement, they find that the
40 original latitude in the coupling constant
given by L&vy is too large and that in
fact it must be chosen as 10, 36 320, 02,
30 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 Lévy
found in calculating the n-p scattering at
40 Mev, The potential and phase shifts

o § Panofsky & Fillmore are given in the table, (It should be
¥ Cork, Johnson & stressed that the P and D phases are
Richmond born approximatio:  1ses obtained with
(5 Coulomb wave functlons and therefore
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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 LE&vy's potential. Oppenheimer remarked that this is in fact a
beautiful feature of L&vy'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 4.5 Mev might prove to be a difficulty with the Lévy po-
t2ntial, 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 prg-
cedure extremely questionable since at 32 Mev he is almost certain that the P
phase shift is greater than 30°, He went on to add that this is in fact a typical
feature of L&vy's p}otential, namely, the enormous attraction in the “Pj state,
and that since the P 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 R, M, 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 far. Also, in connection with the discussion
of the repulsive core potential he stated that approximate corrections for retard-
ation to the nucleon-nucleon interaction have been worked out on the pseudoscalar
theory, The effect increases slowly with energy at low energies but at 300 Mev
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the preliminary calculations indicate large corrections to the static values, It
was suggested that the slowness of the increase of the corrections may be re-
lated to the success in fitting 30 Mev data by the Lévy-Jastrow potential which
has been reported by Jastrow,

Kroll was asked at this point to explain his and Foldy's weaker selection
rules which had been mentioned earlier. These selection rules follow from
charge symmetry and do not require charge independence, From them, one
finds that, for instance, the Olé(cié,p(}].\]’l‘-L reaction for which certain states are
apparently forbidden is equally explicable assuming only charge symmetry and
not charge independence; also the dipole transiticn in 0*°, = . ig not in fact
forbidden, would be just as strong evidence against charge symmetry as it

4 be against charge independence. This can be shown by considering any
reaction of the type which, expressed in isotopic spin language, consists of the
transiticn 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 spinl, Since isotopic spin 0 implies equal numbers
of neutrons and protons, it is clear that the initial state 1s self-conjugate with
respect to an interchange of neutrons and protons. 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 e ven isotopic spin while the anti-symmetric states
have odd isotopic spin, 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.
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 zero-zero 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 prohability of electrical dipole transitions by
a factor of 107, 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 effect. Wigner replied that this has
been calculated by Radicati and also at Princeton and in particular for 01 this
only gave a 1072 effect in the transition probability.

R. G, Sachs; a comment on Christy's 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. 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 nucleons, ™ '.'2ver, at an energyv as high as that (7 Mev)
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associated with the 016 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. Rev, i%’ %M 5
(1952) } that the lifetime for the forbidden transition is of the order of {(Mc™ /Kw
times that of the allowed dipole transition, hence only some (2 x 10%) times
slower, It can be concluded that a lifetime neasurement is essential for a

test of the selection rule,

Fermi added that Telegdi experimentally finds in the photo-disintegration
of Cl¢ 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 T =1 states, ties this fact into the iso-
topic ¢pin multiplets of neighboring elements, It remains to investigate whether
the intensity of (s reaction bears out this interpretation. Wigner commented
that although individual mirror nuclei beta transitions are evidence for charge
symmetry only and not charge independence, the systematic trend of the ft
values for such transitions wo !d fail by a factor of 4 to agree with the experi-
meuntal values if only charge symmetry and not charge independence was oper-
ative,

Feldman briefly presented the fellowing implications of charge independenée
for high energy nucleon-nucleon scattering, His results are obtained in the
scattering matrix formalism and hence are completely independent of any hypd-
the: c: about the nature of the interaction, There are
PAP>P4ps n4+p->dn4p, and ndp->pdn (since the momenta and spins are specified
and two complex amplitudes (singlet and triplet) to describe them, Hence one
~gets in general restrictive inequakties only and not equalities relating the cross
sectiont. There are three such inequalities; in the center of mass system they

are: 12 T (T 2T iy L2 a2
T 0] 12 [ e VA B el 2 e ) +E7;p<@~’]2[65p<ﬁ o °,

1/2 J1/2 1/2 \
NE [6;)})( eﬂ - Egrtp(rr"eﬂ 2 [_C);p( 6)] ; which are also applicable if the

incident rucleons are unpolarized, The second and third relations are not
interesting because of the symmetry of the neutron-proten 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 critical, clearly at 90°
where one must have %,p(90°) 2 1/4 G"pp(‘)oo)q Thus, the Berkeley scattering
data at 260 Mev gives Gﬁp(%o) =], 3140.2 mb andc‘g (900)=3,8 £0.2 mb, or a
ratie{@}p/o‘ﬁp] {900) =2, 8 £0. 5 which agrees with Fhe charge independence
inequality, However, if one takes %p(900):4° 9 470. 4 mb as measured by
Rochester or Harwell, then the ratio becomes 3, 8 £ 0, 6, which could violate
the charge independence hypothesis, This emphasized the importance of pre-
cise measurements of 0“’np(900) and O“i)p(%o), particularly at high energies,

Weisskopf then presented a brief account of a preliminary in zstigation of
the saturation problem of nuclear forces carried out by Drell and Huang, using
Lévy's potential and Lgvy"s optimism, He expressed L&vy's potential as
vi2) :V'z(z).{n\i};(z}a Here the superscript (2) denotes a two body force and i.
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introduced because of the generalization to n body forces given below. V; is

the exchange tensor force while V, is the ordinary repulsive force, 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 v ‘ed that the ef-
fective range of the tensor force is greater than that of the central force, while
the singularity 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 Lé&vy's spirit,
there are only two unknowns in this theory, namely, the core radius and the
coupling constant; as in L&vy, radiative corrections are essentially dropped in
higher order (by setting the unknown coefficient of V, equal to one.} It would

be very difficult to derive the general v{n) but one can deduce the leading terms
ir. analogy to Lévy's Viz)a Both the form and the multiplicative constant of these
potentials are gl ?m exactlv within the framework of this program. They are of

the form: >\ K (X372 4+-X71)
X12 X1

4

>\ K1 (X12+X23 4-X3) >\ Gt M

§ X12 %23 X31 T4 M

‘i'ne 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 5 11 Iront 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 Ls{vy 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, However, the repulsive three body force is sufficient to give satura-
tion if the higher order forces, that is, 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 carried out in a primitive way just as it would
have been done by Wigner in 1936 ("You permit me = :all this primitive?").
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 carried out for infinite nuclear matter and the resulting den-
sity found; a density cf/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 p’la 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 princi-
ple, even if the cores are neglected, 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&vy's constants and Levy . Hptimism,
there 1s nothing free and all is given. The result is shown in the figure below,



It is seen that a minimum does
occur at/O=l.1 and corresponds
to an energy of 12 Mev as com-
pared to the experimental value
14, This is too encouraging, as
a great deal has been left out.
It should be stressed that the
core is not ifnportant for the
many-particle problem, since,
if two particles cannot get to-
gether, then neither can three.
There are three points to be
considered if one wishes to
improve upon the above calcu-~
lation: (1) Levy's optimism may
not be justified, (2) we are
suffering from an illusion if we
say that we know the constants
that have been inserted here
because we do not know about
convergence, and (3) imagine
that everything goes fine, It is
still possible that we may be
just lucky, But there isstil
trouble with regard to the shell
model. That is, although the
cores are unimportant for the
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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 toc investigate the problem of whether there is some mechanism that
reduces the effect of the repulsive cores to zero in nuclear matter.

Serber asked whether it had been investigated if such nuclear matter were
"7+ against the lining up of all the spins parallel due to the tensor forces.

Weisskopf admitted that this has no* been done
Wentzel commented that the non.

be unimportant,

igh he thought it likely to
" ange part of the problem

can be done rigourously and has been done by him in a recent paper in Helvetica
Physica Acta using calculations based on pair theory., By "exchange'" is meant

exchange terms associated with the energy, not exchange forces.
commented that he was not yet sure, but it seemed.

Weisskopf
present that the exchange

terms might be very important for the convergence of this procedure; that is,
they subtract 15% for the 2 body forces, 35% for the 3 body force and about 65%

for the 4 body force,
consideret = given below,

The basic Feyrman diagram for the 3 body force here
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,
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Wigner closed the session by thanking everyone who had made a contribu-
tion and also those who had just listened,

PION PRODUCTION AND PION-NUCLEON SCATTERING
Thursday afternoon, Professor Enrico Fermi presiding.

Fermi opened the session by indicating that the discussion would be divided
into three parts which are indicated schematically by the following relations:
) N + N-—T+ D
) ¥+ P—>7+ N
) IT + P -—7>717 -+ N. where _1\_Iindicates a nucleon,

H. Anderson reported on the reaction N+P —> 77 0 -+ D as measured by
Hildebrand at Chicago. At last year's Rochester conference considerable
interest was expressed in the conservation of isotopic spin I, as a principle
governing pion production and pion-nucleon scattering. It was pointed out by
Yang and others that the reactions P4 P —=> 7Tt +D and N+ P—>T %D 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 7T meson is 1; thus, the
total isotopic spin is 1, On the left hand side the PP system has only isotopic
spir 1, while the NP system possesses both isotopic spin 1 and 0. The neutron-
proton 1sotop1c spin wave functions are llr (NP +PN) for I=1 and 1/ \f——

ekt o - 120, Assuming conservation of isotopic spin, then, in a reaction
resultmg in a pion and a deuteron only the states for which I=l are possible.
The relation between the cross sections of these two reactions is therefore
O (PP, 1T*) == 2 o’ (NP, 77°) at a given energy for any angle.

+

The production was measured by Rich-
man and Wilcox and later others at Berke-
ley, The inverse process Tr'fiD —>P+4+P
was measured at Columbia by Durbin, Loar
and Steinberger. The latter obtamed the
angular dlStl‘lbutlondW/d_Q =A (Cos 28 +0. 2)
where thel[ meson energy in the CM system
was 55 Mev, Hildebrand has measured the
differential - .. : - section for the reaction
N+4P—>1%D. The experimental arrange-
ment was as follows: a neutren beam with
energy centering around 400 Mev struck a
target, Carbon-hydrogen differences were
taken. Both the deuteron and the [[meson
were observed, The deuteron was detected
by scintillation detectors and the ] meson
was detected by a scheme first used by
Panofsky, Steinberger and others. Two

¥ -ray detectors, each consisting of a
lead radiator. a scintillation detector, and

3{3 GC'> | 9? IZP ’5P a Cerenkov counter define the direction and

ANGLE BETWEEN N« TT° the energy of thes_. _ - Since we are deal-
IN CM SYSTEM ing with a 2 body process,; the neutron

RELATIVE DIFFERENTIAL CROSS SECTION




energy was determined completely for given angles of the Troand the deuteron
detectors, The experiment was set up so that the J7? energy in the center of
mass system was 55 Mev, The results are shown in the above graph, The
curve represents the Columbia results and the experimental points are Hilde-
brand's results, It is seen that the agreement is very good. Thus, we can
conclude that the angular distribution for the and‘ﬂ'productlon are the same,
At present the absolute cross section has not been measured but the results
should be forthcoming soon.

H., Anderson then discussed the general relations imposed on pion produc-
tion processes by the constancy of the isotopic spin, The relations for a given
meson energy and angle integratin: over all nucleon coordinates are:

1) g (PP,TH) = ‘i"’ Su The terms on the right hand sides of these
2) ¢(PP,TT%) = TM equations are the isotopic spin matrix

3) o7(PN, m = Tn 4+ Ty elements, The letters S and T refer to

4) YIPN,TT% = 1,2 TOOZ‘l’ 1/2 Sl] the charge of the two nucleons in the final
5 o{PN, T = T11 'i" TOO state, and denote charge singlet and charge
6) INN,JT9) = Tll triplet states, respectively, The sub-

7) O INN,JTT) = Tll + S]]Z scripts are the total isotopic spins of the

imitial and final states. er the assump-

tion of conservation of isotopic spin the two subscripts cannot be different. To
see how these equations were derived let us consider Eq, 1 in more detail. It
refers to the cross section for the reaction P+ P-—7P+N-\-‘\'ﬁ" The initial two-
proton system has I=] and the final state has 1=2, 1, or 0 for the neutron-pro-
ton system in a charged triplet T state, and 1 =1 in a charged singlet S state;
the latter includes the bound state of the deuteron, Applying the conservation
of isotopic spin, only final states with I1==1 are permitted; thus we get the two
matrix elements Tj] and S;j. Note that there are only three different matrix
elements. There is also the advantage that Ty}~ which appears at several
places is quite small near the threshold, while the others are large. In fact,
at 350 Mev experiments at Berkeley show that this is so and give an indication
what the size of these matrix elements should be, Equations 1, 4 and 5 are most
accessible to experimental verification,

Feld inquired whether the similar angular distribution for the reactions
P+ P~1T*%D and P+N->T%D only indicates conservation of the ordinary
angular momentum, and whether information on the conservation oftotal iso
topic spin would only come from the factor 2 in the ratio of the absolute values
of the cross sections. Anderson explained by considering the reaction N+P —%
47%+ D in more detail. The initial NP system is a mixture of isotopic spins
1 and 0 while the final state has isotopic spinl. Since the deuteron is in a
singlet charge state, only the 5;; matrix elements exist. If, however, there
were no conservation of isotopic spin then the "S,;" matrix element would also
exist, Since the initial isotopic spin states are different, we would expect
different angular distributions, Because of the rather peculiar shape of the
angular distribution, the fact that the two cross sections . .gree strongly
supports the concept of conservation of isotopic spin, But one experiment in
itself is not a proof.



Blatt then asked to what extent could one obtain relations among the cross
sections by just assuming charge symmetry and not charge independence.
Charge symmetry assumes that TT%goes into 7%, P goes into N, 7T+goes into JT~
and conversely, For example, Eqgs, 1 and 7 have the same matrix elements
because of charge symmetry, However, the matrix elements for the reactions
N+P-»T°+D and P 4+ P—>TT+D are the same because of charge independence,

Van Hove then gave a further discussion of the relations between the cross
sections for pion production in nucleon-nucleon collisions, Let us consider the
reactions just treated by Anderson and the relations between their cross sec-
tions assuming conservation of isotopic spin. It should be noted that when dif-
ferential cross sections are considered, in many cases interference terms
arise, Assume that two nucleons, indicated by the numbers 1 and 2, collide
and produce two nucleons, indicated by 1' and 2', and a pion. The case 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 expressions for the cross sections for various charges for the initial and
final particles, assuming that conservation of isotopic spin I is taken into
account, The initial and final states are subdivided into states of given total
isotopic spin and only states cf given total I can be connected in the production
experiments. For the initial state we enumerate the various i - ~ic spin wave
functions corresponding to I=1 and 0 for the two nucleons. A similar precedure
is used for the outgoing particles, There are three complex scattering ampli-
v s compatible with conservation of isotopic spin that connect the initial and
final states, These will be the Sj1, Tgg and Tyj just given by Anderson. An
important point is that the states of the particles are completely specified by
their directiors and spins. Let us assume for example that two protons collide
and produce a'ﬂuoo Thus the initial state is 1 =P and 2 =P and the final state 1s
1'==PpP, 2'=P and a.ﬂ'})nesonn There is only one scheme for ‘ﬂ’opr’oduc’(;iono But

_ii two colliding protons produce all, then there are two ways to have an outgo-
ing proton and an outgoing neutron, Namely, 1'=P and 2'=N, and "' = N aund
2'=P, For arbitrary directions in space, these two processes are completly
different, and have different cross sections, e, g, see Egs, 2 and 3 below, The
difference is due to interference terms that have to be added to Anderson's for-
mulae in order for them to apply to differential cross sections.

The following are the explicit expressions for the differential cross sections:
1) (PP - PP = 1/2]CY|?
2
2)°(PP - NPT = |=C1 Cf_;}!
VT

C] CYy 2
7t

4) ¢IPN—> NNTTY) :@(Np.éppﬂzry% ¢ -1/2CHy
T.H/2 cvl)z

3)¢1PP—> PN1Th —.-,-:l
l 2
5) 1PN —>PPTT ] =¢{NP —»NN;T"):I‘é—
2
6)6 PN >NPTTY = 1/4 [1 Co — Cl\

2
7PN ->PNTY = 1/4 N.l—-z—, Co T Cl‘
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The productio7n amplitudes used here compare to Anderson's notation as follows:
Cp = 8y.'C; =V2 T35, and Cu=f T -

Note that Eqs. 2 and 3 differ only ir the permutation of the P and N in the
final state, which gives rise te a difference in sign of the interference term.
It is the sum of such two cross sections which have to be integrated in order to
obtain the total cross section as given by Anderson. The equality of the two
cross sections both in Eqs, 4 and 5 is due to charge symmetry,

The three collision matrices representing the allowable isotopic spin trans-
itions are functions of the spias and directions of the particles, In general, for
a given set of conditions there are ne further relations,

The problem is now reduced to the pnrely algebraic question of eliminating
the complex numbers Cj, ., Cy' between the geven cross sections obtained.
The cross sections are seen to depend on five real parameters: 605, C1, Cl“,
P=arg Cl, and 943 arg Cr, Therefore, at least two relationships must exist

c, %

between them as a consequence of charge independence, A convenient way of
showing the two relations is with the following notation, Let the sum and differ-
ence of Egs, 3 and 2 be @’j; and 2@/3% respectively: the sum and difference of
Egs. 5 and 4 be ¢ and 20}, respectively; and the sum and difference of Eqgs, 7
and 6 be 6"& and ZG’(Z‘*S reépectivel*‘o Let Eq, 1 be denoted by GJ4 The two re-
lations are of different types. One refers to the cross section averaged over
all the different states and gives a relation iuvolving the matrix elements for
the total ross section, We get

0 + 0= 2102 +07), (8)
The other relation is obtained by taking the interference terms into account.
[his gives a relation between the phase differences of the complex conjugate
guantities,

A /
Liet & and O denote phase angles as defined by the following equations:

/
A] - OJl = Cos 6/ (9)
B AR
267
I — ~Cos & (10)

VIO - 6746 = 07 4)

4
Ay= 03 ~Cos (- 9" (11)
V(63 -e7)02
Egs. 9, 10 and 1l can be written as the sin%’ie relation
Cos ™1 A3+cos“1 Aj=cos A, (12)
The relation Eq. {8) has a clear meaning; if 1n an experiment having the
same number of p-p and p-n collisions the total number of T T~ and 77°
rnesons production, say Ny, N_ and Nj, respectively, are measured at a fixed

angle, then Eq. (8} means 2 Np= (\"Ij;%N,%., (13)
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This relation was given by Watson for more general processes, It is remark-
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 cross sections.
So far no simple interpretation has been given to the phase relations.

N, B. However, as Feldman has pointed out, it is important to realize
that if unpolarized nucleon beams and/or targets are used, the phase relations
are lost and only Watson's relationship remains,

Stevenson presented recent measurements on the reaction p4p ._>‘n"f’+D
by F. Crawford and M. Stevenson at Berkeley. A liquid HZ target was bom- .
barded with the external 335 Mev proton beam and an event was determined by
a time coincidence between the resulting]’r'-meson and the deuteron. Counter
telescopes were used for the particle detection and the particles were identi-
fied by their momentum and range. The two measured angles of the outgoing
particles and the known momentum of the incident beam determine the momen-
ta of both particles. The masses of the particles 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 statistics, was flat, This is important since protons
from the free neutron and proton final state can also register coincidence counts,
For 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 particles detected
were deuterons. Fermi pointed out that the reason that no protons appear is
probably due to the fact that they are produced in the three body final state and
thus have little angular correlation 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 cross section for that particular angle of the meson
counter, The analyzed data up until the present time is shown in the following
table:

Center of Mass Angle P+P —> TTY + D differential cross section
300 36,44 2,9 x10730 cm?2/ ster.
600 16.4 +2.6 x10730 cm?/ ster,
90° 10. 7+ 1.1 x10-30 cm?2/ ster.

A least +ware fit to the data gives the differential cross section in the C. M,

ste:. -
syste 4% _ 33410% (0. 32112% + cos2f) x 107> em?/ster.

dfu
The thergy was 18 Mev_in the center of mass system. The total =2ss sec-
tion obtained is 2, 7 x 10" %8¢m?2,

Using detailed balancing one can determine the cross section for Tr+ab30rp~
tion in deuterium., The differential cross section in the center of mass system
for the reaction TT#D->P+ P is d0_ 12, 6 10% ( 0.32%12% + cosze)x10°28cm2/
ster, d-n-
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The existing measurements of the cross section for reaction Tftg—D-—?
P + P are listed in the following table,
Tftanergy de”

Laboratory in C. M, dsiin 10m2‘8cm2/stero Total ¢ in 10727 ¢ m?
Berkeley 18 Mev 12, 6310%(0, 32412% + COSZQ) 5.5+ 10%

Columbia 25 Mev 9 (0,22  + cos) 3.1+ 10%

Rochester 21 Mev 4,5318%(assumi
Berkeley 21 Mev 10, 8+36%(0, 11£0, 06 Fcos?y) 3,511, 2 0O-4cos® )

- Marion Whitehead)
The labor:ious calculation of the correction for?Td/decay in flight has not been
carried out, Note that the disagreement between the first mentioned Berkeley
result and the Columbia result is outside the stated errors. Since the cross
section-is known to increase with energy, the Berkeley results would be even
higher for‘the same meson energy as used at Columbia,

Chew then discussed the theoretical angular distribution of the reaction
P + p —>77%D using the Lévy potential, The central force part of the Lévy po-
tential is the same in both the singlet and triplet case, This has not always
been irue for all the phenomenological potentials that have been proposed. For
the Levy potential the short range attractive part is spin independent and thus
gives the same central force for both states, The tensor force appears in the
triplet but not in the singlet state, For this special kind of potential if the an-
gular distribution for the reaction p+p-—9ﬁ++D is calculated in the most naive
way, that is, if it is assuvied (1j that the meson is absorbed by either one or the
other of the two nucleons but not in a three body process, and (2} that the ma-
trix element is independent of the nucleon coordinates but depends only on the
meson momentum, t hen you find that the angular distribution is uniquely pre-
dicted to be {1 4 3 cos 9 The absolute cross section has not been calculated
because it was too difficult, Brueckner said that the calculation does give the
right order of magnitude for the cross section with a coupling constant of the
usual magnitude,

Goldschmidt-Clermont next presented experimental results on the reaction
T+p —>T “+p obtained at M, I, T. The bremsstrahlung beam of the M, I, T,
synchrotron produced TMmesons in an H, gas target, Both the range and angle
of the recoil protons were measured in photographic emulsions., Since the
reaction is a two-body process, these measurements give all the information
required to determme the energy of the incident ¥-ray and the energy and angle
of the outgomgﬂ' The experimental arrangement was as follows: The beam
was collimated through two Pb collimators. It then passed through a long cylin-
drical tank containing H, gas at high pressure and at -60° C. Thin Al windo -
were placed at the ends of the tank to minimize background. The photographic
plates were placed in the middle of the tank at some distance from the beam and
shielded from the main shower of electrons. Most of the protons observed came
from the Tfoproduction process, Background of photo-protons from impurities
in the gas was observed and subtracted out., The following graph is the excita~
tion curve for the 'ﬁoproductiong The cross section (ordinate) 1s in relative
units because a good measurement of the ¥-ray beam was not obtained. The
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abscissa is in units of P 9K where
P is the momentum of the TT©
and K is the energy of the ¥-ray,
both in the center of mass sys-~
tem, If the meson is emitted

in a P state then this curve
should be a straight line, at

least near threshold, This would
not be completely true if, accord-
ing to Breuckner and Watson, a
resonance existed at higher
energy; then the curve should

be concave up (Cf, discussion

by Feld, Friday afternoon).

To obtain the T°’momentum in

the C. M, system the rest mass
of the']‘\'?’nust be assumed. The
M.I.T. group assumed a series
of masses and demanded that
the excitation curve pass

through the origin, This gave a measurement of the mass of the meson as130
1 10 Mev, in agreement with the better measurements of P.. ofsky and others

as 13543 Mev.

The angular distribution is shown in the next graph. The curve is taken
over all the meson energies, The M.I. T. group tried to separate the data
for different ¥ -ray energies but within the statistics there was no difference,
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Assuming that the meson is
emitted in a P state and taking
the conservation of angular mo-
mentum and parity into account
then the interaction of §-ray
with the nucleon has to be a
magnetic dipole type. If, how-
ever, an intermediate nucle-
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
(141, 5sin% ©), If it is 1/2,

the angular distribution should
be 1. There can also be inter-
ference terms between these
two types. It is noted from

the graph that the experimental

points have symmetry.,about 90° in the center of mass system and can be fittec
by the curve A4 B sin §. The best fit gives B/A= 5% 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
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(],+c:0529) {assuming the nucleon is at rest) which 18 excluded by the data,
The measured angular distribution does not fit toc well with the Berkeley data
which was peaked forward., It is in agreement with the data of Silverman and
Stearns and the recent work by Cocconi and Siiverman,

Breit asked if the M, I, T. data can or cannot be interpreted as evidence
for the existence of a resonance, Goldschmidt-Clermont replied that Brueck-
ner and Watson pointed out that from the scattering experiments cne should
expect a resonance, The resonance should be at about 310 to 320 Mev which is
a little higher than the M. I, T, data goes, Bruecknar remarked that if the
scattering is strong in the angular momentum 3/2 state, one might expect the
photo-effect to be explained without assumiag a rescnance,

Silverman reported on measurements of t'hg\ reaction B’ +P —> P+7T%y
Stearns, Cocconi and Silverman at Cornell, The measurements were carried
out by observing one of the gnanta, The incident X ray energies were essen-
tially 280 Mev, The angalar distribution agreed best with (2 43 sin e which
is in agreement Wlth the M. I, T. work, It i3 irgcompatible with the isotropic
distribution or a sin® @dlStT‘]bLthﬂo The excitation fanction was measured by
measuring a time coinciderce between the recoil proton and ore of the 7T quanta,
Up to a laboratory Kwray energy of 210 Mev or abnii 265 Mev in the C, M, sys-
tem, there is no evidence of a flattening of the sxwcitation curve, The cross
section was expressed differently from the M, L, T, group., The excitation func-
tion varied as <EU —E}¢T 7 where EX‘I.S the Y -rav ene gy ard Eqo 1s the
'ﬂ'orest mass energy. It appears to rise faszer than the P” found bv the M. L. T,
group,

Silverman also presented measurements of the reaction ¥+D —7N+P-HT
" ue ratio of the cross section for the Traphutqpr sduction {rom deuterons and
protons 1s 2,00, 2 at all energies and all angles measured, The cross section
for deuterium includes both of the reactions¥+D — N + P+TT0and 3+D —> D-
+ T7? . It appears that the neutrcn is contribmting as much as the proton to the
‘”ﬁﬂplfﬁdﬁi‘i(}'ﬁ;iﬁho

Bacher reported on the measurement of the cross section for the reaction
P "?P—f-‘]'[oby R, Walker at Cal. Tech, The bremsstrahlung beam from the
Cal, Tech, synchrotron was used, ']T')prod'ucti,cm irom hydrogen was obtained
by taking & difference measurement on C and GHz targers., Both the recoil pro-
won and one of the 'ﬂ'ﬂqua:nm were observed with scintillation covnters, The pro-
ton counter -as at 32° and the quanium counter at 90” for all the measurements,
The range of the proton was alse measured, Thus the energy of the wcident 85—
ray and the outgoing Tf@we re calcalable, The process was pinned down by a time
coincidence Letween the photon and the proten couaters, The energy resolution
w5S Lot too good in these preliminary measirements, being aboat 40 Mev full
widta at half maximum {see the resolution function wet > graph below}, The
exzcitation curve is shown in the following graph, ¢ . differential cross section
at 90° is plotted as the ordinate, The crosses are the data of Stearns and Silver-
man, while the other points are the Cal, Tech, rzsults. There is essential
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Differential cross section at 90° agreement at the overlap : ce the beam
for photoproduction of }’Tomesons in H calibration was only roughly determined.
o The maximum of the curve is at about

X 50_2?&5??%&31‘

<20 315 Mev and by about 450 Mev the cross
section drops by a factor of 4. At the -9
1.5 315 Mev peak the cross section is 2x10
cm?/ster, There were several runs a
110 two different synchrotron beam energies

in order to check the effect of the brems-
strahlung spectrum, but no irregulari-
ties showed up, Each measurement

was repeated 4 or 5 times,
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There was some question as to the validity of the assumption that the ]TaCz M.
angle would be the same for all the incident quantum energies since the posi-
tions of the counters were fixed, Christy pointed out that the ‘lTOGr, M. angle
had a small variation of about 10 or 159 over the energy range of incident pho-
tons used, The efficiencies of the detectors as a function of energy was also
taken intc account, In answer to a question Bacher said that the 2 f°meson
production was not looked for, but it should be possible to detect this process.
In this preliminary work only the excitation curve for the one meson production
was obtained,

Bethe discussed the theoretical angular distribution for the reaction ¥+P—>
P49 It has been mentioned that the angular distribution for the P3/2 state
is {sin Z@+2/3)a If both p states contribute equally, the distribution is sin"U,
Bethe has made a calculation using the phase shifts measured at Chicago and
assuming that both p states contributed equally, i.e., the electromagnetic tran-
sition matrix elements are the same for both p states but differ in the phase
shifts, In this case, at 135 Mev meson energy, he obtained the angular distri-
bution (sin2‘9+l,/4)o Fermi asked Bethe what sign he assumed for the phase
shifts. Bethe replied the theoretical sign, namely, positive phase shifts were
used for the p state, but it does not make any difference here. Blatt asked does
one expect a sum rule to exist for the photomesic production and if so can one
estimate how much of the function has been u<¢- " up by the Cal., Tech, data,
Bethe replied that he does not know of a sum rule,

Goldwasser next presented experimental results obtained on the reaction
GHP —m n+ﬂ+by‘ Bernardini and Goldwasser at Illinois, The experimental ap-
paratus was as follows: the 200 Mev betatron beam was collimated to 1/2"
diameter and struck a 11/2" diameter liquid Hj target. G-5 emulsions were
placed at various angles around the target 10" away and Trhcracks were observed
in the emulsion, Measurements were made of the relative yield for several
angles from 30° to 1509 in the laboratory system. 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



were ebiained by aran connting, The calibration in each plate was made by
measuring the range and scaitering of mesons stopping in the emulsion. The
ciesults were analyzed only two days ago so they aie very preliminary. The
data are shown ia the following table; obgervations were made at 5 C, M. angles,

Center of Mass Augles 399 5RO gyt 148° 1589
1TH 200 Mevw 3.1 6.5 20, 2 24, 2 36,3
176-200 6.1 16 32. 8 27. 7
mal - 260 0.9 60.2 72,8

6‘-: 1P 19,7 39. 8 36

The data are expresseid mn epergy "bins" for tie various center of mass angles
ohserved. Severzl normalizations had to be used but roughly the numbers in
the birg are egual to *he numbers of mesons observed, Mesons with less than
5 Mev energy cannot be detected with 100% efficiency so that there is a cut
for mesons going the backward direction in the Jow energy bins. The plates
were heavily leaded with electron background giving minimum ionization tracks
It was thus difficult to see lightly jomzing fast mesons passing . irough the
emulsion, Until better checks ave made there is some uncertainty in the mea
surement of meson iracks with 2, 0 or less times minimum ionization, It is
possible. because of thus uucertainty, 1that mesons are missed in the forward
argles at 39" and 58% and in the 178 t¢ 200 and 176 to 200 Mev bins. The other
bins include fer the most part, mesons of greater than 2, 0 minimum ionization
and the detection eificiency “,Ssentially 100%. The number in each bin has
been nurmalized to the counting rate per unit solid angle in the C. M. system
and has been correcied for the decay preobability, However, the rows were not
intercalibrated.

A few remarks sbout the angular distribution can be made. For the 178 to
200 Mev energy range. it appears that the cross section 1s increasing in the
backward direction, For the 165 to 175 Mev row the distribution 1s flat around
90% with some drop at about 409, The differential cross section at 90° for a
photon energy in the lab system of 165 to 183 Mev was 0{% =0.72 x 10 'chmz/
ster, This cross section is based on 64 mesons observed in the emulsion and
has a 13% statistical ervor. This result can be compared to the work of Stein-
berger. His data do not go down te these low energies but a straight line extra-
‘polailom of his data . the meson threshold gives a cross section 0,55 x ]Oleg
cmé/ster  The Cornell jaboratory has checked the beam calibrations used at
various other laboratories and Wilson reports that the Berkeley beam calibra-
tion differs frem that of {llinois and Cornell by 5%  If the Steinberger-Bishop
data is normalized to he !llineis-Cornell beam calibration. the extrapolation
of their differential cross section at 90° and 175 Mev becomes 0. 69 x 10-2%cm

zradian.

2/

There were seveial requesis for conve. iion faciors to express the numbers
in the bins 1n terms of cross sectior per photon but Goldwasser said that they
had not been deternmined yet. Fermu asked for information on the energy vari

ation of the cross section, This was calculated by splitting the 64 mesons used
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for the 902 cross section into 2 bins from 165 to 175 Mev and from 175 to 183

Mev,

ally no difference but the statistics are very poor.

The cross sections were 0, 718 and 0. 723, respectively; there is essenti-

Fermi 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 reaction g4p-N-+1yt at
M, 1. T. The experiment is still in its preliminary stages. A characteristic
feature of the synchrotron is the very strong electromagnetic background
produced in the forward direction when the bremsstrahlung beam strikes the
target, Special precahtions have to be taken to make measurements at small
angles with respect to the beam, For this particular experiment of ]Trmeson
production, the following procedure was used: a coil was wrapped around the
synchrotron donut, A current pulse in the coil shifted the orbit of the electrons
into the target, so that the X-ray beam came out in one microsecond. The
counters were off during the beam pulse and turned on after the electromagnetic
radiation had passed, The delayed ,L{Le decay from T *mesons that stopped in
the detector were observed, The l|f-e decay was checked by the characteristic
lifetime and other tests. The‘n‘"’production in hydrogen was obtained by a poly -
ethelene-carbon subtraction. The detector consisted of a brass absorber and
a scintillation detector which were sandwiched in front and back by anti-coinci-
dence counters, The meson must stop in the sensitive counter and then produce
a delaved electron pulse in this counter. Also, the electron must not cross an
anti-coincidence counter. Since the 'ﬂ’gtops in the detector, its range is mea-

sured and, thus, its energy can be calculated,

Angular distribution of Tr+mesons from
ramma rays on protons (h¥Y =270 Mev)

P state
Sstate

0.3
*olz

i 1
406° 80° /0°
Center of Mass angle

]
/60°

The results are shown below: the
incident photon energy was 270 Mev,
The angular distribution is in rela-
tiv2 units be - 1se of the difficulty
of determining the efficiency of the
detector., Note that with this method
a large range of angles are covered,
All corrections except for nuclear
absorption in the brass absorber
were taken into account, The latter
was only 15% at the worst angle and
less at other angles, To interpret
these results we can make use of

the technique of partial wave analysis
suggested by Brueckner, More gen-
erally, if we assume two possible
electromagnetic interactions, electric
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, respectively. The S state

meson gives a spherically symmetrical angular distribution.

Assuming that

the P state is a pure J=3/2 state, then there is one parameter for the ratio of
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the P state to the S state, Using the best {1t to the data the ratio 1s 0, 3410, 12,
The line drawn on the graph is for this ratio, Since the P state does rot con-
tribute very much, the cos§ interference ierm 15 the main non-isotropic term
This does not depend very much on whether the P state has J=1/2 or J=23/2,

Breit asked what normalization th:s implies for the P state, Osborne

replied that if one integrates over all angles one ohtams ( ],'-}“az) and a2=0, 34
+0.12. The 1l is for the S state and the 4t 1¢ the P state contribution; a P3/2
state was assumed. The cos® coefficient changes somewhat if we assume the
Py/p state, Bethe pointed out that there should be znother relation if one
assumes charge independence, Namely, for - % the P state part, the contri-
bution to the Tf‘gross section should be one half rthe contribution to the “ﬂocross
section., Osborne replied that this 1s verified experimentally, Using Stein-
berger and Bishop's measurements of ﬂ)roducuom and Silverman and Stearns'
TP production data, both at about 270 Mev, we find that within the relative beam
calibratior (¥ P, TH=2¢(sP 7. It the‘,’TOproductmn. goes exclusively
through a photomagnetic J=3/2 state, then as Bethe just pointed out the amount
ofti o J=3/2 state contribution to the T["!Eross section should be one half of that
for thell® i, e., just looking at the J=3/2 part, 6"3 o (SP.1TYY = 1/2 6‘5/2
(KP{HO)O Since the total cross seciion measurements give STE P, TH =2G~
{ 'o’PDTTD),« the ratio of the P to S state must be of the order of 1/3 assuming that
the S state makes up the difference and increases t‘he'ﬂﬁ[ield over the‘ﬂog They
obtained a ratio of P to S of 0. 34 in this experiment,

Brueckner pointed ont that the ahove ratio follows only if vou assume that
the isatopic spin 3/2 state dominates, Oshorne replied that he assumed the
isotopic spin formalism which identifies the T 3/2 with the P state, Brueckner
said that if the T =1/2 state dominates. there i no such simple ratic; you get
additional faciors, You have to make the assumption suggested by scattering
that only the isotopic spin 3/2 1s importart, then the P state has to be assumed
tr. be isotopic spin 3/2 in order to get the rativ 2 to 1. Feld said that if you
turn this around and assume that it 1s pure isotopic spin 1/2, ther the factor 2
would go the other way., As a matter of fact, this is just another bit of weight
far the argument that the J=3/2 state we are dealing with is a state of 1sotopic
spin 3/2, Brueckner said that the same thing happens in . on -nucleon scatter-
ing as Fermi and Yang have poirted out, For scattering in the 1=3/2 isotopic
spin state, if you mix the Piia and P3/2 states you fit the angular distribution
very well. The same is true for meson production., Osborrne pointed out that
is results are ingensitive to the mixing, The sguare term is very insensitive
to th2 mixture and the interference term always goes as cos §. Brueckner
~aid “Actually, there is an acditional argumert which was proposed originally
by Bethe to the effect that for the assignment of the phases of the electric dipole
and the magnetic dipole transitions which comes directly {rom the form of the
electromagnetic Hamiltonian 1o meson theery. the signs of tne terms are of such
a nature as to give the right result only if the P, 2 phase shift is the large one
and positive relative to the Py/,." Bethe then said. "I am somewhat confused
about my whole argument by now, (Lauvghrert [ think now that the interference
term indicates just the same thing thal the scattering ought to indicate r xmely,
the weighted average between the P3;, and the P17y phase shifts, As far as |
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can see now, we cannot decide between Yangfs and Fermi's phase shifts from
the photomesic production, " Brueckner said that at any rate the meson theory
does give the negative interference in the forward direction without any further
assumptions about the process, In connection with the ratio of 2 to 1, it is
interesting that if this ratio holds, the Y production ofTrofrom neutrons and pro-
tons should be identical. This seems to be bourne out by experiments on photo-
mesic production from deuterium.

Osbourne then pointed out that his res:lts are not in bad agreement with
Steinberger and Bishop; however, his errors are rather large, Steinberger
and Bishop's data have a tendency to go down in the backward direction, The
future plans at M,I. T, are to investigate the S and P contribution at lower
energies.

Wileon reported on the measurements of the reaction ?S-l—p - n+T['+' by
Palfr’ey9 Luckey, Jenkins and Wilson at Cornell, To get a better check on the
‘E{ production an alternate method to the photographic plate and pulse beam
techniques just described 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 cross section can be measured, The solid
angle calibration was made with the familiar wire technique, The solid angle
and energy resold ion are known to 5%. The magnetic field can be flipped over
so that the I to ] “ratio can be measured directly, The system can be used
also for all angles of emission of theﬂ—;i' that is, from i° to 180°. For the
forward direction the pulsed beam technique of the M, I, T. group has to be used
in which the delayed A electrons are counted. For the backward direction the
¥ -ray beam went through the apparatus, The_n“‘r;lesons go back an * are bent
out of the beam, The magnet was of a double focusing type having a“'l" field
which bent the mesons through an angle of 90°. The mesons were etected
by a time coincidence with proportional counters. Protons with the proper mo-
mentum would not have the range to get through the air and electrons were not
observed at angles greater than 30°, Electrons must have an energy of 170 Mev
to have the same momentum as 50 Mev mesons, It is difficult for electrons of
such energies to scatter through such large angles. This conclusion was checked
with a cloud chamber and lead plates behind a similar magnetic system, It was
concluded that only pions or their ecay products come through the magnet,

Since absolute cross sections were being measured, considerable attention
was paid to the calibration of the beam, i.e.,, to the measurement of the number
of quanta in the bremsstrahlung beam, The measurements of the pair cross
section and the energy distribution of “2e ¥-rays were made with a pair spectro-
meter, A standard ionization chamber with a thick copper absorber in front of
it was calibrated in terms of the pair spectrometer measurements. At Cornell
the ntsolute calibration of the beam is believed known to 5%. This standard
chamber was sent around the country last summer to be intercalibrated with the
other laboratories. Berkeley differs by about 25%; M. I. T, differs by about 30%
in the opposite direction; Illinois agrees to about 1%; and Cal, Tech. uses the
Cornell calibration, Now, even if all the labs are wrong, there is at least an
intercalibration between them,



The measurements were made as
follows: the bremsstrahlung beam
struck a I cylindrical target, The
hydrogen cross section was obtained
by a difference measurement between
polyethylene and graphite targets,
The beam was measured with the
standard ionization chamber, The
mesons were detected by propor-
tional counters and their energy
was determined by the magnetic
field. The angle and energy of the
meson completely determined the
process, Measurements were made Incident Photon Lab Energy
for targets of H, D, Be and higher Z,

Only the H data is reported., The preliminary results on the '[T*production from
H are shown by the experimental points on the above graph. The curve repre-
sents the results of Steinberger and Bishop.  The agreement is good; however,
there is a 25% discrepancy in the beam calibration which would push the curve

up,
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The angular distribution for 234 Mev ¥ =rays is shown in the next graph,
Measurements were made at three

angles, 30°, 90° and 180° in the lab o

system corresponding to 36, 106 and HTL='3_5C°SG +T8m*O
180° in the C, M, system, Prelimin- 20{-

ary results for the absolute differen-

tial :cross sections at these angles lor

are 10, 19 and 18 microbars per ster-
adian, The last two points are -0
essentially the same, Assuming AN 8
only s and p states and that the p -£
states go through the isotopic spin [3|Q! '
state 3/2, the cross section has the “T|T ‘ w4
form do’/da= (a®4 b%)+ 2ab cosp % o 126°
cos§ + 3/2 b sin? B . This will Center of Mass Angle
look more familiar if we remark

that if there were no s state, as in neutral rne301'121:)1'oduc1:ion9 then the cross
section would have the form d()"/d.ﬂﬁb2 + 3/2b sin2@, The second term in
the first expression is due to interference between a, the amplitude of the sj/p
wave, and b cos &, the amplitude of the p1/2 wave, O being the phase between

a and b, Fitting the formula to the three points we get d¢//dQ=(13%2) —(5+2)
cos® 4 (5+3)sin%B. This equation is shown by the solid curve in the accom-
panving figure, Alternatively we can use ieutral meson production as measured
by Silverman at Cornell, and evaluate b, Then for the last term we get 2 sin B
instead of {5%3) S‘.iﬂzég which is within the probabl: error, Assuming ae neu-
tral meson cross section is correct an' using the three experimental points,

a, b, and the phase angleg can be computed, § turns out to be =135, The
broken curve in the figure represents do/d =14 -~5cos B+ ZSinZGObtained by the
above procedure, and we see that the fit is good,

12 A
%:/4- S5cosB+25m*O
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The Cornell group also looked for negative mesons from H but did not see
any., The maximum beam energy was 312 Mev, Theﬁo ‘ratio at 90° in the
lab system and for 34 Mev mesons was 11T 4%, The b’beam energy was too low
for meson pair production, However, if an isobar of a doubly charged proton
was made, then aﬂ"r'night be produced, A considerable effort was made to look
for this isobar,

Measurements on deuterium were also made, The ratio of Tlto “n/\c/ross
section was the same at all angles and all energies observed, The ratio of Tl
to Tl—tvas 1,3F0,2. This ratio indicates that the meson production from the
neutron is exactly the same as from the proton. Comparing the [ production
from H and D, the yield from D is smaller by 20% 1+10%. This might be dueto
reabsorption of the mesons in the deuterium,

Fer' i turned - a report on pion scattering from hydrogen by Anderson,
Nagel and Fermi at Chicago., There are three types of pion scattering from
hydrogen; ()TTHP—>TT+P, (2) T —> N+179, and (3) T+ P > +P,
where the second phenomenon is measured by observing one of the two 7Tdecay
photons. Process (1) has the largest cross section, then (2), and (3) has the
smallest, From the experimental point of view this order has very unpleasant
practical consequences for the measurement of reaction (3). The trouble arises
since the photon background going in the direction of the counter is in many cases
of the order of ten times the number of TI". The observed cross sections for
reaction (3) determined by previous measurements were somewhat in error,

The experimental setup consisted of a T beam going into a liquid H target
about 6" in diameter; leaving the target were a mixture of photons and'ﬂ'iaving
an intersity ratio of about 10 to 1 or 10 to 2 depending upon the angle of emission,
The usual measurements consisted of the detection of theTrr;.eson with two scin-
tillation counters without any material interposed, To detect the Tr%hotonsg a
lead converter was placed in front of the first counter. Unfortunately, even
without the lead interposed there is some photon conversion, mainly from the
walls of the hydrogen Dewar. A new set of measurements are being made which
are an improvement over the old ones, primarily because the Dewar walls have
been made thinner, Expressed in radiation units the Dewar walls are no: one
half as thick, Fermi pointed out another disturbing fact about the old hydrogen
Dewar that still cannot be explained, When calibrating the equipment by a Panof-
sky-type experiment where the Hr;l—esons are stopped in hydrogen, they found a
pair conversion at birth 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
1s a few times larger than both the theoretical value and also Steinberger!'s
measurements using a thin-walled Dewar, With the new Dewar the same experi-
ment gives an understandable yield much lower than the 4%. So the new data on
the T{ “interaction with hydrogen looks more convincing, The cross section for
theﬂ'oexchange scattering has not changed, but there is a difference in the
scattering results (see table below).

A characteristic feature to the J] ’ scattering and the m exchange scattering
is that they have a larger cross section in the backwards direction, However,
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thel] elastic scattering cross secriun goes appreciably forward altheugh not as
much as the other reactions go nackwards, This behavior can clearly be seen

in the following table consisting of all the worthwhile measurements to date,

CHICAGO PION SCATTERING DATA

540 1,961, 30
102° 2,26%F |3
1430 3,09+ .34
0 Mev M = 1,18
550 3.3 % .7

559 1,02 4+ 15 539 3,0 + .3

104° 42 5 1009 4,3 + .3

144° .88 4+ 20 1426 8.0 £ .5
135 Mev M =1, 325
569 5,778 2,2
104° 6, 8% 2. 2
1450 Lot 6
144 Mev  H=1, 375

560 163 = .15 54¢ 5.0 * .4

1059 .64 £ 15 1020 6,1 * .4

145° 1,10 = .25 143° 10.5 £+ ,7

The da .. are expressed in millibarns per steradian in the C, M, system, The
scatrering angles are in the C, M, system. ¥ 1% the meson momentum in units
of ¢, The heading 4 4 stands {or T[felastic scattering: notice the strong back-
ward scattering, Also notice the simular behavior in the third column under the
heading - which stands {or ’!T‘Eh,a rge exchange scattering, The new data is on
the ﬂ“’é]‘asm scattering and shows an increase in the forward direction,

Th-se data can be correlated with the isotopic spin phase shifts, With the
use of an electronic computer the phase shitts can be compuied in five minutes,
since there is one code for all calculations. With each caiculation only taking
about five minutes, one can learn something of the mathematics of the problem
by varying the conditions a little, Irn particular. using the++and - ¥ measure-
ments 3t three angles to compute the isotopic spin phase shifts. the phase
shifts are then used to calculate the -+ cross secrion, The results invariably
want the « - vross secrion to Joo 25 thev do experimentaily, In this calculation
only the 5 and P phase shiits are used, The tollowirg curves show how certain
of the phase sbilts depend upon energy, All the data are for the phase shifts
calculated at Chicage as distinct ivom those of Yang,
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40° The points labelled &; correspont to 1=3/2
and S 1/2¢ The ordinate scale is the meson
momentum in the C, M. system and is ex-
pressed in units of §{c. The points seem to
T20° 3 fall on a curve, The meson energies are

o 135, 113, 78 and 55 Mev. The last point

o represents the Brookhaven data and has
o a

4 h poor statistics., The curve through the
o5 8 o Bk

points was theoretically suggested by

4 6« Marshak. The points for I =3/2 and J=.3/2
3 - are denoted by 6 3 They have a regular

behavior and fit a curve varying with the

A cube of the momentum. This is the sim-

. plest law that one can expect for P level

+ ~40° A ota3 phase shifts. The points for I=3/2 and

=1/2 are denoted by & 37 2nd do not show

Phase shift angles for I=3/2 in a regular beh vior. The data indicate that

meson scattering from hydrogen these points are small and slightly negative,

but the experimental errors are too large,

PHASE SHIFT

§

, Fgmrs I:% ’J'=§’
with m‘kvadfon

no leraTioy The next .figure/w}ﬁ)"w% 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 similar ex-

cept for the phase shift which is of the
order of 20°, The nucleon radius is
conventially set atf¢. and the wave

e .3 function goes to the origin by bending
4 \ _ Ssrare I‘Z down sharper than a sine curve, The

huelfgsr ' with mvacTow situation is different for the case of
A0 _inTeraction 1=3/2 and J=3/2. The curves with
_ and without nuclear interaction are two
Meson wave functions sine curves outside of the nucleon ra-
(energy 135 Mev) . dius that have a separation of the
n ~measured phase shift. Inside the nu-
cleon, however, the difference between

the wave functions is very-large even for a phase shift that is similar to that of
the S wave,

Fermi pointed out that Yang’® phase shifts agree with the data as well as
the phase shifts computed at Chicago. These are compared in more detail in
the Saturday morning session, 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, 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,
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There was another minimum with a very large value, so that it is meaningless
experimentally, Thed-or - signs of the phases have not been determined,
Brueckner asked whether the correct set of phases could be determined by a
mere accurate measurement, Fermi replied that this is probably so but if
more accuracy is available th ¢ there is the added complication of the D and
higher order phases, Anderqon pointed out that the fact that there are two
sets of phase shifis is due to the -7 process which can go either with or with-
out spin flip for the proton, The uncertainty in the choice of phase shifts is
due to the small contribution te the cross seciion from the spin flip part. Fermi
pointed out that the two sets of phase shifts are distinctly different but in some
respects quite claese, For example, the S phases are roughly equal, Both sets
of phase shifts appear to behave properly with energy. Probably a way to de-
cide which set of phase shifts is correct is by interference methods,

Barnes reported on theﬂapdﬁ—tran@mwmon Pxpemmen’ts in hydrogen
C. Angell and J. Perry at Rochester, The evergy of theTra,ndﬂ'meson beams
was 3716 Mev, The targets were CHy and graphite, The hydrogen cross sec-
tion was obtained by the usual subtraction technique. The data is shown in the
following table,

: : v 97 ,
Total cross sections for 37 Mev |l and T interactions with protons,

Reaction Uncorrected data Corrected data
7transmission 16, 241 mb 21, 5 mb
73 transrmsqmn 17,2+ 2 21, 8

T4 P> N+TT0 5 42
7T’+P—57T P 16, 8
TP —>TTH+P 21,5

The {irst column lists the uncorrected data, that is, the raw data before cor-
rection on the basis of the efficiency curve. The second column lists the final
data correcied by the efficiency curve and assuming an 1sotroplc distribution,
The first two lines represent the direct measurements of Tf and ﬁtransmmsmn
in hydrogenu The third line is the data taken from Roberts, Spry and Tinlot on
Tr charge exchange scatter’mg at roughly the same energy (see next report).

The cross section for]l elastic scattering is given in the fourth line and was
obtained by subtracting line three from line two, Finally, the last line contains
the T elastic scattering cross section and is simply the {irst line rewritten,

The efficiency curve was obtained as follows; in any attenuation experiment
there is an uncertainty in the maximum angle through which mesons can scatter
and not be detected by the final crystal. For the angular region from 609 to 180°
all scattered mesons miss the last detector. There is an angular region less
than 60° where some mesons would miss and some would be detected depending
upon the geometry of the apparatus, The overall average angular acceptance of
the final crystal is determined by the efficiency curve, The final column con-
taining correcied data assumes an isotropic distribution. However, even assum-
ing a a sin® Bor 2 coezgdhsh ibution, the cross section does not change b~ more
than a couple of millibarns, It is surprising that theTl elastic scattering cross



32
section is so high at 37 Mev when it is about 3 millibarns at about 57 Mev,

Tinlot then reported on the'}TEharge exchange scattering from hydrogen by
Roberts, Spry and Tinlot at Rochester, The incident]] beam had an energy from
35 to 45 Mev, This is slightly higher than in the pion transmission experiment
just described by Barnes, The data were obtained by measuring the incident
meson flux and one of the outgoing]| photons. Measurements were made on
both H and D giving information on the reactions (l) 1T +P —>T7%4+N, (2)77+D->
7% +2N and (3) TT+D—>TT%2P. The experimental arrangement for the hydro-
gen measurement consisted of three scintillation counters to define the meson
beam., The usual subtraction technique was used with carbon and polyethylene
targets, A ¥-ray telescope with Pb in front of it was placed at 90° with res-

p- -~ to the pion beam, An anti-coincident crystal was placed in front of the
lead, Assuming that all the ¥ -rays observed were fromTrgecay, then the
total charge exchange cross section is 5+ 1.5 millibarns where the statistical
inaccuracy alone was about 15%. In order to calculate the cross section, the
¥-ray detector efficiency must be determined, This means using shower
theory for incident Y-rays with an energy spread from 35 to 139 Mev. The
theory of R, R, Wilson was used and the errors in this theory can only be es-
timated, We believe that this error plus errors due to beam contamination,
etc, , gives an overall uncertainty of 35%. It should be noted that for the
meson energies used in this experiment, the ¥-rays from the [ are essentiall
1sotrop1c for even quite an anisotropic T’%mtnbutlon. For example, for a cosge
Tr° distribution, the isotropic part of the @ -ray distribution is 3/4. Thus, it
is felt that this is a good measurement of the total cross section even though the
‘K-:rays were measured at only one angle,

In order to detect bothvghotons another counter was placed at 110° with
respect to the first counter and still at 90° with respect to t:e incident beam,
Unfortunately, the efficiency for 2 photon detection is very small, Thus the
statistics are too poor to give a good measurement of the cross section. How-
ever, the results are compatible with the assumption of an isofropic distribu-
tion. Charge exchange scattering from deuterium with bothTTande mesons was
also measured by detecting both the single and the double¥ -rays, It is probably
the first time that [{ exchange scattering has been detected, The resulting cross
section is about 1, 5 Y1 millibarns for thel and 1. 571 0.5 millibarns for the TTT
mesons,

The main interest in the results of this and the previous work reported by
Barnes rests in the large variation of the ratio of the charge exchange to the
elastlcTr scattering cross sections with respect to energy. It is suggested that
the S phase sh1ft0{ 3s as indicated by Marshak, does reverse its sign at about
40 Mev which brmgs the M elastic cross section up. The Brookhaven result is
about 3 millibarns at 57 Mev while the Rochester result at 37 Mev is 17 milli-
barns (see previous report by Barnes), Fermi 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 results,
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V PARTICLES
Friday morning, Professor C.D. Anderson presiding,

Anderson gave a brief summary of the present state of knowledge about V
particles. There seems to be uniform agreement among the 1%bora.tories on
the existance of a neutral particle which decays 38 follows: Vi— p A7
with a Q = 35 Mev and a lifetime of 2,5 x10 “sec, However, there is also
evidence for neutral particles with the above decay scheme which decay with a
higher Q value (~~ 75 Mev), In some cases the errors are large but there are
one or two cases which are veryv good that give high Q values. Q values can be
computed by measuring the angle of decay and the momenta of the decav pro-
ducts. These give Q values of about 75 Mev, A limit on the Q value can also
be obtained by measuring the specific iontzation and again it {s very difficult to
reconcile these exceptional cases with a Q value as low as 35 Mev, However,
the great majority of the cases show a Q value of about 35 Mev, In most of the
cases in which measurements are pO&:S]bic the decay products seem to be co-
planar with the point of origin of the \;10 These results indicate that in the ma-
jority of the cases the decay is two hody., One cannot exclude the possibility
that in a few cases the decay is a three body one, There seems to be general
agreement that the lifetime for decay of the V’J in 1ts center of mass system
is close to 2.5 x 10°10sec,

There also seems to be agreemem that other types of neutral unstable par-
ticles exist, namely VO-—-ﬁ 77"—/-77"’-;L ?)., The upper limit on the masses of
the decay products is 1es¢‘ than 500 m, and the decay products are presumed to
be TT mesons. There is agreement tha.t the number of Vg“s produced 1s con-
siderably less than the number of Vf‘?ss There is as yet little evidence on the
coplanarity or lack of coplanarity of the decay products of the Vga If one
assumes a two body process, the Q value of Vc?j seems to be about 120 Mev,
Not encugh cases have been cobtained to make a good determination of the life-
titne of the Vgo Howevgr, the lifetime could be of the same order of magnitude
as the lifetime of the V{,

There are cases in which the decay products have momenpta too high to
neasure and in which the measurement of specific ionizaticn is too low to give
information., Some of these cases give Q values as high as 200 Mev regardless
of what the decay producta are, There is also some evidence that there is a
particle V3—75« X +/7‘ where the mass of }& sezms to be greater than the mass
ot the ﬂ' meson,

Anderson then called on Peyrou to repert on the ':cent work ait M. L T,
Peyrou reported en work done with the M, I, T, multiple plate ¢. = ! chamber by
Bridv‘e Safford and himself, The chamber contained eleven 1/4" lead plates,
V® particles which originated from interactions occurring in the chamber were

exammed In these cases the cr*gw of the V® particle can be seen, Out of 60
or 70 v oparticles, 23 V1 5 VZ , and 3 \79 origirate inside the chamber. For

the 23 Vl s a measurement of the angle of noncoplanarity was made, & is de-
fined as the angle between the plane of the product particles and the line of
flight from the peint of origin, The foilowing results were found:
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No. of Cases Range of
2 & = 50
5 204 S < 59
16 S= 20

Peyrou discussed next the problem of bias in measuring the coplanarity of
VO 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 VO's which decay in the gas immediately
below the plate of origin were used to test coplanarity, In these cases it is
obvious" where the origin of the VO is, A histogram has been drawn using 16
cases in which the point of origin was obvious. The average anglleor 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 ori-
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 neutrino,
In testing coplanarity, the 1mportant quantlty 1sP7<ffor the decaying V° where

7 = V‘-’-f:'z £ =
The following histograms show the experlmental results compared with the
calculatien, The curves have been normalized to give equal area with the
histogram, Pevyrou 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
Ve that carried by the T} .

Since the results indicate strongly
- ‘ a two body decay, the rest of the
analysis was made under this assump-
tion, A picture of a VO 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
:rmined 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, Joniza-
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 stop. Thenthe 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, Oneﬂyldecay in flight of a V. secondary was
seen, Two nuclear interactions were seen and consequently most of the light

particles would seem to be mesons,

In order to measure the Q value, the

range of the stopped particle was «sed with the momentum balance. The
range of the J/"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 e r.- e of Q values were
etermined, The determination of the Q value also dg)ended on the angle
measurements, For each measurement a quantity X was calculated to deter-

X

mine how much an error in & would change the measured Q value, Sometimes
thea‘? is as large as 9 Mev/deg, but can be as low as 0,1 Mev/deg, The
result of the Q measurements are given below, 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 set,
The results are all consistent
‘with a unique Q value of 35-40
Mev, The best value of Q is 37
Mev.

The lifetime is determined
by measuring the mean time be-
tween when the particle leaves a
lead plate and when it decays,
There are corrections due to the
fact that the particles are ob-
servable only for a finite time.
With corrections, the eﬁ%eriment
gives ’= 3,5%1,5x10  sec.

Five cases of Vg have been
found, One of these was recently
obtained and analyzed by B, Day-
ton, The coplanarity angles were
good for the five cases and were
consistent with the results on the
V’fa 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, The scat-
tering was probably nuclear. The upward

/ ~ 5tOP5 moving particle was apparently stepped by

ionization, The upward moving particle

had a momentum of 145-158 Mev/c, The

/ momentum of the second particle is deter-
mined to be 272-296 Mev/c by momentum

oriam Fd *dECQHS balance. ’I:he coulomb scattering of particﬂle
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 m,. Assuming

that both particles areJlmesons the Q must
be about 195715 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
» STOPS 1000 for one of the decay products was
eliminated by momentum balance. In the
other two cases it seemed unlikely that the mass of either of the decay products
could be as high as 1000 m,, If the particles are V, then the Q values are con-
sistent with a unique value. If however these particles are V3 then the Q
values are spread, In reply to a question Peyrou said that perhaps the life-
tlme is a llttle shorter than that of the Vfo Peyrou showed a picture in which a
Vz and V[ were simultaneously produced in an mteractlom Of the 5 Vz“s ob-
served two were produced in an interaction in which V1 s were als. produced.

Feynman asked what sort of limit for the fraction of Vg‘s particles that are
produced in pairs could be set from the experimental data., Peyrou replied that
if one takes all types of V particles into consideration then the fraction of par-
ticles produced in galrs must be small, If, however, one restricted the types
in the pair {e. g. Vl-f-'V ) then the results indicate the fractmns of V,'s produced
in such pairs could be 1arge Rossi pomted out that the Vl might have an alter-
nate mode of decay into a neutron+7Twh1ch would be missed, Thus it mlght be
possible that a large fraction of VZVS could be produced in palgs with Vl 5
Brode stated that Fretter has three cases in which pairs of V particles are
produced, In one of these cases the particles can be identified as Vf and Vg
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
crigin of all of the Vi) particles observed at Cal., Tech. Qualitatively, more
seem to decay close to the top of the chambers than to the bottor . There were
134 cases presented, It was evident from the diagram that in some portiens 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 N
have been detected with high probability, i
Then for each V° observed inside of the | |
surfaces a measurement was made of the

time elapsing in the V°'s frame between |
passing the fiducial surface and decay- |
ing. In order to make a reasonable —— e ]
estimate of the lifetime it is necessary
that t/T & 0.5 where f, time spent ’_"A"'/]""/r/\— y '—'/\“—/'\"' !

inside fiducial surfaces before decay,

T,time available inside the fiducial |
surfaces., Experimentally t/T=0., 30%0, 05, l
where t=x gy, ¥ distance inside the |

l

fiducial sur hcepz_pzTy/cz,Zzll(l - PZ)l/ZJ.
and 7. 7 ST 11 For parti-
t‘“"L YN 5 (-;ﬁTf -1) P

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..icles an unbiased method of eliminating
high momentum particles should be used. In order to do this only VO particles
whose opening angles were greater than 10° were used in the measurement, The
opening angle measurement does not depend on the position inthe chamber and
yet the opening angle 1s closely related to the momentum of the particle, By
using these criteria about 60 of the 134 cases of VO decay were eliminated from
the data, It was assumed that the Vf partiﬁ%es were a2 homogeneous group. The
result of the calculations gave t=1,6 x 10"~ sec. and Tz 2.52£0.7 x 10 sec,
The stated errors were calculated by assuming that the experimentally deter-
mined values of C are distributed Gaussianly about the true value, although this
is not strictly true.

_ The VP's were d ided according to their measured Q values. Taking those
with Q£ 50 Mev and those with 50 £ Q <150 Mev, the lifetimescalculated from
these two groups were as follows,

Ch=1.6770.5 x 10" %sec.
T = 2.9%0.8x 10-10sec,
There were also 20 cases in which the Q value was unknown. 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, Depending on ]jalst which cases are put in which group the
results are 73, = (1.3 - 2,3 ) x 107 “sec,

Z, = (2.4 - 3,5) x 10" 0sec.

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 chamber.

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_ and
sin @- versus P_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, The experimental curve is in qualitative agreement
with the prediction; however, there are some cases with values of P sin&—
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.”™ 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
VO's with high Q have a shorter lifetime, as seems possible, The M.IL. T,
group should however have found some of these particles. Rossi noted that
they had one possible case of a high Q decay. Leighton showed an example of
a VO with high Q and stated that 2 or 3 other good examples existed. The case
shown had the fellowing momenta and angular openings,

P_:-: 771 7 MCV/C J Q 01 MCV/(MQV/C)
O Py

P,= 800 £ 150 Mev/c dQ_( 17 Mev/(Mev/c
55 /[(Mev/c)

B8 = 114°
20

0 = 79715 Mev é_é 0. 82 Mev/degree

In this case the negative particle (/J') was thrown almost directly backwards in
the C. M. system. Greisen pointed out that the interpretation as a high Q case
depended on the identification of a V0 Leighton agreed, saying that the ioni-
zation of thet 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
»robably less than twice minim 1.The 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 VO, If Oppenheimer's 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,

| | There appears to be no
i i ) P apparent correlation, How-
l‘ I PI | I ever, they could not guaran-

2

e
-
g

tee that some decay products
were not heavy mesons,
Anderson noted that in the
| I I I M.I T. experiment decay
IR } T particles were not observed
- M to come from the stopping
heavy particles,
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Messel: "Just what is the evidence for the V2 71 Leighton said that they
had three such cases in the VOclass, There were cases in which the negative
particle was a 7 and in these cases it would be very difficult to distinguish a
heavy meson from a proton. However, there were cases in which the positive
particle was consistent with a 77 and the negative particle was ‘i aitely heavi-
er than a [~ . An example of such a case was shown. In the particular case
the positive particle had a momentum and 1omzat10n (slightly above minimum)
which were quite consistent with its being aTT The negative particle had
both momentum and ionization higher than the positive particle and consequent-
ly could not have been 7]*~ . Unfortunately, the negative particle's track was
very short, Le Prince-Ringuet 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 “ﬂ\’ meson woild have to have a momentum of ejec-
tion of 200 Mev in the C, M, system which was higher than had ever been
observed,

Messel wondered how many cases of Vf-—-b)(t‘- 7 there might have been
in their data, Leighton replied that there could have been any number because
of the difficulty of differentiating from a prota. Shapiro: "How many cases of

are there in which you can exclude the p0081b111ty of theu(') being V] or V3's.
Leighton: "You cannot exclude any of the V3 s from being Vi's if you are will~
ing in each case to assume the negative particle to be a negative proton, We
are not willing to make this assumption, however.'" Anderson; "There are of
the order of three to six cases which could definitely not be V,'s. "

Anderson then called on Thompson to report on his recent work (with A, V.
Buskirk, L. R, Etter, C, J. Karzmark, and R, H. Rediker), 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 22" high, 11" wide, and 5'" deep, The height of the chamber makes
long tracks available for momentum measurement. No-field tracks of /f -
mesons taken with the magnet coils in opposition indicate that the maximum
detectable momentum is in the neighborhood of 5 x 10 0 .ev/c, however, this
figure refers to tracks which traverse the entire chamber, in most of the
pictures the tracks are close to minimum ionization which makes identification
of particles difficult. '~ those cases where mass measurements are possible,
masses are obtained which are compatible either with a proton mass or a

7] mass,

Thompson then gave a table of decays in which the mass of the positive
particl.. was definitely less than protonic,

Bev Bev
0,27 L 660m 1.3
0, 38 £, 930me
0,53 L 1300me
0. 25 £ 640me 0. 39 vl 1000m,

o
(4%

0, 50 £.1200m,
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Thompson then described a new method of plotting the data by using the Man-
chester parameter o and the transverse momentum,

2 2
In the C, M, system, we have P; -!— P‘r =P, Py‘ is invariant so Py“ P

TO
P_!' may be expressed in terms of

X . -~
p o= .2t
o2 p : 2 @AM
Whereo(‘“%_; “Z?“: og_..M‘V‘ M.
M
Thus O( 0( +
(2P! lﬁMZ

For a given type of two body decay and a constant value of /5 , a plot of the exper-
imentally determined Pp's versus & should lie on an ellipse, This ellipse has very
simple physical significance in terms of the sphere on which lie the terminal points
of P'in the C, M, system., 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 p;l,

“he data suggests
a fit by a pair of
ellipses corres-
ponding to pR37
Mev and fjp7¥ 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
decay, etc. For

y bt examp]e the fit
1",2., f'o‘{ +¢‘ 'f‘: 8 Wlth ( J /l 1S

p+T+75 MEV

p+1T+37 MEV
S

|
l
l
|
I
I
'
:

oG almost as good,
The calculated Q-values from the events observed with the new magnet which lie
near the new ]T*’.,Ln curve lay between 205 and 216 Mev, This is higher than the 120
Mev reported by the Manchester group. There was one point which fell a long way
from the ;77'7;,77}210 Mev curve,

Rossiz " What is the meaning of the point lying outside of all the curves?™
Thompsen: "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
decay."™ C., Anderson: "Suppose it were a proton plus JJ case?" In reply Thomp-
son said that in this case low upper limits can be :et for the masses of both parti-
cles; the positiver rticle had mass less than 600 m,, The Q of this decay was about
50 or 60 Mev if it were aJ]J747]". Thompson also noted that this case could be a,
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decay into #74¢ . Sard said that Manchester had revised their estimate of the

Q value for the V; upward,

SO00_ “Ps
Rau then described a new magnet- ~—
cloud chamber setup (H%.5400 gauss) CU
which was recently placed in operation
by the Princeton group consisting of

J. Ballam, R, R, Harris, A, L, Hod-
son, R, R. Rau, G, T. Reynolds, and
M, Vidale, The chamber and asso-
ciated equipment was ar wnged as shown C (I_L")
in the diagram., In order to trigger the LU 2
chamber 3x minimum ionization was
required in the proportional counters,
At least one ionizing particle was re-
quired to strike the Geiger counters
above the chamber, Two examples of
V particle production were shown. The
rate at which V's are obtained is three

per running day., In the 5000 photo- PeororTioNAL

graphs obtained so far 49 V°'s and /C
12 V¥ s have been observed, There OUNTERS

have been two cases showing pairs of
Vis produced, and one case showing
two neutral V's and a charged V,

SUPER HEAVY MESONS
Friday Afternoon, Professor J,R. Oppenheimer presiding,

Perkins opened his talk by saying that most of his :sults 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,, This is the work of Menon and O'Ceallaigh,

Z\."*9 377\'74— ;Wrx 775/779
X —> A7 7

K—»v77'+.7

(K and Xwill be collectively denoted by K]}
Perkins showed a picture of a X meson which decayed into a } meson which
in turn decayed. A plot of the distribution infp's of the secondaries of the K part-
icles is shown below,

ﬂSemuJawes
T Secondaries E - "'5.
K9 e K/ ‘
b b 12 3 3 1 1 7K811Lﬁ @1[&;‘%“"’“"1@@
/00 200 /00 200

pe m Mey /e LB in Mev /e
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If t‘he((/( mesons are the decay products of the same type of particle then from the
fact that there 1s a spread in energy of the sécondary/{j 's, the decay must be into
three or more secondaries, TheJ] meson secondaries could have a single energy at
emission according to the data presented,

Plots of Pﬁ versus the normalized ionization for decay products are shown below.

Secondaries of K particles
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The belief in a J}~meson secondary is based
largely on the K9 point indicated by the
arrow, The next diagram shows the results
of grain density and P measurements on a
-meson and on the secondary from K5,
The 7] -meson line on the diagrain was
drawn as the result of measurements on 35
7/--mesons in the emulsion. To date there
are 4]} secondaries and 74 secondaries
identified. Some of the secondary tracks
were minimum ionization and consequently
could be electrons, However, in the course
of traversal of 3.5 cms of emulsion there
has been no evidence of bremsstrahlung, so
that it is assumed that the unidentified part-
icles are M's or ft's, The mass of the K
may be computed from its assumed decay

{ L L scheme using the limiting momentum of the
200 300 oo ng g

JA Such a computation gives:

KN—p 2 +D+V . 1200 m,
HK— /H- T -/—\ﬂ My~ /400 Me

For thef” particles experimentally:
A== THt Newtral  Ep= /15T /0 Mev.

Assuming _differenf particles for the neutral
particle it is found that:

T T+ 77° 970 m,

.‘L 920me
—> ﬂ; 1-/7; 1400 m_
X =71 by If My 800 m,

Next, the calculated mass values are com-
pared to the experimentally observed mass
values of the unstable particles. The mass
is obtained by observing the scattering of
the particle as a function of its residual
range, The results are given in the follow-
ing diagram, The errors on the mass values
are each about 200 m_,. The two particles
which decay into identified J* mesons have a
mean mass of 1400 +200 me. The measured
mass of the primaries which decay into



identifiable /L mesons have a mean mass of about 1100 X150 me. For the/\('mesona
the mass 1400 corresponds to the decay into a77‘+V(2); however, a decay into 77\’%7/':
cannot be excluded,

To date, at Bristol, 7 identified X and 4 identified X have been found, so
that they have approximately equal frequencies. Calling K =K+X . then the rate
at which these particles are found is N /NL":: relative number of K's and 7¢ ‘s
stopping = 1/70, (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 7f5are identified by

their decay or ?tar product?onu) NK/Np = 1/30(00; NK/NZ‘; 10-since only one 7
has been found in  lloon flights so far, These data were computed from balloon
flights at 80, 000 feet in which there was about 20 g/c:m2 of local matter (glass,
emulsion, etc.) 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 O'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 Pﬁ for jet particles.
From these data an estimate of the re-
lative numbers of 7} 's and K's may be
made, namely; R= =0. 5; however,
some might say that%.rl of the particles + E>5‘OEEY
in the K curve are protons and R=0, 3
7+ 0.3. Consider a second argument g +H -+
then; for the lower energy showers -+
the ratio Nnc /Nn-j_' was determined
by looking for the number of electron ! i
pairs originating near the shower ori- /00 /600
gin from the decay of the 7F°%. A ratio }7[5 Mev/c.
of 0.56% 0,1 was found in agreement
with cloud chamber work, In jets, however, the ratio Nﬂ’/(NK+ Nn.t)
0.33% 0. which appears to substantiate the conclusion that there are K part-
icles in the jets. If it is assumed that Nqp° /Nypt 0.5 then it is found that Ng
/Nnﬁ::m 610,5. 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
showers.

By requiring longer tracks and doing more accurate grain sting 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 the ffmeson beam and at Berkeley -+ 340 Mev protons.

The next graph shows the results of measurements on 3% shower particles from
showers of multiplicity greater than 1. Only tracks whose ionization was between
1. 07 and 2. 0 times ther ' zu value were used, The line through the 7] 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 particles.
The distributions are fitted with skew gaus-
sians with two adjustable parameters, A
and B, The r.m.s. errors in the mass ‘
measurements due to statistical fluctua-

] 1 { tions in the scattering of the particle is
feo 100 tooo equal to A/JT where n is the number of
Ioﬁ in Mev~ scattering cells, The error in grain count-

ing is equal to B/ ym. Where m is the
number of grains counted. The constants A and B are determined from the mass
srectrum obtained from artificially produced mesons and protons. The mass spec-
tra obtained from the measurements and the fitted curve are shown .2low.

297's 16429'5 aD's

20 K's
TotaL =325
from s> |
Showevs
1 ' ,
97 120 1830 3672
T E P D
Ne ol 1 1T's 268
¥ (coLumBin) BERKELEY PROTONS
+ + = —j‘_
' 4500 looo 600
&eo 300 M in me
The mass spectrum obtained from cosmic ray showers with n_ 2> 1 is thown above.

In order to guard against local variations in the sensitivity of the emulsion a plot

of g* versus PB 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 7}* or P curves. This diagram is given below. (see p45)

A comparison was made of the mass spectrum of the K particles coming to
rest and those created in showers, 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 K 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 decay. 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 1080F 100 me. The secondary
particles travels 2. 5 mm. in the emul-
sion and consequently the identification -G +
as a,/u meson is fairly certain; pf=z125 ¥

120 Mev/c, g¥=1,05% .03, In reply 3

to a question by LePrince-Ringuet con-
cerning the identification of the Per-

kins showed a plot of g% versusPp which ] ] 1
indicated that the identification was 95% certain, 100 7200 000
’Pﬁ m Mey.

Levi-Setti in Milan also has found two cases of K particle production. One
of these showers produced by a proton of E>30 Bev has 23 heavy prongs and 15
shower particles, The K particle emerges from the shower, stops and decays
but unfortunately the path length of the secondary particle is too short for identi-
fication, The mass of the K particle was found to be 1040F 90 me. In the sec-
ond case a K particle emerges from a shower of 28 heavy prongs and 1l shower
particles produced by a proton. The track of the K is 7 mm. long and gives a
mass value 13801 250 mg. The 'Hgof the secondary was 100t Mev/c. This
1s lower than the PPof af] produced in the decay of aJf 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 1.1X0.1 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 )( particles are projected
from stars, This evidence, however, does not exclude the possibility of the
direct production of Jl mesons.

Perkins © «t 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.,) The number of ffrand K particles in the same velocity range
(0.5 ﬁ'—ﬁ < 0. 8) were compared,

For R — K/nJ E
5 Bev
Ns < 4 0.133 0,05 (1.5 Bev¢E < 8 Bev)
ez 4  0.28%0.08 20 Bev ( Bev< E< 40 Bev)
L R — 0,301 0. 30 200 Bev

Next the numbérMK -particles and of J[-particles in the momentum range 300
$i4p$950 Yo~ were compared,



46

N = _. Energy into K's -
R N; E R Energi into 1T 's Ep
£,10 10,04 5 Bev 0.17 X 0,06 5 Bev
0.20 ¥ 0.06 20 Bev 0.36 ¥ 0.10 20 Bev
0.30 T 0. 30 200 Bev 1,00 ¥ 0.03 200 Bev

The yield of K particles is rather high even at low energies. If the relative amounts
- of energy going into K particles and ' particles is compared, the ratio R'is

given in the second table, These numbers are what is to be expected on the basis of
Fermi theory if the K's have spin 0. '

In an extremely high energy interaction of E*»lO13 —14ev, the rest masses of the
N,ﬂp -0,22to0.1 if YAERO product particles are small compared
—_ mne to the energy available so that one
Ns should expect equal numbers of pro-
N'ITO ~0.26 to.1if T = 10-14sec., duced 7t 's and K's, For a shower of
— - T 1014ey energy, the relative numbers
Ns of 71"'s and shower particles was de-

termined. On the basis of five high

energy pair conversions; (cf, insert),
this is consistent with half7[’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 ‘ﬂp“s to shower particles. Oppen-
heimer said that there had apparently been some misinterpretation in this case,

The nucleai plates are not well suited for a determination of lifetimes of decay-
ing orticles; nowever, an estimate of lifetime may be made from the relative num-
ber of K's produced and stopping in the emulsion. The relative numbers of K's and
71's brought to rest in the emulsion is as follows: N = 0.015.

K/(N stoppi
The relative numbers produced in showers of all ener/g(ieg? opping D -
K/(Nq ) production =

0.0%% 0,05, This figure is somewhat different f:&m those quoted before because of
the contribution of the low energy showers. Actually, the K's which come to rest

in thi/[ee%*xulsion are created in a lower part of the momentum sprectum than the 330-
950 interval for which the 0. 05 ratio has been determined. From the ratios as
quoted, a lifetime of 3 x 10 10sec, is deduced, If the 0. 05 were high by a factor of
2.5 then no upper limit could be set on the lifetime, The lifetime could very easily
be as long as 10-8 sec. 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 obseryed 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 Vis (Astbury et al) have found negative particles of about protonic mass emerg-
‘ng from penetrating showers, If they assume egual numbers of positive and nega-
tive unstable particles then they deduce a lifetime of 1. 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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ing to geometric cross section is 26 cm, If one believes that K particles are
produced abundantly at extremely high energies (10]‘3 ev, ), then there is evi-
dence that the K's do interact with geometric cross section. The following data
indicate a geometric mean free path for the secondary particles from extreme-
ly high energy interactions, '

Bristol shower -10"" ev/nucleon; 4 secondary showers) total track
Peters et al 1013 ev/nucleon; 8 secondary showers¢length=440 cms
Jets { >50 Be., 5 secondary showers

From these data a mean-free path of 2726 cm is deduced for the secondary
particles,

If the K particles have strong interaction, then the negative K particles
should produce stars on coming to rest. 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's decaying to those producing stars must
be greater than 10 to 1.

A slide showed the mass sprectum obtained by measuring scattering versus
residual range of the particles producing (J° stars. All 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 trapping, The concen-
sus seemed to be that trapping effects could not explain the lack of stars by K
particles,

Dr. Oppenheimer next called on LePrince-Ringuet for some comments on
K particles in French, '"so lucid, that all will know it, "

LePrince-Ringuet: Je voudrais reprendre simplement quelques uns des
passages du superbe exposé de Perkins, En Europe, il y a pour les ¢émulsions,
Bristol, le grand soleil, et puis un tout petit nombre de petits satellites dont la
dimension, meme en faisant la somme, reste trés inferieure a celle de Bristol
On est toujours un peu timide pour parler apre\s Bristol de problém:s 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
précises sur le faite de savoir siil ya d° x particules¥ et . siil n'y a pas
d'évidence tout a fait siire sur ces deux particules, et comment on peut les dis-
ti‘nguéesc Parce que ce sont sirement des particules trés differentes, et c'est
tr&s important d'avoir une vision peut-étre trés critique, et peut-&tre trop
critique, Dabord, il y a un an, au congres de Bristol, il y avait quatres, peut-
dtre cing., mesons kappa, et il n'y avait pas encore de mésons chi, Et apres,
au congres de Copenhagen, il y avait une dizaine de mésons kappa, et on c'est
appergu que, grice a 1'abondance des résultats de Bristol, que Lon trouvait
I'ensemple des autres compatible avec quelque chose qui ce situait autour de
180-190 —Efpour le F6 . Alors, on a décidé qu'on examinerait tous les résult-
ats avec b%aucoup de soin; et, que Perkins vient de dire, c'est dans ce domaine
1a le résultat de ces observations. Naturellement, les mesures de trajectoires
et Pﬂsont difficiles, et on sait trés bien que les méthodes des différents
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laboratoires ne sont pas absolument comparables; et que meme des formules donnant
les erreurs ne sont pas :~ nparable, parce qu'il y a le "spurious scattering", parce
qu'il faut utilizer plusieurs cellules successives, etc, Cela donne des difficultes
pour comparer les mesures et les erreurs.

Alors, la premifre question & laquelle je voudrais = tirer attention avec un es-
prit spfcialement critique, c' est premiérement' quelle est la fin du spectre? Dont
le spectre actuel, 1l y a deux résultats qui sont au-dela de 270 Mev/c (FB). clest a
dire 200 Mev. d'ene rgwq Il v a deux mesures qm ont été indiquées: (1) le kappa un
de Bristel, {2} les résultats italiens, C“est trés important, la fin du spectre, parce
que la masse de ia particule primaire depend de la fin du spectre. Or, je pense que
les deux secendaires correspondant ne  nt pas tres bons pour les mesures., Le
secondaire de Lievi-Seft: est court et on ne peux pas étre sur@ Le secondaire du
kappa a une longeur de 2200 microns seulement, et clest a peu pres 200 Mev, mais
ca peut étre 150 Mev: on n'est pas sir d la fin du spectre, C'est mon impression
{tout a fait perscnelle) d'experimentateur,

Deuxiéme point: Est-ce qu'il v a des differences, est-ce qu'il y a certainement
des secondaires pi it des secondaires mu? Pour cela, il y a deux cas de second-
aires mnu gui sont surs, ce sont les deux de Bristol qui donnent, i "2 un mu-electron,
et L'autre. dont lienergie est faible; par conséquent la differentiation est tout & fait
certaine entre Jle mu et le pi. Il y en a dfautres qui sont extrémement probables, et,
en particulier, 'intéret du méson de Paris (qui a &té étudié par le groupe de mon
laboratoire avec Crussard, Trembley, Mabboux, Jauneau et Morellet) est que le
secondaire est trés long (plus de 20, 000 microns, ) Et l'autre intéret est que cette
lonigueur peut etre doublée, parce que nous avons a Parls deux méthodes de "scat-
tering' indépendente, qui sont, l'une, le Yscatterin; ]ateral et 1fautre le "scatter -
ing" en profondeur, qui a &té mis au point par Mabboux. Kt ¢a aide beaucoup a
avoir de la précision sur les mesures. Aussi bien, puisque cette particule se trou-
vait dans ja bande correspondant au chi, il était intéressant d'avoir des informations
plus certaines sur cette particule; et, nous savons maintenant que c'est une particule
mu (comme Perkins 1'a montre), Mais c’est 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 d'énergie, une particule mu qui est trés probable, Gela veut dire,
il y a une chance sur 20 que ¢a soit un ‘p]o Ensuite, il y a le kappa 3 de Bristol qui
donne aussi un mu qui est ega]ernent trés probable, Ce kappa 3 a une longueur de
6000 microns qui est suffisant pour avoir une bonne mesure, et la mesure donne un
mu. A mon avis, si on veut etre extrémement 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) sirs? I v a, 3 mon avis, deux
kappa-pi sirs, Il n'est pas la sécurité compléte, mais clest une trés grande prob-
abilité, Ce sont les numéros kappa 8 de Bristol, qui a 7,800 microns, et le kappa
9 de Bristel, qui a 19,500 microns., On a la une bonne certitude qu'il existe - s
mésons pt. Sil'on avait encore 4 ou 5 cas semblables, on aurait une certitude pres-
que absolue,

En dehors de ces résultats, est ce que 1'on peut sepa,rer la particule kappa de
la particule chi par quelques pronrxetes 51 l'on prend les résultats sur quelle est
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la masse du prlmalre? La masse du primaire dans aucun de ces cas n'est
bien determinée. Dans le cas du kappa de Paris (1600 microns) et de Bristol,
la masse du primaire n'est pas bien determinte, Il n'y a donc pas de possibil -
ité, 2 oresent, par des valeurs individuelles, de dire que le primaire de ceci
(mu) est différent du primaire de cela (pi) parJles mesures de masses, Par
consequent, ceci est aussi un point qui est interessant,

y ~nfin je fais encore une remarque, Il y a 3 kappa lents qui sortent de les
etoiles, Il y a le kappa de Bristol que Sorens a éxaminé, et il est tres long.
Dans ce cas, le primaire est bien rnesul/e9 et c'est toujours le meme ordre de
grandeur de la masse qui a été indique par Perkins: entre 1000 et 1100 m,.

L' energle du secondaire est, je crois PH=125 T ¥ 20 Mev/c. Pour les autres
kappa de Levi-Setti et Tomasml, 1'un d'eux est long:~vu microns) et donne
1040190 m, l‘autre est tres court. Tout est consistent avec une masse que
I'on a bien mesureeo Est-ce quéYarticules (les seconda1res) sont pi ou mu?
Ce cas n'est pas, a mon avis, certain, Les deux mésons kappa italiens ont des
secondaires trop courts pour que 1'on puisse dire; et je crois que |: suis un
peu plus pessimiste que Perkins pour le troisi€me méson-celu: de Sorenson,
La longueur du secondaire de celui de Sorenson est de l'ordre de 2000 microns;
ce n'est pas trés considerable pour avoir une différentiation certaine entre un
pi et un mu, Par consequent ceci reste, pour mon avis, avec un point d'intér -
rogation, tant qu'il n'y aura pas d'autres mesures de ce bté-la,

Un dernier mot mamtenant sur un probleme que Perkins a evoque tout a
1'heure, GC'est le probleme des mésons lourds, negatlfs s'arr@tant dans 1'¥ém
ulsion. Nous avons un phenomene qui peut s'interpreter comme cela, qui est

AR . .

un phénoméne reel, et qui correspond a un étoile sigma, a un branche seule-

. o cee” J
ment, mais avec des characteristiques differents. Dans cette etoile, la part-
. L . . .
icule est tres longue (elle va dans deux plaques); elle a une ionization de 3,
environs--c'est tre’s 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 énergle kinétique (51 c'est un proton) de 130% 20 Mev.
C'est une grande énergm klnethue 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, la mesure de la masse du primaire; nous l'avons faite
par plusieurs facon, et nous avons meme aussi envoyé la plaque a Bristol, La
longueur n'est pas trés grande--2300 microns--mais elle permet une évalua,n
tion, Les moyenne des observatlons donne 570% 200 m,, environs, Clest &
dire, c'est peut- -8tre un méson p1, on n'est pas sir, mais la probablhte est de
l'order de 1%-2% pour avoir un meson pi. Sil'on prend I'ensemble de ce phen—
ome L, et si l'on pense que 1'¢mission par un méson pi d'un proton avec une
telle energle est tres improbable, (parce qu'il faudrait qu'il y ait tout un groupe
de - % 18--10 neutrons--qui sortent en méme temps dans l'autre sens--et
rien d'autre); la probabilité totale d'avoir une etoile sigma est de 1'ordre de un
sur 100,000, Ilais tant qu'il y a une lecture de 100, 000 phénomeénes, il est
possible qu'on trouve le phénoméne rare, Je ne veux rien dire de plus
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. . . . /
ladessus; simplement, si d'autres physiciens ont d'autres phenomenes inalogues,
. . v
les mettre simplement dans la balance. Ce n'est pas un rlesultat tres sur en faveur
. . . 7/
d'inféraction nucléaire d'un méson lourd.

Oppenheimer next called on Amaldi for a report on the T meson. Amaldi wrote
down the Q values calculated from the observations on the mesons observed in photo-
graphic emulsions,

Q
Bristul; 65t 6 Mev. ( nly case in which one of the three products given
rise to a star).
Bristol, 7514
London; 76115
{Harding et al}
London, 69F% 38
Londons 73.5%7
Padua, 86,5t 5

{Ceccarelli, Dallaporta, Merlin, Rostagni)

R‘csme1 75 T4
{Baroni, Castagnoli, Cortini, Franzinetti, Manfredini)

There Q values were obtained u__{lder the assumption that all three particles are me-
sons, Using this assumption (Q=74% 2.5 Mev; my 277, 4+1.1m ) a mass of
979% 4 m, is obtained by averaging the above results. ¢

Next Amaldi spcke of the nature of the secondary particles. In the original case
fourd at Bristol one of the decay particles stops and gives rise to a § star. This
particle 1s presumably aTPmeson. From the T observed at Rome recently, one of
the decay particles stops in the emulsion and gives rise to a secondary particle,
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
pmeson from a Jfgdecay. It was not possible to establish with certainty by grain
counting and scattering measurements whether the other two particles were JJ-or #
mescns, but one can recognize from a detailed discussion of the experimental data
that they are better fitted with a threef)]decay.

The decay found by the group at Padua is also very favorable for identifying
the seceordary particles. The secondaries had lengths in the emulsion of 2, 600,
2,000 and 100/14 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 aref}’mesons; how-
ever, the pessibility could not be excluded that two of the particles weredd's and
orc of them a g, Under this latier assumption the energy of the 7] should be 27



Mev and experimentally it was found to be 37 Mev, but since the distance tra-
veled in the emulsion was only logﬁlthe possibility of theyf's having 27 Mev
cannot be excluded,

Next, the production of the ## 's was discussed, Amaldi noted that all ex-
ce t one of the particles observed were produced at mountain altitudes under
considerable amounts of absorber, The Bristol £'s were ocbserved under 10 and
30 cm of lead respectively. The London ¢'s were found in plates exposed under
1 - 3 meters of ice. The Padua ¢ "vas observed under aluminium, The only
exception known until now is the Rome ¥”"which was observed in a plate flown at
25,000 meters with very little material surrounding the plate,

THEORETICAL DISCUSSION OF PHOTOMESIC PRODUCTION
AND PION-NUCLEON SCATTERING
Friday afternoon (Part II), Prof. J. R. Oppenheimer presiding,

The session was opened by Oppenheimer who requested comments from
Feld, Chew and Dyson, Feld discussed the interpretation of the photoproduction
of mesons, that is, the processes 74-;)-;‘"’:.11 and¥ 4 p>M%p. The point
of view adopted is that of Brueckner and Watson, namely, to correlate photopro-
duction to pion-nucleon scattering. The most important processes are those in-
volving three states of the pion and nucleon characterized by the total angular
momentum J and the parity of the pion with respect to the proton, as summar-
ized in the table,

Transition caused by: J Parity Amplitude
electric di 1/2 - a
magnetic di_ 1/2 -+ b
magnetic dipole 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 dipole tran-
sitions, The most general angular distribution possible for these three states
is given by de 5 > 5 -
Ta = lal° + bl +ic|® (1+1.5 sin%g)

42 Re E,a (bwc)*] cos @

-2 Re be* {3/2 c0329 - 1/2) o
Which terms are the most important? In the production of [{mesons we can drop
the electric dipole term since close to threshold the matrix element depends on
the cube of the momentum of the ﬁpmesona Hence, the f'meson 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 P1/2 and
P3/2 contributions, It turns out that because of the interference term, if we
describe the cross section as (A<B sin28)9 then the ratio B/A gives a sensitive
test of this mixture. Actually, the ratio B/A depends on three constants: b, ¢,
and the relative phase between them; for simplicity we negleci the phase, that is,
assume it to be 0 or 180° The resulting dependence of the ratio B/A on the
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admixture of P1/2 and P/ is given below. The most striking feature of this curve
' ; is its extreme sharpness in the region of

d0 - A+B sinze the experimentally.observed \(alu'eso This
d allows a very precise determination of
A the P1/2 top ratio from a very inac-
10" curate measurement of B/A, For exam-
ple, the best experiments only limit the
84 ratio B/A to the range 1 - 7; neverthe-
less, this implies that the Pi/2 to P3/2
G ratio lies between 0 and 0.4. The
R second point to note is the double-valued
4 nature of the curve, that is, it is imposs-
24 : ible to exclude in this way a large P/
/ to P3/s ratio rather than vice versa,
O 4t— = — just as it is impossible at the present

2| -6 -4 -2 o 2 4 6 8 B ":retoexclude the Yang type phase

o shifts as compared to the Fermi type
phase shifts. Feld suspects that the
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,

Ratio of pl/‘2 to Py /; contributions=b/c

The second point Feld made had to do with the resonance in the neutral photo-
meson production so strongly indicated by the Cal. 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 p3 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(—E—_-t—r—)-z
would contribute at threshold. The effect of this term is indicated on page in
comparison with Goldschmidt-Clermont'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 900; if the magnetic
dipole dependence (141, 5 sin @) 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 Ligher energies with
its angular dependence of (L4-cos“@) which has a minimum at 90°. Further, the
interference effects have not been calculated, 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 system, Bethe commented
with regard to the double valuedness of the p to p ratio, that if you re-
place Fermi's phase shifts by Yang's phase slluftsg );Jl} do get exacly the same
angular distribution in scattering,

Brueckner commented that the charge independence arguments which were
discussed yesterday also ° »w that if S wave is not active for -utral mesons,
then the S wave photoproduction for charged mesons would be the same for neu-
trons and protons, 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 isndt at all surpri ing.

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 Yukawa's 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 pion, If we assume that the motion of the nucleon
1s unimportant compared to the motion of the pion, that is, that nucleon pairs
are not important, then the large interaction between the nucleon and pion must
be in p states, This can be seen by considering the following diagram:

The slow nucleon has angular

momentum 1/2 and we arbitrar- slow nucleon
ily define its intrinsic parity P J=1/2; Parity = 4
as positive, Then the emitted @ = = = == = jo— =~ (definition)

nucleon continues to have j=1/2
and positive parity, and we can
ask what must be the angular wicleon meson, P=-
momentum and parity of the j=1/2; P=+ j:g =0, 1

emitted meson, 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, Therefore parity restricts us to f:lg that is, to p
states, It is clear that in order to absorb an s state meson, nucleon pairs must
be employed as indicated in the second
diagram., This is ¢ 2ar since the parity
of the initial state is odd and the intrin-
sic parity of a nucleon pair is odd for

Dirac particles; therefore, the same nucleon anti-nucleon P =-
argument applies. Consequently, if we
ig. . ri.’~on 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 opt1.
mistic and see where this leads,

The problem is, therefore, to discuss the basic meson-nucleon interaction



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
_}T+ the absorption of a negative meson by a pro-
ﬂ"L’k‘\L/f’ /YJ 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
v less controversial since it does not involve
ﬁ‘(;‘rrrl\f‘) I K/;ﬂ the difficulties with the self energy of the nu-
cleon, 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 1t 1s small, By using a straightforward perturbation theory and charge
mdependence, 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 1/2, The corresponding phase shifts have been called by Fermi D( ()(31)
Xj3. and O<U 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: S, 2 .3
S 2 kg - .
33 = 2% where x e and ko = meson momentum
3/\)\ W,
O<3]‘ — .x =_0(13 /(,{ = meson rest mass
Oy = -4 W_ = meson eneggly

per)
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 COSZQ for 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 1s in fact essentially weak and calculated the fourth order non-relativistic
correctizns, which are relatively simple, 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 coupling., Two of the basic higher order processes can be schematized
in the following diagram. The first describes the emission of a virtual meson of

Qq @ momentum k, the absorption of the initial me-
-f‘is\,// f son with momentum k,, the emission of the
final meson with the momentum kfy and finally
QQ & the reabsorption of the 1ir:ual meson with mo-
mentum k; clearly this diagram must be summed

gi?ror(f Q : over all virtual momenta k. The second diagram
0

indicates a similar process in which the final



meson is emitted before the initial meson is absorbed. Both are proportional
to f* 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 denomenator
which is associated with the intermediate state in thefirst 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-
son. Therefore, when this energy approaches the energy of the incident me-
son, one will get an unusually large contribution to the scattering, This is well
known from ordinary scattering calculati 1s, For example, if you try to cal-
culate the nuclear force according to meson theory and find the matrix element
for nucleon-nucleon scattering, 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 nswer obtained is
much better, The reason is simply that the second prucedure takes into ac-
count higher order states which can have energies quite close to the initial
state,

{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-
sent. This can be schematized by the following diagram: m
The first thing we find is that we should be calculating the tangent of the phase
shift instead of the phase shift, 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 momentum. 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 it. The result is that the original formulae are damped in the following way:

—_ 2X
tan ({35 = T-72A

tan0(3]v: r—l;{_z— = tan()(13
tan (Xll = -__4x
' 144 A
Here Ais the integration over intermediate meson momenta or, as Chew calls
it, the reaction term in the scattering, given by the formula:
_2 2 (km g k2 W ]
-3 }TZ o (2]‘]’)2 w2 W - W,
This integral is divergent as it stands and so it is necessary to give a maximum
value to k,, to cut-off the integral; the divergence is due to the omission of the
recoil energy of the nucleon, For the energies now under investigation, is
intrin. :ally positive = reasonably high values of the cut-off momentum; this,
of course, adds twice as many parameters to the theory as we had initially, It
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is seen that all but ;, are decreased by the reaction. There is a sirnple:j{f%&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's 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 out, if the high frequency pions cannot be eliminated. then the vari-
ational formula is quantitatively inadequate for the 33 state when a resonance occurs,
The values of the parameters. f2 and k .. which are used here to fit the data as
shown correspond to the resonance being approached but not reacned.

Physically, our method corresponds to saying that there exists a potential be-
tween the meson and the nucleon which is giv - by the first order matrix ¢lement
of the interaction. The iteration of this potential then gives ‘ive corroctions,
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 posiiive phase
shift 1in this case o{ssﬁ 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 1n the 3/2-3/2 state if the reaction A is equal to 1/2. Tf the cut-off is
fixed, the resulting behavior of Ais indicated below. In the present expzrimental
Ase o region Ais increasing and we are approaching a

3 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
1 shown that the two parameters can be chosen to
obtain agreement with experiment for f“=0. 2 and
k =3.2 M. The agreement obtained is not a
critical test of the parameters, since if & 3 is
given correctly by some com’i ation of £2 and K
another combination which also fits (X, will pro-
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,
b w [ L5 2.0 Fermi, et al, Phys. Rev. 86. 793 (1952),

3—%:-:., a+bcosB + ccos?@  (millibarns per steradian)

Process a b C
T+—>Tt 3.8 £2.2(6,3 6.8+ 2.7 (0) 17.5 £ 6. 6 (9. 4)
m-—>T~ 1.2£0,2(1.2 0,1+ .3 (0 0.3+ 0 7(0 4)
TT=>T°% 11 £0.6(10) -2.5£ 0.5 (. 6.3£1 9 (5. 1)

Theoretical values for f2= 0. 2. Wmax = 3. 2M are given within the parentheses.
Note that the old bad feature of g { i) :6’(;{) has been overcome. if the S wave is
small, it shows up only in the interference so that the correctness of thic theory
for the p wave is checked approximately by comparing with a and ¢ 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
figure. The connec-

tion of Chew's ap- = 1807 L
roach to a more Theoretica|l Cuvves T t«l ' w)& cHiicaGo
zophictica‘ced theory o arefor fo-2 + hs -q‘} i,
is dt R ROCHESTER
will concentrate on W 3-2/‘

3

the discussion of k
Chew used to be
skeptical that the
conventional Y 5
theory would give a
sufficient cut-off but
he is no longer so
skeptical of this
peoint. 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. So far the s wave terms have
been omitted in this theory. If we are to believe the pseudoscalar 15 theory
with nucleon pairs, then the basic diagram is sketched below:

The s wave scattering gives a repulsive potential for both

states and the result tan So:: GZ(ROIM) / {1+0.35 GZ) where

M 1is the nucleon mass, The numerator is the weak coupling

result with the nucleon mass appearing due to the pair crea-

tion. The denominator due to reactive effects has been esti-

mated from the fourth order calculation of Ashkii . Simon and Marshak, If
the value of G2 is as large as proposed by Lévy, then tand,is essentially inde-
pendent of G% and is given by ~v3 ky/M. 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 'ut 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 Dyson. Chew's own feeling is that
only the p wave calculation is believable since it does not involve the relativis-
tic properties of the nucleon,
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Dyson then described the investigation of the pion-nucleon 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 nucleons, 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, \f191+ \'/132_‘_ \r 1,0 + tooceocoa®

\l/=._ _\_\‘/3’1 +\Y392+\)( 30 A eeeeeennen
+\lﬂ5’1 Loeevinennnn

Here the first subscript re »rs to the number of nucleons present and the second to
the number of mesons present, so that the first line corresponds to a single nucleon
with 1, 2, 0 mesons, etc, present while the second line corresponds to three nucle-
ons present withl, 2 or 0 mesons, etc. The fundamental equation of the theory is
the simple Schroedinger equ: ‘ion H\'r= E\rwhere H= H6+ H,; and H,, 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- 2gral equations,
and there is - > chance of obtaining an exact solution, The basic idea is to restrict
all considerations to a certain portion of the wave function, but to calcii.: e the ma-
trix elements exactly within this subspace., 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
5] 3,2 away all other states. When this is done we find,

' for example, an equation for the one meson part of

the wave functionY’ ,{k) defined by the equation
e (H - E -E) = Jd' H (k) ¥, k). Here
o AN \f’z k, k') is a wave function for two mesons of mo-
g l O 3 0 menta k and k! There will then be a second equa-
rm 2 tion which defines't ~ in terms of ? , and in general

vth=r wave functions as well, which are however dropped by our fundamental ap-
pre ximation, It is therefore possible to substitute the expression for?/ into the
original equation and obtain an equation for \f’l alone. This is precisely Lé -'s
rrocedure in the neutron-proton system, only he has carried it much further, How-
ever, we stopped here as it was not clear how to go any further, The main com-
plication in the pion scattering problem is that the relativistic behavior of the nu-
cleons is taken seriously, In Lévy“s analysis of the neutron-proton system, he
couid make a consistent non-relativistic approximation, that is, he assumed that
th= nucleon 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 ‘{’1 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 vuriational principle used by Chew. They confirm Chew's results very well,
The relativistic properties do give cut-off at momenta comparable to the nucleon
rest mass, Therefore we find the same qualitative behavior as Chew fory
nar2ly 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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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 used, It turns out
that the estimates made bz the Chew method for the 33 phase shift are very
bad, For example, for G“=10 at 110 Mev, the Born approximation result (2x)
1s approximately 5°, The estimate by Chew's method gives a denominator of
approximately 1/5 and hence a phase shift of about ZSOa 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 ¢{;4 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 group, He used a coupling constant G2 =14 and obtained
phase shifts approximately as a function of en .- ;y., 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. ‘cated experiment-
ally in the photoproduction, although the exact connection to the photoproduction
is not at all clear.

Salpeter has also obtained a solution for the s states which confirm the re-
sults of Drell and Henley., That is, he finds a spin independent short range re-
pulsion. Thi: one has the scattering by a small hard sphere of radius roughly
twice the Compton wave length of the nucleon, 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 209 at 135 Mev. But
the energy dependence is quite wrong, Furthermore, isotopic spin 1/2 phase
shift is not calculated consistoatly, 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 shifts,
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.,  ™is 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 proton,
This is understandable only as a direct interaction of the incident meson with the
meson in the meson cloud, which extends out to 10"13cm 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 advantage, With regard to renormalization, we have to pay the penalty
for a relativistic theory, with the result tha 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 o __ 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, o.

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

Saturday morning, 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 J[-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. I think no one is sure that one can even
read the theory with arbitrary accuracy; that is, that something better than a -~ugh
solution which cannot be impro -d upon exists. This is an open question and I nave
no wisdom to add to it, 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 »gram outlined by Le/vy9 or the pro;.-am outlined by Dyson should be
successful, the success would be in indicating what was wrong. You couldn't.
do that before, 2ace there was no similarity between what seemed to be implied by
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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Fermi then presented the new data for which the conference had been wait-
ing, first remarking that the courier when he got here handed him a small
piece of paper on which there were written, in a cryptic fashion as is proper
for something that comes from Las Alamos, certain numbers which then had
to be decoded, Fermi then presented to the conference certain essential re-
sults which he had converted from duo to decimal notation, He has since sup-
plied us with the full and correct data, and these are given in the table b elow:

Phase Angles {degrees
Mev Type X3 O 33 O3 13 °2i1
YP

53 Conv, 0.78 0 -9 -2 Brookhaven

78 Conv, 0.97 6 -13 3

113 Conv. 1. 20 13 -7 27 -1 12 14 Old Data
113 Yang 1. 20 13 -7 -10  -36 14 10 0Ol1d Data

135 Conv., 1.325 21 -3 238 -l 17 4 Old Data

135 Yang 1. 325 20 -2 =21 -49 15 9 Old Data

| New Data Least Squares
Sum

120 Conv, 1.24 17.8 -10.2 -31.6 -4.1 0.3 3.1 1. 44
120 Yang 1, 24 30.1 4,6 -13,1  -29.5 6.3 10.5 . 05
135 Conv. 1. 325 16,1 -11.1 -41,8 -6,1 1.2 5.1 1. 25
135 Yang 1. 325 40.5 5.9 -19.6 -33.9 7.8 13,8 . 15

It will be noted that the calculated cross section represents the observed cross
section very well. The phase shifts have no business to represent the observa-
tions so well, That is, for the nine measurements this set is inconsistent
statistically with the errors given. The most striking difference from the pre-
vious results is in the 0(13 and X)) phase shifts. Fermi had noted more or less
empirically the extreme sensitivity of these angles to a change 1n cross section,
They have never changed sign, but they have varied all over the map. He was
sorry to report that Yang 's solution is much worse with the new cross sections
although this is really a trick of arithmetic and, cheer-up, maybe they are
very good, The result can be expressed by giving the least square constant

for the two solutions., For ermi’'s solution the least square constant is ap-
proximately 1, 44, which is a value that is very much too small. That is, the
six variables are adjusted to minimize the least squares constant and if the
errors were correctly 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
still well within the experimental error. The change in Yang's solution due to
the new data is much more striking than that in Fermi's but it still has the
feature of (X3) being large and (K33 »2ing small, so that in this sense it is still
recognizable, A second point about the new data is that ’che()(3 phase shift now
is lower for the higher energy, This is probably a trick of the errors, and the
cross section may easily still be rising with energy in this region, although the
smoother dependence given originally no longer appears so convincing.

Bethe made the following comment on the two sets of phase shifts, consi-
dering the simplest case of a single isotopic spin state, that is, the elastic
scattering of positive flmesons. In this case, only , and enter, 1if

g of p m , only o3, oy, and X o
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there are no d waves present, That is, the experiments are completely described
by the s phase shift, the p scattering amplitude without spin flip, and the p scatter-
ing intensity with spin flip, The latter intensity is given by sin p( 0(31

Therefore, if the sign of the difference is changed one still obtains t e same inten-
sity, The average p amplitude is given b .

! = P 2 2}{"‘33+e2”<31 -3 (1)

Bethe now proves that, given a solution that yields a certain value for A, there al-
ways exists a second solution that yields the same A and hence identical p scatter-
ing and an identical interference term 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 210{33 2i A
A'=A+3=e (Lte ) (2)
If there exists one solution 0(33 , then clearlg
1A
[all= ]2 444 (3)

Now we have seen that, as far as spin-flip is concerned, we are permitted to re-
place Aby -A, and 1fo<33 is the correspondmg value of 330 We must have

Atz 2332 te 31£() (4)
But by (3}, the absolute values of the two sides of Eq. (4) are equal; therefore it
must be possible to find a solution(X33 such that also the complex phases are equal,
Q.E.D.

Fermi remarked that if Bethe's point were true in general, then a representa-
tion in terms of a given set of phase shifts and a second set of the Yang type could
never differ in any respect. In particular, simply as a matter of formal mathema-
tics, they could not give appreciably differen* least squares constants, as is actu
ally the case, It is true that when one starts with a different set of approximate
angles for the machine to minimize one does get a scatter of about 0.0l 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 larger than this, Then Yang re-
marked that if (0(33 “0(31) is of the same order of magn:.ude as (X °<11 then
the equivalence of the two solutions is exact, but not otherwise, Thus the scatter-
ing of positive 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. 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
relative phase; (2) The transformation itself would keep 3 and¢(, the same; how-
ever, the machine starts at this point and finds a better solution than the strict
Yang transformation would give, Marshak remarked that, independently, the
Rochester group has also found a second set of phase shifts by starting from the
T =3/2 case and finding the alternate exact solution (X, staying the same); it was
then found possible to fit the full data within the errors by a second set of phase
shifts,

Bethe then made the following remarks on the sign of the phase shifts, Every
theorist who does meson theory gives opposite signs to those listed by Fermi,
There is, in fact, experimental evidence which tends to show that the signs should
be turned around; this comes from the scattering of mesons by carbon. We
heard last year (cf, Byfield, Kessler, and Lederman, Phys, Rev. 86, 17(1952))
that there is interference between coulomb and nu,clearmtemgowing that
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= nuclear scattering is attractive at 60 Mev, The question then is which
partial wave 1s responsible for this scattering, Bethe believes that this is
mainly p wave scattering; firstly because at these energies the p phase shift is
the largest and secondly because it has a weight factor of 2 as compared to 1 for
the s phase shift so that it will predominate where cos & is large, that is, pre-
cisely in the region where the interference with the coulomb scattering takes
place. Further, the Brookhaven data at 60 Mev indicates very small s phase
shifts which might even be zero, and the experiments on carbon were done at
60 Mev. Further, the analysis of the carbon experiments themselves carried
out by Peaslee gives evidence that the p wave scattering does predominate, That
is, he showed that the angular distribution looks like p wave scattering as mod-
ified by the nuclear form factor to be expected from carbon with a given nuclear
radius. Therefore, there are good arguments to believe (a) that the nuclear
scattering is p scattering and (b) that the nuclear scattering is attractive, 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 33 ~0(31) from other experiments, This is possible if one uses a
model such as that of Brueckner and Watson or of Feld for the photomeson pro-
duction, Recall that the photomesic interference term had as its coefficient
a* (b-c) wher a, b, and c represent the s, P and p scattering amplitudes
respectively. If the phase shifts are small, t{ien these p]ltudes are real and
negative if the potential is repulsive, or positive if the potential is attractive.
From Fermi's analysis, s and p phase shifts have opposite signs. Therefore,
one can decide whether b - ¢ is positive or negative from the experiments, and
if one . 2lieves this analysis and the signs have been inserted correctly, the
backward maximum of photoproduction shows that the p phase shift is larger
than the p 1/2 phase shift which decides for Fermi's set rather than Yang's,
Bethe is somewhat uncertain of this conclusion because it depends on the model
used for the photo-effect; but it is clear that there exists a possibility of decid-
ing the question,

Fermi remarked that the recent results on the photo-effect permit one to
anchor the energy dependence of the very low energy = phase shifts, unfortun-
ately still with a plus or minus sign. There is some not inconsiderable evid-
ence for the low energy s state production of pions. Panofsky found that when
a T “meson is captured from a Bohr orbit in hydrogen, it gives rise to a neu-
tron and a Tfo meson, or a neutron and a ’6/““ ray with approximately equal
probabilty. The first reaction is es- |-|§°
sentially a form of charge exchange L (0° 1
scattering at very low energy, while
the second is simply the inverse of
the photo-effect at very low energy.
Therefore, since we know the photo-

2
effect’ at very low energy, it is pos- LF S0 /00 150 Hey
sible to calculate from it the charge . n —
exchange scattering at low energy. Slope given by Panofsky experiment 4

. sgives the slope of the ()(3 phase
shift plotted against energy as in-’cated above. Unfortunately, the high energy
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data are still so inaccurate that either .:.. polation indicated by curve 1l or curve 2
is possible, However, these can be distinguished experimentally in the region in-
dicated by the arrow on the diagram by looking at the s-p interference, that is, 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 I,
Marshak commented that he had tried to fit the old high energy data and the slope at
zero energy phenomenologically by using a monotonic potential for the s wave scat-
tering (in the 3/2 isotopic spin state) and found this to be impossible. However, by
using a repulsive core potential surrounded by an attractive tail, it was possible to
obtain a fit of the type indicated by an inverted curve 2. Fermi warned that there is
a weakness in the argument since 0(1 is not zero and introduces another parameter
into the theory., Marshak went on to point out that Dyson's model including a meson-
meson interaction term would seem to indicate the type of isotopic spin 3/2 s wave
potential with a repulsive core and attractive tail that he had arrived at phenomen-
ologically, A second remark was that Van Hove has calculated coulomb interference
with nuclear scattering in hydrogen at 40 Mev and finds a factor of 2 difference be-
tween the two signs for the s phase shift, using the 17 mb cross section as measured
by Barnes, This cross section is large and the effect would be even greater if the
cross sectim were smaller, Therefore, it is in fact possible to settle the sign of
the phase shift unambiguously by experiment. Fermi agreed with this remark,

Chew remarked that all theoretical calculations agree that only the &,, phase
suitt is attractive and the 0(13=O( 31 Very closely. He, therefore, feels that the at-
rempt should be made to try to analyze the data under these restrictions and to see
i they still can be fitted, If this should prove to be impossible it will then become
imperative to look at the terms which have been omitted in the analysis,

‘¥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, Schiff noted in connection with the
repalsive core remark by Marshak that Lelevier some time ago had attempted to fit
che ireson scattering in carbon with such a model. He found that the attractive re-
zion gave the observed coulomb interference at small angles while the core gave the
observed large angle scattering. Brueckner warned that one characteristic feature
of perturbation theory is the appearance of d with s waves at high energy. There-
iore, the energy dependence of the s wave phase shift should perhaps not be taken too
seriously as the d wave could easily make possible a rapid energy change. Bethe
stated that he did not agree with this at all, It is true only for the pseudovector
theory which he is sure is not right. In the pseudoscalar interaction the d wave is
truly a quite small perturbation and the s wave is something all its own,

“upenheimer asked Leighton to report on the rec 1t Cal, Tech. work on the char-
ged V particles. Leighton announced that they believed that they lola.d evidence of part-
icles that appeared to be the charged counterpart of the neutral V1 , that is, an un-
stable charged particle more massive than a proton. Recently, Manchester published
a paper which indicated doubt concerning the existence of any charged V's heavier
than a proton. All measurements of the mass of the decaying particle indicated a
.nass iess than that of the proton and all of the decay products appeared to have mas
es consistent with the T mass. The first indication that there might be two types of
charged Vis came as a result of the study of the lifetime of the charged V. The



decay poinis of all the charged V's are indicated in the diagram below,

Qualitatively there appear to be many de-

cays very close to the plate between the ( ¢ ) >
two chambers. The decays occurring in < ( 7,

the upper chamber appearéd to be spread > 4
more uniformly throughout the chambez.

Next the ratio of positive to negative V's < ( i ) > }
formed above the chambers and in the ) <
plete between the chambers was measur- < (

ed. The results are given in the follow- -
ing table, The probability that such a - Formed above t 15
distribution of +and - particles should Formed in Pb

occur by chance is about 0, 001 {assum- between chambers 14 6

ing equal numbers of V¥Sand V 's with
equal lifetimes, )

Here Leighton showed a slide of vt decaying in which the decay particle
was very probably a proton. Leighton said that such a decay might be simu-
lated by a scatfering of a proton in the gas, The momentum change in this
case was 90 Mev/c so that some blob of ionization from the recoiling argon
nucleus should be visible, Rossi wondered whether the case shown might be
a neutral V. Leighton replied that the parent particle appeared to originate
at the point of interaction and that the primary particle appeared to have high-
er ionization than the secondary particle. Thompson asked whether this event
might be a neutron-induced star in the gas. Leighton thought that the fact
that the primary particle seemed to originate at the interaction point made
his own explanation more likely. Reynolds said that from their experience
with stars originating in argon that a recoil nucleus should have been visible
if this were an elastic scattering, Peyrou questioned Leighton's calculation
of the probability of the distribution of the relative numbers of positive and
negative V's in the upper and lower chamber as the a-priori assumptions were
not clear, B

Oppenheimer then asked Rossi to give a report of the investigation on S-
particles and charged V's at M, L, T. Rossi reported the work by Bridge,
Safford, Courant, Annis, Peyrou and himself. Eight examples of g_nstable
particles stopping and decaying (S particles) and six examples of V= 's decay-
ing in flight have been found. Most of the observations were made in the
course of a series of 22,000 cloud chamber pictures, There seems to be a
continuous transition from V2 to § particles, so that calling them by different
names is perhags unnecessary, (This was illustrated by a picture of an ex-
tremely slow V= decaying in the gas.) However, the VI andalsp the S group
might be made up of several kinds of particles in different propartions,

From the measurements of multiple scattering versus range of the S part-
icz}esoa,n estimate of their mass was made, The mass determined was 1470
.n% 0mg. In the calculation all possible mass values were given equal sta-
tistical weights, The 4-and — values were determined by using the (1/e)
maximum values of the mass on the probability distribution curve, These
results indicate that S particles could be as heavy as protons but vot as light
as mesons, The S particles were assumed to be all positive since negative
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ones would be expected to suffer nuclear absorption, There were two cases in which
the secondaries stop inside of the chamber, From scattering and ionization it was
clear that the particles are probablyfror 4mesons. The range of the secondary part-
icles in the two cases was 65,6 - 67. 7 g/crn2 Pb and 64.4 - 74,3 g/cm2 Pb, The
range estimates were made to thicknesses smaller than the plate thickness by using
estimates of the ionization of the particle. If the secondary particle was assumed to
be a 7}’ meson the momentum imparted in decay is 213% 2 Mev/c, if all, 1841 2 Mev/
c. In the other 6 cases the secondary particle 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. Also an estimate of the momentum was made
from scattering, In all cases the measured momenta were consistent with a unique
value of the momentum, The limits of momenta of the secondary particles are given
in the diagram below, In reply to a question by Shapiro, Rossi said that the kinetic
energy of the 7]* secondary is about 100 Mev. In reply to another question Rossi noted
“.at the chance of seeing
an electron from a 7T

. N —» M —p e decay is very
' . ' small. None has been
I ' l *l-— observed in relaticn to
H v a stopped secondar
' — Absolle /Ian partiﬁfea No n.uclle
| ‘ From range interactions of the sec-
[h 4 stalistical ondary particles were
<4 > /I'ml'f' f):om observed. From the
e r 55@77&”'"3 momentum of the sec-
' ondary particles these
a | partigles are similar to

! | B : .,
o /00 200 300 oo 500 P_,, MMEY/C, the A particles of Bristol,

There is a continuous transtion from V's to S's so that it is felt that there is the
sar-e type of particle among the V2 's and the §'s. There is the possibility that
eizuer tne V's or the 53's have components of particles not present in the other group.
Ii the |4 .as a shorter mean life than the [ then we would expect to find more among
the V's th n the S's, There are 6 cases of VE 's which have been analyzed. The
first of these was the case obtained by Bridge and Annis, This V was seen to em-
erge from a star and to decay in the gas, The secondary particle undergees a nu-
clear scattering in one of the cloud chamber plates, If the nuclear interaction was
an elastic scattering then from the range measurement the momentum of the second-
ary particle was between 172 and 225 Mev/c. It is assumed in the calculation that
the particle is a yJ"meson which appears well established by the nuclear interaction.
The g of the V particle is estimated from 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 Mev/c. The
errors are large so that a spread is possible.

In reply to question by Shapiro, Rossi said that 4 V's came from outside and 2
were produced in the chamber. In one of the cases of vE g produced inside the
clovd chamber the momentum of the secondary appeared to be less than 212 Mev/c:

swever, it was possible that the particle underwent an inelastic scattering in trav-
<rsing one of the lead plates.



Rossi next discussed the Manchester results on the analysis of about 20
VI s, Manchester has one case in which the ﬁ (from ionization) of the pri-
mary and the P of the secondary are known. In this case P 7225 120 Mev/c
in the C. M. system. In 6 other cases the momenta of the primary and second-
ary were known. If one assumes a mass of 1500 m_ then the C. M, momenta
of the secondaries were all consistent with 213 Mev/c. If one assumes a mass
of 1, the agreement is not so good but is not ruled out. Rossi then showed
the combined results of Manchester and M. L. T. on the P, .. All of the cases
appeared to be consistent with the momentum of 213 Mev/c. Rossi then dis-
cussed the Manchester argument for a three body decay through their distri-
bution of transverse momentum, Their
distribution of P, seems to favor the | |
three body decay. Their arguments were
based on only 14 cases, Some of the trans- ,__._p. l
|

l
|
verse momenta were larger than the maxi- | | *——*—-—-'I '
mum allowable for a two-body decay; how- | | ————t
ever, the errors were large. Rossi said [ | 5'___4’ J I '
that he and Putler were agreed that most 5 | p__r___l_-g l
but perhaps not all of the Manche: =r vis [ n — |
could be)Y ‘s, Rossi concluded that prob- L :—-’fl | ;
ably all of the S's and many and perhaps o 360 550
all of the VE s are)''s, P in Mev/c

Manchester Data- k—o—f

The S particles require a time in their own frame of reference of the order
of 10-9 sec, for stopping. Thus their mean life cannot be much shorter than
this. An estimate of mean life can be made from the relative number decaying
in flight and at rest. Under the following assumptions an estimate of "was
made,

. V' and S's are the same,

2, Only S particles decay after stopping.

3. How many of the V¥ ts would have stopped had they not decayed. The last
was determined from specific ionization. Using the above assumptions and
allowing generously for possible errors in the ratio of the numbers of V's and
S's the following results were obtained: 7 x 10"% T2x 107 sec.

On the other hand, if it is s%pposed that all the V's are different from the S's
then a lower limit of 2 x 107~ sec. for 7is obtained.

The next question is that of the nature of neutral decay product. Assuming
a mass of the VE of 1400-1500 m_. This is suggestive of a V2 and in one case
the Manchester group has seen a charged V apparently giving rise to a neutral
V. This might be a chance coincidence. By looking along the path that the
neutral decay product must have followed a total time of flight of 5 x 1077 sec.

has been so far observed N / s
without any signs of decay \ . 5t0/0fl "g

or interaction. Including PATH oF /L)\ /

the charged V's as well, N
L L PROOUL
the total time spent in the ETRAL PRoOUCT \/

chamber by the neutral \ -t TOV/L
decay products must have \

h)
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been of the order of 107 sec, Thus we must conclude that either the neutral pro-
duct has a long life or else decays in an invisible manner, It is possible that the
V8 decays into two 7s in which case the Z’rays from theﬂ-mx t easily be missed.
Unless this type of decay predominates over the decay into chargedn's by a cons1—
derable amount, it is extremely difficult to reconcile these data with Vi 77> f’VZ
unless the lifetime of the Vo is longer than now appears likely, If the mass were

as low as 1,000 m, then it'is possible that v¥ -:bTr.HT and the f rays from the m°
might have been missed. Fermi: "If it were a neutral pion, do you not have a fair-
ly high probability of seeing a shower?'" Rossi: "We must look into this matter
again but we are not very confident because the momentum of the ?7"1’5 not very high,
the ¥ 's will go at wide angles and will not be energetic, the plates are fairly
thick, etc, Hence thez'could possibly be missed. " '"My impression is that we
would have seen it but we need more data to be certain, "' Cocconi: "Might you not
have discriminated against the cases in which the converts in the same plate that
the decay occurs in?" Rossi thought that it was unlikely that such an event would
be missed because one looks for the penetrating particle arisihg from the stopping
particle. Rossi said that because of the close agreement between the best Man-
chester and M. 1. T. measurements of the secondary momentum, that there was good
evidence for a two body decay., Uhlenbeck: "Is it the conclusion that ﬂ‘.l.ffaecay is

P possible or not?" Rossi: "The con-
secondary clusion is that it is not very likely
225% 20 Mev/c Manchester charged V.  but possible.* Marshak pointed out
204-235 Mev/e  M.LT. S that if Ve 2% 7772 and %2 7
212-215 Mev/c M.LT. S then the angle between the ¥'s would

be quite large and the Y 's might have

been missed, Leighton: "Couldn't a lower limit be set on the mass of the vi o
Rossi: "No, not from our measurements. We can not say that the mass of theV
is greater than 1, 000 m_, " Shapiro: "I think Perkins 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 Vgo " Oppenheimer: "What does Perkins say?
Perkins is here," Perkins: "We have only two Xmesons and the errors in the
mass are rather large." Perkins then gave the mass values reported below.

M=1450+300 Shapiro: "I made my statement on the basis of previously
2 M=1380% 350 published errors of ¥ 100 m_." Perkins: "This error is

certainly unrealistic. You cannot exclude the possibility

that the mass of theJ(is as low as 1, 000, "

Rossi then wrote down the table below in order to give some idea of the abu ance
of the charged unstable particles, Alvarez

wondered whether any correction was made Produced Produced
for charged V's that decayed in the lead Inside Outside
plates in the chamber. Rossi said that - Vo 21
this did not matter very much in their Vé 4 28
analysis; if the charged V were heavily v$ 3
ionizing when it entered the plate in which S 2 4
it decayed it might be misclassified as an Vi- 3
S,

Perkins noted that since the five parti- Trsto]pping 500

cles were presumably-l-)one should see the
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dccay electrons from the stopping ﬂfmesons“ Rossi said that in the course of
many stoppings of mesons in the cloud chamber that very few decay electrons
were observed,

Heavy Mesons

Shapiro started with a comment on the report given by Rossi, "If we de-
fine the Y as Bristol does and the way that Rossi is willing, as a two-body de-
cay, one of the products of which is a pion of unique energy about 100 Mev,
then I think that it is significant that Rossi has apparently given us evidence
for the production in nuclear collisions of these ] 's. It is worth noting that
there is no evidence from photographic emulsions for the direct production of
X 's although there appears to be some evidence for = lirect production of

K's:

Shapiro then proceeded with his report, The investigation described here
was carried out in collaboration with D, T, King and N, Seeman. The tracks
of lightly ionizing particles generated in energetic nuclear collisions have been
studied. Four events involving the production of particles heavier thanfJrme-
sons have been found so far, The tracks occur in 4004 emulsions exposed at
10 g/cmz depth above Minnesota, The plates were exposed vertically under
30 g/cm2 of carbon or no absorber. Two of the particles seem to have a mass
of 525 m_,. The latter p: rticles resemble closely the f'feported by Powell at
the Copenhagen conference but which Bristol seems much less sure of now.
All of these particles which were described apparently arose from collisions
of moderate energy~-10 Bev or possibly much less., In none of the cases of
production are there any black evaporation tracks. In each casevof production
there are three thin or grey tracks involved in the event,

In order to attain reasonable precision in the mass measurements, meas-
urements were confined to long tracks of particles with relatively low velocity
(.5 4p< .8). Alower limit of several thousand/{ length gives an adequate
number of independent cells if the particle is not'too fast., An upper limit of
0.8 on g insures that the mean angle of scattering will not be too small, with
cell lengths less than 400 4 , for a reliable determination of p5, which is
directly derived from multiple scattering., For reliable results on velocity
measurement, the grain count must lie in a certain range of values. The grain
count must be higher than the Fermi plateau value, otherwise g is too insensi-
tive a function of3 . On the other hand, if the grain count is too high, difficulty
is encountered from overlapping grains. Grain densities between 1.3 and 2.5
times the minimum value permit good measurements of ionization and multiple
scattering, Tracks which satisfy these conditions were examined for pheno-
menological evidence of unusual processes of generation or decay, About 25
interactions of fundamental type have been found. "Fundamental" means that
all the charged particles are fast (thin or grey tracks). Most of the particles
from these interactions are protons or pions within the experimental errors
of about 10%. For the calibration P and ﬂ'tracks of 2 or 3 centimeters length
were used, (20,000-30, OOO/U f}. A diagram of one of the four tracks is given
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below. The ionization was 2. 2 times the minimum. The mass is determined to be
1270+ 140 m . In the measurement, 54 indepen-

- . $ dent cells 2§0/u long were used, For this cell
o \‘ - ZENITH length the scattering was about 5 times noise leve
blob 4 ~v for the system. The mean scattering angle is
A &=0.105 * 0.010 deg. /(100M )1/2, The grain
13.5mm N density after the deflection was nearly 40% higher.
/ \\\ The track deviates through 43°, almost entirely
ale,flec'ﬁon in a plane perpendicular to the emulsion. The

secondary track leaves the emulsion after 460

which does permit a fair estimate of ﬁ but not the
mass. There was no recoil visible at the point of deflection. We therefore suppose
that this is a decay The time between prodiction and decay in the particle’s own
rest system 1s 6.4 x10" 11 sec, It is worth consideri::; whether this might be the
decay of a Z._.>77°—+ N —fQ where theﬂﬁlas an energy of about 110 Mev, If this were
the case the decay particle should have £#=0.9. The measuredﬂ is only about 0. 4.
This seems to rule out the possibility that this might be a decay of the J type meson.

There is no evidence for the direct production of K's at Bristol. In the cases
discussed yesterday of the direct production of ', the one by Sorenson seems the
best. The track length in that case of the decay product was 2500/{ and the grain
density was 1.1 plateau value. Perkins considered that this was well established as
a muon; however, Leprince-Ringuet took exception with this. With that grain den-
sity and length it would be extremely difficult to distinguish between a pion and a

-~uon.  Since there seems no clear 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 AT .

If the daughter particle is assumed to be a pion, then-a two body decay would
fix its velocity in the center of mass system as 0, 39 ¢, and the mass of the neutral
decay product ~~ 955 m_. On the other hand, if the decay product were a muon,
then the mass of the neutral particle is 1030 m,. Both of these mass values are
close to that of the charged T meson or a VCZ’ If on the other hand, the charged
decay product is assumed to be aT, then the neutral decay product must have zero
mass and would presumably be a neutrino.

In order to avoid invoking new decay schemes, it is reasonable, provisionally,
to regard this meson as a |4 meson, This case is unique in that both production and
decay are observed and the particle is not a_f meson. Also, the production was
associated with a particularly simple star, involving only two other tracks, both
due i o fast particles.

On the next page are schematic sketches of the other three heayy meson events.
These events like the first case contain three thin or gray tracks. Track 2 has a
length of 5. 000 4 before leaving the emulsion; no decay is observed. The velocity
is 0.57c, as for particle . The mass estimate is 1240F 2{5 m, where the magni-
tude of error is due mainly to the shortness of the track. As in example 1, there
is a small blob at the origin,
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Track 3 goes 3,000 and the mass is measured as 525£ 105 m_. At the
end of its travel it appears to suffer a deflection of 0. 9°, and then it runs for
another 15,000 4. The velocity after the point of deflection is the same as
before to within experimental error of 3 or 4%, but its mean angle of scatter-
ing suddenly jumps by a factor of 2 and stays at this higher level for the re-
maining 1,5 cm, of travel, This is attributed to a decay in flight, The second-
ary mass is 265 %30 m,. The time between production and decay is 1,1 x 10-11
sec. The significant fact is not so much the deflection at 3,000 4but the change
in the mean scattering by a factor of 2%0. 3. The secondary particle is a well-
behaved pion in showing =~ st the right energy loss in the course of the 15, 0004
as manifested by the change of grain density and the change in multiple scatter-
ing.

Particle 4 presents less favorable conditions for observation, mainly be-
cause its velocity is high, as in the Bristol examples, but it resembles parti-
cle 3 closely, Its track run. for 7,3004, then undergoes deflection (through
0.79), and an abrupt change in the mean scattering angle, The deflected track
continues in the emulsion for another 4,0004. The parent's mass is estima-
ted as 4574100 m,. The daughter particle's mass is estimated as 260X 35m,.
The time of rlight before the decay is 2,0 x 10-11 sec., The ratio of masses
obtained directly from the scattering measurements is 1. 820, 3 (g remains
constant).

In response to a question Shapiro said that they had not seen evidence of
any ¥ rays associated with the decay of thef'; however, the chances of see-
ing any is pretty small, Shapiro said that there is nothing inconsistent in
their data with the two body decay as proposed by Bristol, Fermi asked what
Q value the decay of the J¥show’ . Shapiro: "The Q value is difficult to
determine with any precision at all but I am sure that it is less than 6 Mev and
it is likely that it is less than 1 Mev, If I use the transverse momentum which
is not apt to give an answer wrong by more than a factor 2, I come <. with
the surprising answer of 40 Ke¢v, " Leighton commented that the transverse
momentum can give a good lower limit on Q if the transverse momentum is
accurately known,
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Oppenheimer asked Perkins to give what evidence he had on the fhg Perkins
showed a diagram of P‘B vs, g for several hundred shower tracks. Four tracks
were in the intermediate mass range between 276 and 1000 m,. Three of these
tracks had rather short lengths., Two of the . <8 hich gave an apparent mass of
about 530'*_:60 m, are rather long and are retained. The track which showed the
decay looked as follows, The total track length is 17 mm; 6 mm from the beginning
at the star there occurs an angular de-

\/ flectiop. The first 6 mm of track gives a
\\Gw\m mass value of 530 380 m,., The grain
~ H waw density is 1.19 times minimum for the
™~ whole track, The next 6 mm of track

gives a mass value of 265£30 m_. If the

whole track is used for a mass determin-
ation assuming that no decay occurs a mass value of 303% 20 m, 1s obtained. There
is another track of 12 mm length which gives a mass value of 520X 60 m,. This
track gives no in¢'- _.on of a decay in flight. Bristol would consider as proof of
the existence of the ftﬁﬁe following type of evidence. Suppose a mass spectrum is
made from long tracks of shower particles from many interactions. If ft“s exist,
some of them will live long enough to leave the emulsion before decaying and others
will decay in the emulsion. The mass spectrum would show such a state of affairs
as & continuous smear in the mass spectrum from the7*mass up to a mass of about
50 m,. This would be better evidence than giving a few isolated examples.

Shapiro said that he thought Perkins' remark: were well taken but still thought
that it was remarkable that in both cases the scattering should change by a factor
st 2, Perkins: "Have you split all your tracks in two and found the distribution in
the ratio of the apparent masses given by the two halves?" Shapiro: '"No, but it is
& goud idea, ' Perkins: "Occasionally you should find particles which give an ap-
parent ratio of two." Oppenheimer: "I think it is clear to everyone that the fact
t.at you get a large mass for the first part of the track and a smaller mass for the
second part, these are not entirely independent things. " In reply fo a question
Ferkins said that if all of the tracks used in the determination of a mass spectrum
were halved that the resulting mass distribution would be V72 times wider, Perkins:
"Regarding the direct production of mesons, we have never asserted that there
was evidence here (from the mass spectrum of shower particles) for the direct
sroduction of X’ mesons. One obviously cannot see from the curve what the aver-
age mass is and I think the words )X were brought in by those who reported the
conference. It is in the proceedings, but we didn't say it. " (Laughter)

Shapiro then showed the table given on the following page with the data on the
unstable particles. A plot of grain density ©7. - for relativistic velocities, by
’ B. Stiller and M. Shapiro

was given next. This
§ Peorons ELE{;TPONS /_7_/0/[:/5‘5’2’\1 curve differs from the
N A " \,\ CUE\Ifé curve obtained at Bristol
X . o J last year. The above
2 SR, W curve agrees very well
@ AR with the Halpern-Hall

| theory (5 Kev¢2 Kev)
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using restricted energy loss., This is very important in measuri:y masses,

It may be noticed that the rise from the minimum to saturation comes gradual-
ly between 7;4 and7; 100 and the total rise is of the order of 14%. This may
be compared with data obtained at Bristol by Voyvodic which shows saturation
of Y= 20 and a rise of 8 or 9%. (See Appendix I)

Data on Heavy Mesons

Particlel  Particle? Particle 3 Particle 4
P D P D p D
& dez/100 12 0,105 0.105 0.132 0,260  0.122 0,22
a 2\1/2 .
7= 1/(1-g?) 1.2201,13 1225 1.45 1,45 1.58  1.58
ﬁz r 0. 400 0. 408 0.760 0.760  0.947 0,947
e, (Mev) 649141107 634 268 134 234 129
M, (m,) 1270 276 210 1240 525 263 458 254
1140 +215 +100 ¥30 100 *35
0.573 0,466 0,578 0,716 0.716  0.774 0,774
p (Mev/c) 454 74 56 449 278 146 286 158
T (Mev) 143 18 14 143 2l 60 136 75
11 /
1077, (Sec) 6.4 141 2,0

A
“o= Zpy (2=1)

Oppenheimer then closed the session by showing a logarithmic plot of the
lifetimes of unstable particles as had been suggested earlier by Fermi., The
neutron, 7 , and/{( seem to have well established lifetimes, For some of the
other particles it is not known whether the letter corresponds to a single par-
ticle or whether a particle exists at all, VvO's are most readily detectable by
cloud chamber yet short enough to decay in a cloud chamber. The Z"', K 92’
are characterized by having been seen to decay in a plate and cannot have very
short lives. The", K, have probably been seen to decay in flight in a cloud
chamber and consequently cannot have :ry long lives. Thefr’nay or may not
exist but if it does it is observed to decay in photographic plates in rather
short distances. In any event it doesn't live very long, For thef,o the Nobel
Prize for undiscovering a particle has been won, There is some piling up in
the region around 9. There are some rather large gaps so far unfilled between
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-3 and 6 and between 9 and 14, Fermi: "Which are all gaps accessible to experi-
mental observation. " 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 empty. I think it is more likely that they have been missed. "
Fermi: "It is a striking plot and probably has a meaning too I would say." Oppen-
heimer: *1 hope our great grandchildren when they attend the 2038 conference in
Rochester will take it for granted that they know these things.*
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THEORETICAL CALCULATIONS OF PION-NUCLEON SCATTERING
Saturday afternoon, Professor H. A, Bethe presiding,

Bethe opened the session by remarking that the logical order of the proceedings
would have been, first, Dyson's presentation of his equations for the pion-nucleon
scattering, followed by Bethe's 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 Lévy potential and finally Low's
covariant calculation along the lines of Chew. However, since Brueckner, Watson
and Low were leaving very shortly, 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 equation. 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 . ng the five boxes
of Dyson, but in a fully covariant theory. That is, he is iterating a series of dia-

A WWAAA - - - . P .
grams such as The interaction ....2n is the relativistic
generalization of the non-relativistic @Y + dﬁltheory, The wave functions for the
scattering problem are Y“: P + KK, G-Y* . In terms of these wave

¢‘= 3 + ?-G’ KlK'l ‘ +
functions the scattering matrix is given by - S= (ﬁ )G “}{ > or equivalently
by S :':.(\[/_f )'G C{;‘L ) . I'n form this is exact%y 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 used. 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, 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's terms would fall out and a
lot more besides. This is related to the Goldberger, Gell-Mann equation, ex-
cept that the latter were concerned with77 scatterings and diagrams of the form
Their approach is to insert the renormalized Sf

in the circled region. Low's approach is not the e RN /
same since he takes essentially the zero order ( M \
approximation to the Goldberger, Gell-Mann n ‘
equation but does include modifications of the \ ‘
vertices, etc, rrrrrr‘ So ot /

Watson reported on the work which he and Brueckner are doing in construct-
ing integral equations to study meson-nucleon scattering, nucleon-nucleon scat-
tering, etc. The method is closely related to that of Tamm and Danc.off but uses
Goldberger's formal algebraic approach and the Li.ppman-Schwinger‘integral
equation., The method is capable of generalization to non-linear theories with or
without nucleon pair production. For simplicity, only the linear case of a Hamil-
tonian (H_-3-H') with no pair production and linear coupling of the meson field
was discussed at this session. The Lippman-Schwinger equation can be written

i 1t
as *:q%_-i-mHY/: d:\q_-'—a:Hy/ where
a=E+iN - Hp In terms of the Mgller scattering matrix defined by

\l/: Q. Py this becomes the algebraic equation () = | 4 Ell_- H/_.Q_ o

Chew and Goldberger give the formally exact solution to this equation

=1+ OT}—’ H’ R 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 ﬂs = |4 &lﬂ.,
Here Vis diagonal in occupation numbers so that this is a stan ard—ffim of the
Schroedinger equation, The first step is (L = | + aA—Do H® + 0~"Aod°
where A, = H ’-—é— H’ . Note that the second term is bilinear in the meson
field variable ¢o whereas the first term cannot contribute in the asymptotic re-
gion because it contains an odd number of field variables., Therefore, we can
write ﬂSc = [ + aJ:‘AOAo ° We note that this equation is of the
same form as the original solution with A,replacing the potential. The first
Tamm-Dang off approximation consists in neglecting the off-diagonal elements
of A ; this 1s the potential that Chew used and would be diagonal. creating or
a,bso:rebing two mesons, We defineU = NDPA and V =DPA. where NDP and
DP stand for non -diagonal part and diagonal pgrt resl:?ectively, in the sense of
occupation numbers. Therefore, U creates or absorbs two mesons while V0
1s a scattering intensity in the sense that it is diagonal i,n occupation numbers.

‘ . c e

We can then show by induction that ! An=T Uv-l

If this theory converges we can M=t~ Va-|
show that in the limit a,s'rapproachm' - D
es infinity Vﬂ%g?o Vn o Uﬂ\ N P AM
This can be evaluated as follows V - DP A

— - m
On U‘nwi. Vel 15- Un~] m M

where 2 v
W= [ + % v w VM - £

n-1l n-l - g=0
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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, are homogeneous functions of the field variables of order ", m Every field var-
1able contained in the U, _; on the right must emit a meson and every field variable
contained in the U , 3 on the left must absorb a meson, except in the lowest orderin

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 zither 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 nucleon pair pro-
duction or any non-linear meson interaction.

Note that there are 2 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
number. This suggests that as a rough approximation we may neglect V_ jinl
It is then possible to agrue that, at least in a cut-off theory, the series can  a-V,
converge for some value of the coupling constant. Since these U's are applied in-
ductively, actually one has a'l a'l for each one that occurs, so one obtains a factor
{(z7 1) in the denominator times 2a numerical factor that depends on the cut-off,
the numerator contains (Zn 1) 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
is, tuerefore, kely for some value of the coupling constant. Note that the series is

2 el R
G, 5,6, G, G sse0003 Lhis 18 a genulne power series if the V“s are neglected.
ir scrresponds to 2,4, 8,16..... virtual mesons present in the intermediate state,

Brueckner commented that the n! dependence of the numerator, which had caused
Oysen te think thaf the ordinary perturbation theory expansion might not converge, has
bee  ouol ... which makes convergence much more likely, Chew was as-
surcd 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 nucleon pair production for reasons of simplicity.
The chief limitation of this approach is that it may be impossible to recognize singu-
larifies inambigiously and hence impossible to carry out a renormalization program.
The procf of convergence is still shaky, but not as shaky as in the customary pertur-
satien 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
che 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
I1kely 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 I;

the emission of the meson from P, leaves that
nucleon in an isotopic spin 1/2 state, but the l
meson can interact in both the 1/2 and 3/2 states

with P, which brings in the large 3/2 scattering P
state, However, in the neutron-proton system, '
the initial isotopic spin is 0 for the triplet scattering, and hence in a diagram
of this sort the 3/2 scattering state will not enter because isotopic spin is not
conserved, 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 meson. 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 meson, This effect has been left out in the Lévy potential and the resulting
modification of V, might give a coefficient much less than the one used by Lévy;
at least Brueckner suspects that this will be the effect.

Jastrow has calculated the resulting changes in the low energy p rameters
if the V4 of Levy is reduced to 1/4 its original value and the coupling constant
increased from 10 to 15, The results are summarized in the table given below.
V= V2+ 4 V4

x =1 o= 0,25 observed
Singlet range 2,5 2.5 2.6k .2
Triplet range 1.7 1.9 L7
Quadrupole moment 2,1 2.1 2.1
Core radius singlet 0.5 0.4 -
triplet 0.5 0.6 - 13
Coupling constant 10 16 (distances in 10  cm)

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 Le/vy 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 V, provided one makes compensating adjustments in the coupling
constant, This comes about because the 1/(r)3 singularity in the tensor force
and V, contribute about equal amounts to the well volume of the deutron. 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 wit/h 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 denommamrs are taken with principle values, Our original Schroedinger equa-
tlon is (H . We substitute into this equation the assumed solution

%%Pk.‘] (4 smce (H, -E} § 0, we get - Hli“’ G so that G= -H $+P[Ho E]G),

This golution is the Schroedinger equation involving only standing waves because all
the amplitudes can be made simultaneously real. G 1s 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'’ is g(k, k% we have

the coupled integral equations !

gl =i Gfdk“ L (k, k% P
Ek; +kg+'Wk+‘ Wies -E

glk, k)

1
g (k“)] ,
Ek + x E Here L is the

matrix element of Hy for the emission or absorption of a meson and G is the coupling
constant, There will be two more terms for cases where nucleon pairs are involved
Even here something is left out because, due to Bose statistics, the equation for

gik, k') should be a symmetric function of k and k’; 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

2 ) 1 ) 1 @
(kKi=G“{ L (k.k) P { L (kgkf‘{ ki) T e k»]
g lld f ! Ek+k:r+wk+vﬂ<3" ) Cb( ) Ek '8" W-E g (K9

+ L' (k' k \Eb m“ g(k)} dk?
e k.”’

Altogether this equation contains nine terms of which four involve g (k') on 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
/3 momentum k takes no part in this process. Such pro-
cesses are perfectly allowable and ought to be included;
one has no excuse for throwing them out except that it is
at( }

gk k)=t GL' (k, k) | S (K)4P

simpler if one does. Since the. :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
& K equation of the form [148 { ]g f k, k) g (ki) dk',
This factor [:H»S (k)]in a covariant treatment would correspond to using Sf rather than
S¢ for the propagation of a proton, that is, the inclusion of diagrams such as given
below, That 1s, presence of mesons in intermediate states allows the proton to
S 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 o covariant
scheme before applying the Tamm -Dancoff approximation. 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;
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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 nucleon and the four components of the
Dirac spinor for the nucleon, or 24 components in all, That is, we have a sys-
tem of 24 coupled integral equations whese 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 cosrdinates are eliminated
completely by using pure iscotopic spin states, reducing the 24 components to 4.
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 only.
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 motion. The angular variation can be eliminated by assuming that g(k)is
expanded in a series of Legendre polynomials, that is, g(k.)::ZY Q(R\, spin) g({k\).
Similarly, the incident plane wave can be writ:tean{k)ﬁZYJgg (Qg épin)¢( lk\)
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 {rom the presence of the recoil energy denom-
inator Ek+k“ This introduces interactions ir all pessible states of J and ¥ .
However, the energy denominator can bi expanded in shperical harmonics of
the angle between k and k', that is == :Z P {fy Y ([kl,lk“\)o After
Expritc O n n
this expansion, the angular integrations are trivial and after carrying them out
one cobtains the samespherical harmonic of k that one had originally of k'times
a kernel that is a function of the magnitudes of k and k' alone, This is an expan-
sion in powers of v/c that is convergent for all values of v, so it is not an approx-
imiation, In fact, all except two terms vanish identically, so that there is no
problem of convergence. The resulting equation for the P3/2 state is approxi-

mately 2 oo 3
o= - G Zj k'~ k dk Ek+M(Ek+ Ekﬁ+w %Wkg -M -E)2E+C f(k")

—1/2 = : k - 2
24MYEy w, B, w ) E 3 (E+c)

O
where f(k”):g(Ekﬂ-wkg— E)Y+P [ 1 ’lg (k)
E - W, .

. E}{ .
.1 2 11/2 ‘
Bz Mz"l' (k.':'-k@)z] + L sz(k - k“)z /2'; C=w,+w -E
2\ 5 ko ket

{The exact equations for all six states obtained by this method are given in
Appendix IV.} Two energy denominators occur: Eptwy - E gives the singular -
ity on the energy shell while E4C 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 § 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-
mensicnal wave function lﬁ'k)::{d)(k) - 1 gik) |'Y

L Ept v, - E T4
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In cenfiguration space this be comea\gf (r}=Y T (TV?) i#(r)-f(rﬂ., The question is,
there. ~e, what funumn of r these should be, "Lhe incoming wave is an eigenfunction
of H, and her‘ce is a & function in momentum space. FKor purposes of normalization
it is convt ent to take this as&Er 4 -E); then @f r)s Mc The operator Y(%)
simply converts the sine into the appropna’(e Bessel function for the angular momen-
tum invelved, The Fourier transform of f{r) is in general complicated, but we can
tell what 1t will be where the singularity occurs and find in fact that the %%rél%%tic
behavior depends anly on g{ky). The energy denominatoer in fact gives us
-%noéi‘.} as this syvm}?c‘ilc form. Hence we wrlte

@ -
f Wir)e \ sin ko T -/{C0S Ko T «%-»ome
: ’ J*ﬁ ‘ r r
=Yy t% Eﬂ%inﬁi r% Ol_q}‘l];
and we can see Ln*v\edlately what the phase shift is: working inside the differential
sin tky TEG)
operator we have = r , this is correct since the Y operator merely bhlf‘ts the
phase of this function by f-?— as is required, Therefore, tan§ = -JTg(k ). The
above aveids any discussion of the transition from standing waves to outgomg waves,

At this point Blatt made the following comment for Chew, who had already left,
Chew has done the same calculation nonrelativistically and checked whether the
omission of certain terms such as S({k) wa admissible, That is, 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 muudcd by the simple droppmg‘L of the renormalization terms, In particular, the
energv E in the principle value (—E-?-Hw-) is modified by charge renormalization, so that

charge renormahzatlon has not been done properly, Dyson said that this is certain-
ly true; S{k} would appear in every energy denomirator and we must certainly try to
do this.

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 tlon\‘f/ C#?(x +'Hx, y) V (y, z)\f/ z) and in analogy to the approach above we define
elx) = [Vix, M’ (y); fix) =fVix, y>¢(y> then g(x)= f(x) 4-[V(x,y) K(y,2) glz). We assume
V and K are symmnetric since this can always be accomplished by an appropriate de -
finition of g. Consider the quantity Y= fg(x)d)( ydx ﬁ'(x)\f’( x}dx, The general
Schwmgev va rlatmnal principle may then be written "Y" = Efgcﬂz/ f)bg jfg VK{x, v 8(5)

since one can show readily that this variaticenal principle gives only a second

order error in Y when any trial function is inserted for g; here @(x)= § (x-2); f{x)=V(z)
Hence our variational principle for g(z), which 1s in fact the tangent of the phase shift
which we wish to compute, is simply "Y'= g(z] /ﬂ’g ﬂg x,vy)gly} . This var-
iational principle has been tested against an equation whose solutlons are known exact-
ly and Whlch is very similar to the equation with which we are dealing. This equation

is glx)= . +“‘gf _..,..__._,..) glyidy, The kernel of this equation is quite similar to that of
ma. (X,
the equation which we are actually interested in solving and in fact is less singular,

The solution for this equation is g{l)* ¥ In the physical situation the §-function
gives the Born approximation to g, that is, matrix element »f the operator on the
energy shell or in this simple case b/x., 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 "gll)'so—r— . The equation has a singularity for}=1/4
but the scolutions are not badly behaved up ‘%’o this singularity, which is not very patho -
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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 Y=1/4 the true solution g(1)=2b while the Born approximation trial function
in the variational principle gives "g(l)":.[él/?:jo, This is not surprising since
the Born approximation is not a good trial function. However, if as ig usually
done, the equ ion is iterated once one obtains the first iterate gi(x)= ;{-(1+Y+b3’.}T_§).
One usually assumes that by using the first iterated solution in the variational
principle one is pretty safe and gets a very close appr%ximation to the tru:?
answelro However., ir{ this casef we‘obtain Mo(l)''= T- -_3’4(1-\-43()/(1-&-?)[4 - Zb
forX:a.,. Thus the imp:=« = ement is slight even though ghls represents the square
root correctly to terms in’{ . 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 ': st the variational principl: 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 method.
The numerical method consisted of replacing the integration by seven points
and solving the resulting linear equations, and gives not too bad an appn xima-
tion., Thus for G2/4y= 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 1409. By interpolation and a little more calculation it is found that
the dependence is a very sensitive function of the coupling constant and that
G2/4n=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 vight 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
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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, 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
phenomenologically, 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. 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 encrgy,

Serber raised the question whether the fact that g{k) contains quite high meson
momenta would not render the experimental observation of meson-meson scattering
quite difficult. He had in mind the experiment proposed by Piccioni to scatter
mesons of about 1.5 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, and the kernel of
the integral equation decreases rather rapidly even before you get to the relativistic
cut-off,

The ¢ 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-nucleon scattering and the nuclear forces, Oppen-
heimer made the following remark, "The situation now, I am afraid, is that in Le/vyﬂs
account of the collision of a neutron with a proton, some of the terms which are rele-
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 Le/vy 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. "

(The session was adjourned for tea.)
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THEORETICAL CALCULATIONS

(second part)
Saturday afternoon, Professor H. 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's equations, 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 k' alone times a function of E which depends essentially on
the larger of k or k'. That is,

:~[M+k+k ] XM %—kk] PE kDK

-;Eku k' DVk

The approximations are good to second order; even when k and k' are compar-
able, 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. In order to simplify the
work the same approximation has been made in the multiplicative factor
(Ek-{—Ekﬂ“w -&\—w T M - E). Similarly, in the term C (see page 79) for Wy
much greater than Wi, Wy, 18 replaced by M, and conversely; with these two
approximations the multiplicative factor becomes equal to E4C., The integral
equation then becomes g(k =_fA B(k!® )K(max, k, k') glk')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.

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 |, the momen-
tum of the incident meson, which enters into the Born approximation. All the
same, if one factors the kernel in the various regions, k'> k?kog k>k0> k! 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
equatlon

?( K ! L (EXM) (142w R
. ,
(w =w_ ) {w-w - (E+w) (1+§.,WZ> YreTTRawyy Y
Y = a 1/2: :g/ . 2
(m- / s a g Born, ‘ G _____3/
24 7[’2

. . . . 2,1/2 : :
In contrast to the previous notation, E=(M +-k ) and w, 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 15, for
high momenta or small distances, we get approximately y"={- wa"i‘ 2) L2
W
As is well known, the solution of an equation of this form 1s qlmply a power of
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"
the meson energy and in fact we find a ~ WS/Z (1 1 - )0 If Y 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, W3/2 is the limit of normalizable wave functi ns, so only the second
solution is acceptable, If ’Xcl, both solutions are not normalizable ad in fact oscill
ate wildly for high momenta of the meson; therefore the theory makes sense only for
¥<1 or G4/4n £ 6. If the integral equation is not mutilated, one obtains precisely
the same result with the exception that 6T is replaced by 51 /(32-10[T) = 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 pointg in the theory, for example, in the large meson-meson
interaction,

For ¢<1, 1t is possible to integrate the :ifferential equation and this has "-un
done in fact {or¥=3/4 with a coupling constant of Ge/4m approximately 14, When
k‘oﬁ- 0, that is, at threshold, the resultant wave function is sketched below,

— Note that there is a large effect from
A "l/"{ high momenta comparable to the nu-

cleon rest mass and that the asymp-
| W totic behavior falls off very slowly,
2 m S= namely as w14, For incident

erergies above th?“esholds the form of the wave function  similar when plotted a-
gainst {W - W} {rather then w itself), except that the wave function’s deriv ‘ive is
\%/ \ | logarithmically infinite at W _ and

- there is a change in slope when one
! passes into the region below W,

This is because the wave function

Ml | e S 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, is very important.. In fact if a=0 at this point,
then one~has a resonance., For WO-— Z/b{ this is nearly r ached for a coupling con-
stant of 14, and by increasing the coupling constant, one obtains a resonance at zero
kiretic energy.

terms (ixf a cut- offg since the, hlgh energy dependence is the fea‘ture that gives to y

a flat maximum near w =2M and thus permits the wave function to pass through zero

atyw=4l, with only a quarter-wave rather than a half-wave in the low energy region,

Thus, for instance, if momenta greater than the nucleon rest mass did not contribute

one would have the situation indicated below, and one would never be able to get a

% N resonance at zero energy with a coupling constant as
low as 14, If the wave function went to zero at a point

W IWys for WO=/4, this would indicate a bound state of

proton and 7T meson at a lower energy than the sum of

the rest masses of the two particles,

M\ W

7~

In order to mvestigate the behavior of the resonance, the solutions have been ex-
panded in terms of x = Wy -M; so far only the first order terms in x have been calcula-

ted but this will be improved upon, The result is tan§ = “152 — tan SB Here the
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unit is taken as the nucleon rest mass so that 0.15 corresponds to/vl and gives a
resonance at 140 Mev, 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 N
question from Oppenheimer, Bethe g
admitted that this ef{pansmn X has
neglected terms m( ., that is, it

1 an expansion in terms of the meson

mass, However, in expanding the E
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 sight, Further what has been seen so far of the higher terms
indicates that a more exact approximation will still exhibit this phenomeron.
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; ' G-’a} g cf)o( \f),.
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 we 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 nucleon recoils as something small and cut off diver-
gent integrals at approximately the nucleon rest mass (or twice the nucleon
rest mass, or half the nucleon rest mass,) Wentzel would agrue that this kind
of theory 1s not so bad as it \gould seem at first sight. One characteristic term
that occurs is M*M“ﬁ‘M +G 437' 2 whered: 24’ and appears in the Hamilton -
ian denmeg as M* Y/ ’70- In 8p1’5fe of the large G wé expand the square root obtain-

ing M G I ne retains the term quadratic in $., it is
Moy g Sae— o
possible to solve the resulting theory in a rigorous cla.sical way by expanding

in normal vibrations, 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 retam terms containing at most two mesons in the field
at one time and 1nterpretd> ~ operator < q>2>vacuum where these occur
with the nucleon density occurring still as a factor, Since the location of the
nucleon is fixed the above becomes Cb"‘ ~ CPO <¢1 >vac but since
the d) term represents a repulsive potentlal the meson will be kept away
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from the nucleon and the stronger the coupling the greater is the reduction of the
value of the meson wave function at the position of the nucleon i. e, 4’0 Let us com-
pare the term in which the exgz'msmn is n%ade in the weak coupling and the strong
coupling cases. This is G oy vac G /4T ™10 for weak coupling

5 MZ 41]'/G2N 1/10 for strong c« Hence for
G /41 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 re-
normalization that Lévy had run into in such a calculation. Oppenheimer commented
that Lévy's trouble came from taking 47 seriously as the quantized field whereas here
one has restricted oneself to a one quantum subspace, and these difficulties do not
arise,

Wentzel now studies the effect of this term GZ 4>2/2 M. In the original represen-
tation transitions involving nucleon pairs were important. These no longer oczcur
since they have all been swallowed up in this term just as in the case of the A
ordinary electrodynamics, Wentzel claims that " 2n he has solved this theory rig-
orously to all orders of G he takes account automatically of successive nucleon 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
problem. He solves the problem of two fixed nucleons at a distance R surrounded by
a meson field, and calculates the change of self energy as a function of R, In the " ~zk
coupling approach G is small and one obtamf the fourth order Bethe forces, theIZ,
found by Lévy, and given by Vg = - 6 G4 } K.(2 MR). Lévy in his paper

. R%
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 nucleon pair-effects to all orders automatically

in his theory and he obtains GZ: T_}—ﬁ_— k=  of rnomenturn using a linear
az"‘ m cut-off. With Levy 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 Lévy's problem, He thinks 2.évy would argue that if you go to some large inter-
nuclear distance, then the strength of the fields induced at one nucleon by the other is
not very great, and that the approximation of V4 with the old constant is not too bad.
As the nucleons come closer and closer then more and more complicated things hap-
pen and you get into a region in which not only V, is not there, but everything is dif-
ferent. 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 V,. Thus there is a term in Wentzel's
theory given by U‘Vcb 1 Wentzel does not think so because if one expands

_}_, Zcp the denominator 1n this term, then 3

G I P L= 6 g /M - -]
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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 L‘i) due to the fact that it is in a p state for one
nucleon 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 ?or
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's 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 V_ and V, 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 0 and T commutators give numerical factors
up to 96 in the coefficients, which give 40% corrections at x =1 and a correction
bigger than v, itself at x =0, 7. Feynman elucidated by drawing the following

These two terms are proportional 4

. 2 ; + + 3+
to ( MG /2M)" and look like they are
going to be small; Lévy in fact z5- - /
serts that they cancel, but this is - \)‘/
not true. Oppenheimer agreed that r
this is a real mistake in L&vy's calcu- + 4+ 4 +

lation,

While he was at the blackboard Feynman also drew the following sketch

and pointed out that such a diagram will produce a

strong spin-orbit coupling ‘due to.the fact that in _ /-8%
order to preserve Galilean invarianc_:\*e, the grad- <

ient must be replaced by - G 37, but 'iese ~ o ’G?‘%
combine to give (0'~V)(5’>-_1)))+(g»-13)(?-§) = 0-YXP.

Hence, for instance in 0", these effects will add +

together for all nucleons and one will obtain a
very large spin-orbit force on a single nucleon outside the closed shell.

> 3 . . .
Wentzel added that the 6 +V'term 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-
nucleon scattering problem and considered first the s states which again are
given by the term (G C}> )7 /2M. Again, a rigé)rous solution is obtainable and
the cross section is given by Ut-o -:-Gil/élTrM where G, is the same Gy as was
obtained before. The order of magnitude is quite reasonable but this scatter-
ing is independent of isotopic spin, since it depends on § q’:‘ . For along
time Wentzel thought this was a serious objection, but now thinks that there is
a ‘pgfsibiliftzy of getti_nig %_I')OUI_}_Q it. One not‘es that one has (see Drell and Herley)

(dD +1/2M T+ & xT{ ). Here ﬁ1s proportional to the meson energy

&ioavl
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->
times d& 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 nucleon rest
mass, One,therefore, investigates whether this correction is in the right direction.
Since T is 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
tane( _ M Here \is {os i = 3/2, -2 for1 =1/2,and B depends on the

- A+B
energy w =( ”. &1/2

= +)2Cy) B . The constants A, Cq, C

(1- A‘CZ) fovs 2
coupling result is obtained by A=>0, B->1, while if one takes the G b zllM term
alone, one still has B=1(C} = C,= 0) but A%Oc In the latter case, one may compare
A with the rigorous value. The result is that the denominator w{{ - w” occurring in
the k integral for the rigorous solution is now replaced by 2 wk(wk - w} which means
an error at most by a factor of two in A, If one includes CZ and adopts a cut-off
k&M, then one can make the I=1/2, s phase shift X, much smaller than 0(3(I~=3/2),
or even zero. For instance, at 140 Mev, one can obtain 0(1 =0 and 0(3 =15%, So one
has a possibility in this theory for explaining the difference between the two isotopic
spin states, If experimentally the dependence of 0(3 /k on energy proves to be strong,
however, other things must be included,

though not strongly, For low energy values B is given by

all depend on the cutoff. The weak

Here Dyson gave another possible explantion for the difference between the phase
shifts for the two s states in the frame-~work o ::i5 theory, There are two important
terms in the interaction for s states which are 1nd1cated 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, the
matrix elements are of the same order of magnitude, (although
the accident becomes explicz"’~ 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
1/2 state. 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 ~ :\ - ?‘ ‘\E Z _ ‘E Z . Clearly such 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 81/ 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 Le/vye The numerical ratio of

the change in V2 to V4 1s 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 nucleon propagation
N ~ function 1/9f p+M is altered by the presence of

\\ Phd self energy »ubbles, which are here off the en-~

ergy shell,l The answer is that this goes over to

Ao %) +M gip)

FREE ?’QDPAGATI ON

where the use of Lévy'“s
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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 P ~ _ and here they say the effect is much
less drastic because the convergence is much better for the energy denominat-
or, Dyson said that this is true since this diagram belongs to the anti-proton.
He added that the Gell-Mann, Goldberger problem deals with the py/,p State,
but thzt 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 ofﬂo lifetime and electron pairs,
(4) 4 meson production in stars and (5) the general problem of nuclear inter-
actions.,

Rainwater reported on the measurement of X-rays from ({mesic atoms by
Fitch and Rainwater at Columbia, When a/L(rneson 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 My /mea7210 than for electron orbits, Fermi and Teller have shown that
the meson cascades towards the nucleus in transiticas such that ,@tends to equal

:‘5(N -i) so the most probable states occupled are the 3d, 2p, ls, etc. For Pb
’che 2 P —> 1S radiative transition takesa/10" ~ sec., while nuclear capture from
the K shell takes V7 x 10 -8 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 Platt).

For a ff{ meson of 210 m, and a point nucleus, the predicted Dirac energies
in Mev are given below, assuming no anomalous mesic moment and only cou-
lomb interaction.

z 2P3/p 2Py (2P3/718)  (2Pp/71S) Observed

13 0,121 0,121  0.485 0. 364 0, 364 0. 352

22 0,347 0,349 1,393 1. 046 1. 044 0. 95

29 0,603 0,609 2.432 1. 829 1. 823 1, 55

82 4.916  5.474 21,34 16, 42 15,187 5.3 or 6.0
82% 4, 63 4,81 10.08 5,45 5,27 5.3 or 6,0

The observed energies are shown in the last column. The last line gives the
orresgﬁndmg result calculated, assuming a constant charge density for r=0
to r = R (wherer, = 1.3 x 10"""cm 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 3/ 2P/, fine structure splitting shows

the great sensitivity of the X-ray energy to nuclear size.

The Dirac equation for this problem can be wr1tten a&p{grommatel as the
sum of a Klein-Gordon term and terms involving and 3 X X (ﬂ S) tl/
which are characteristically Dirac-type terms. T%e las’c term glves the fine
structure splitting. The extra Dirac terms were computed as perturbation
corrections giving the following results (in Mev).
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Perturbation calculations show that a 1% change of nuclear radius (R) gives 0, 05
Mev change in X -ray energy for Pb, which is easily within the precision of the ex-
periments. For any other assumed sh. pe of nuclear charge density vs r, similar
accuracy can be  tained for the nuclear size but the shape cannot be determined
from the X-ray energies alone. Thus, better than 1% accuracy is possible in speci-
fying nuclear radius (after the choice of nuclear model is made),

The Nevis negative meson beam contains mesons of well-defined morrenta, which
are ~95% T, and ~5% 4 of equal momenta. The M are probably formed from 7Tdecay
near the Be target where the /[ density is high, The background rate outside the main
6 foot shield was too high, so that an additional 8 foot concrete shield was used at
some distance from the outside wall. The background was further reduced by bring-
ing the beam to the floor with double-focusing wedge magnets. The resulting”’ y
flux over ~2" diameter circle was ~500/sec, -

The detection system is shown below, There are four detectors denoted by 1, 2,

- 3'and 4, De-
i \ @ M 3Bp here  ctors1, 2 and
— b 3 ] j KaT| different 31 are thin stil-
Beawm e ? t:ggg bene crystals
T ) 8 and 4 is a 2"
- diameter Nal
T T sTp here 3 4 crystal, The

latter is used to determine the X-ray energies, An event is determined by a coinci-
dence between 1, 2 and 4 and an anticoincidence in 3% The beam is incident upon
crystal 1 Whlch is followed by approximately 3" of copper. The range of theJT mesons
is 2 /8” t! /8" and they do not leave the copper, The/{mesons do get out and stop
in an absorber between crystals 2 and 3% A1, 2, 3% 4 fast coincidence (~“107 "sec)
triggers a slower (A21 to 54 sec) pulse height analyzer which views the Nal pulses,

The Nal crystal was calibrated with the Na’* 1, 38 Mev and 2. 76 Mev photons.
Since both photons are emitted with the same intensity, this gives a measure of the
sensitivity of the Nal crystal at the two energies, The higher energy region was
calibrated with the 4, 4 Mev photons from a Po-Be neutron source. In this rase an
extra 2% Doppler broadening of the line is observed,

Good X—ray curves have been obtained for Z=13, 14, 22, 29. 30, 80, 82, 83.
Poorer data were obtained for Z=50, 52 and 8l. The X-ray peaks are observed at
the expected positions for Z £30, For Z =80, the fine structure splitting is seen
but we are not yet certain of the interpretation of the peaks in terms of pair, pair--
0. 511 Mev, Compton, and full energy, This difficulty should be resolved soon by
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decreasing the analyzer interval width, and by using ~10-8 sec fast coincidences
to eliminate most of the nuclear capture ¥ rays. The results for Z =13 and 29
together with the predicted (Dirac) transition energy Ej for R=0 are shown be-

low. 1o
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The shift of the peak with Z and the rapidly increasing difference from the
R =0 predicted position is evident, For these elements, R=1, 4al/3 x 107 3cm
gives a match between the predicted and observed energies, For a reasonable
choice of R, the meson mass =210 m, gives a much better fit than 205 m, or
215 m,,

The result for Pb is shown below over the region from 4 to 6 Mev.
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The dip at 5. 2 Mev repeated in several runs and is probably real, Hence,
at least two close lines are present. The peak at  the "hesitations'" at B D,
and E and the peak at A tend to repeat in many runs. Depending on the inter-
pretation of the structure, the proper splitting 0.2 Mev is probably seen,
and the full energy of the 2P3/,-»1S is 5.3 or 6.0 Mev if A is the full energy
or C is the pair energy, The peak corresponding to C came at 4,8 Mev for

120
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Z =80 and at 5,0 Mev for Z =82 and 83, With improved techniques the results for
Z 280 should be improved and the interpretation clarified,

Alvarez asked about the sensitivity of this experiment to the distribution of nu-
clear charge, Rainwater replied that this experiment has a strong sensitivity only
to nuclear size. For the model of constant density up to a certain radius and zero
density outside, the nuclear radius is~1.3 x 10-13 c¢m, Assuming constant density
to a certain radius and then a triangular drop off, you get essentially the same opti-~
cal transition energy as if you continued on strai%ht with constant density and then
cut off sharply, The tr .ngle has to be 1,4 x 10 13 .m wide or narrower, Other
nuclear shapes have not been tried, More detailed calculations of the optical ener-
gies and the effects of nuclear size are being made.

Platt reported on the measurement of X-rays from 7/ mesic atoms by Schulte,
McGuire, Camac and Platt at Rochester, This experiment is similar to the one
just described by Rainwater except that J] mesons were used, X-rays from the
2p->»ls transition have been observed in Be, C and {. There is a characteristic
difference between this experiment and the one reported by Rainwater, namely, nu-
clear absorption is a competing factor n the7/ but not 1the f/case. Consequently
for elements of even very small Z, pronably for Z=2 or 3, nuclear absorption
from the 2p state predominates over the 2p-»ls transition. In our experiment an
attempt was made to measure the competition between X-ray emission and nuclear
absorption. In particular, we measured the fraction of the stopped 7] mesons that
gave rise to the 2p-»1s transition. The77 X-ray energies for Be, C and 0 are 44,
100 and 178 Kev, respectively, The competition was measured for C and 0 but not
for Be because of 3 high wackground at the lower energy.

The experimental setup is similar to that at Columbia. A 40X 2 Mev 7T meson
beam is resolved in energy by the cyclotron fringing field and also by an auxiliary
magnet. The beam consisted of 80% ﬂ'mesons, 13% electrons about 113 Mev
energy and 7% J{ mesons of about 45 to 58 Mev energy. The detector is shielded
from the general cyclotron background by about 50 tons of copper. The X-ray
counting rate was of the order of a few per minute while the background rate was
1/4 million per second during the beam time, The detector consisted of four scin-
tillation counters, the first three being organic liquid counters and defining the
entering /T Theson beam. The fourth counter was a Nal crystal and measured the
X -ray pulses, The /Tmesons were degraded in energy by an aluminum wedge be-
tween crystals 2 and 3 and stopped in a target just in back of crystal 3, Between
the meson stopper and the Na I X -ray detector were X-ray absorbers., In most of
the measurements lead and aluminum were used of which the aluminum had slightly
greater stopping power for charged particles,, but much more transpar cy for X-
rays, A fourfold fast coincidences (A3 x 10 sec.) triggered a slower pulse
(~v0.2x10 " sec.) from the Nal crystal to a 2:: channel pulse height analyzer,

The graph on the following page shows a typical pulse height spectrum from
carbon, The upper and lower curves are for aluminum and lead X -ray absorbers,
respectively, The difference between the curves is attributed to the 100 Kev X-rays
irom carbon. Note that the resolution is poorer than that of the Columbia work,
This 1s probably due to both the narrower gate and the lower energy quanta in our
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experiment, The pulse amplitude cali-
bration was made with the 73 Kev lead
fluorescent radiation. An arti light 200
pulser built into the photomultiplier
shield was calibrated against the lead
line and used as a secondary standard,
The light pulser was operated during
the beam time to check the 100 Kev
pulse resolution under operating con-
itions, A further check for carbon 6: /9 /F 20 25
X -rays was made with the critical ’ CHANNEL N£
absorption technique, The Pb K critical absorption edge is at 88 Kev and that
of Th is at 110 Kev, The 100 Kev carbon line lies between these two. Thus the
Th - Pb absorption should be different., This difference was observed, The
results of this experiment are: let Y b the yield of X -rays per JTmeson stopped
in the absorber,

Carbon (graphite stopper) Y 11X 2%

Oxygen (water stopper) Y 20+ 7%
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This is a rather surprising result because the 2p-»ls transition probability
goes as Z~, while the probability for the nuclear absorption from the Zp state
varies as Z°. Thus, the yield should be less for oxygen compared to carbon.
Using the Z2 dependence and the carbon results the yield for oxygen should be
about 6%. The low nuclear absorption rate in oxygen may be due to the fact
that 0°~ is a doubly magic nucleus with closed shells, The carbon yield can be
checked with the ~~50 Mev 7] star production cross section measurements at
Columbia. Marshak and Messiah have shown that if only the p part of the
meson interaction is responsible for star formation and if the nuclear matrix
element does not vary rapidly with energy, the nuclear absorption rate from
the 2p state in C should agree with experiment,

Another run was made with various carbon hydrogen compounds: G, CH,
and Cg Hy, From the Panofsky experiment we know that the mesons are not
captured in hydrogen, but when caught in atomic orbits of hydrogen are trans-
ferred to orbits of the ..., =“Z atoms. The yields from these stoppers were
11% for C, ~6% for C6 Hy andA/6% for CH, with poor statistics for the com-
pounds, The results on the carbon compounds suggest that the yield for oxygen
is only a lower limit and a higher value should be obtained with a pure oxygen
target instead of H»0. In answer to a question, Platt said that the yield compu-
tations required knowing (1) the crystal geometry, (2) the detector efficiency
and (3) the number and position of the stopped JT mesons. For the evaluation
of the oxygen and carbon data, only the crystal efficiency was different and this
was a factor of about 2 lower for oxygen.

Roberts then made some theoretical remarks on the mesic molecule, A
comparison of the X-ray yields from the graphite and carbon compounds stop
pers indicates that there are about half as many carbon X-rays produced by
the compounds. On the other hand, Panofsky's experiment shows that less
than 1/2% of the mesons are captured in hydrogen, thus, essentially all the
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mesons are absorbed by the carbon nucleus, A possible mechanism for this differ-
ence is the following: some of the T mesons entering the CH,, are originally captured
in a high orbit around a proton and form an entity which looks like a neutron, i.e., a
small neutral particle which can diffuse from atom to atom with thermal velocities,
There is time for many collisions since the times for atomic orbit transitions are
long. If this entity gets near a carbon atom, there will be a net attraction between
the two, even at large distances of the order of the K shell which in carbon is approx-
imately 10" "cm. Something like a hydrogen molecular ion is formed, that is, two
positive charge centers, carbon {Z =6) and proton (Z =1}, are bonded by the meson,
Within the carbon electronic K shell there can be many states of this mesic molecule,
The electrons are outside of this region but, as Fermi suggested, may act as poten-
tial absorbers of energy and produce Auger transitions. The mesic molecule has
pecwi.. properties, The usual Born-Oppenheimer separation of energies into the
electronic, rotation and vibrational energies is not very valid. An approximate cal-
culation of the levels in the ground state give for the rotational energy constant B
about 1/2 Kev and for the first vibrational level v, approximately 15 Kev.,

Let us consider the excited states of the molecule in more detail: remembering
that the nuclear absorption probability is proportional to the square of the wave func-
tion at the nucleus, then the main contribution comes from the proportion of the ¢
states, i.e,, states in which the orbital angular momentum about the internuclear
axis is 0, In carbon, for s states up to about N =5 or 6, the lifetime for nuclear
absorption is less than 10 -15 gec. When a neutral mesic proton approaches a carbon
nucleus the meson follows one of the many potential energy curves corresponding to
the various mesic states of the molecule. Even for the unstable states the meson
might stay in the region of the minima for the order 10-15 sec, This time is long
enough for nuclear absorption because of the large (0 component of the states, All
the states become a mixture of the eigenfunctions of the angular momentum about
the internucleus axis. This also occurs for the highly excited states of the hydrogen
rmolecular ion. For the mesic molecule the mixing of these states is even greater,
Thus it seems plausible that in the mesic molecular system the nuclear absorption
can occur without optical transitions to the ground state. Even if we assume that the
molecule is formed in a stable configuration, the meson does not have to jump to
a single state as in the case of an atom. With the addition of rotation and vibration
states to the molecular system the meson will not make as many high energy optical
transitions.

Camac emphasized in reference to Platt's report that theﬂgtar production cross
section for mesons possessing 50 Mev energy or less can be estimated from the
mesic X -ray yields. The extrapolation of the Columbia data for .z ‘bon at about 50
Meyv agreed quite well with the X-ray yield data, Using the r xygen X-ray yield, the
T star production cross section should be less than 1/3 that of carbon.

Reynolds reported on the 4/ meson absorption experiments by Keuffel, Harris: -
and Reynolds at Princeton. There has been published a report on the measurements
of the A{ meson nuclear absorption probabilities in which the data were compared
to Wheeler's predictions. These measurements were made with mercury, lead and
oismuth absorbers. Since then a group of fiye elements in the vicinity of Z=50 have
been measured to about 8% precision. There seems to be no fine structure in this
region but the cross section is uniformly lower than the Z4 law would predict., The



theoretical work has been considerably refined by Demster in which he takes a
single particle model with an adjustable oscillator potential and adjusts the en-
ergy levels empirically. He finds good agreement with our experimental points,
He also predicts that there should be no neutron absorption in calcium which is
consistent with Sard's work. It is interesting to note that the nuclear absorp-
tien time from the ls state is quite long even for bismuth Z&=83; the time is

0. 0Ysec.

Schein spoke on the possibility of detecting VO production by pions from the
Chicago cyclotron, V°- particle production from the Chicago cyclotron has
been undertaken by J. Fainberg, K, Brown, R. Glasser, and M. Schein, The
experimental arrangement was as follows: A 227 Mev JJmeson beam enters a
5'""long carbon target. Two sets of photographic plates are placed at the side
of the target and shielded in the direction of the JTbeam and in the backwards
direction with 8" thick lead bricks, One set of plates were close to the target
the other was 4 cm away. In the early work reported last year by Lord, the
plates were directly in the]{beam. Since the last report we haw: observed a
few more even’cs° We have attempted to produce the react10n7T-1—p —9V1 +(?),
where the Vl has very small kinetic energy. The V$ decay Vl-—>p+‘ﬁwas look -
ed for in the photographic plates. For low energy V the proton and meson come
off in practically opposite directions, and the Q value is the sum of their kinetic
energies, Accepting only events in which the meson comes in the backward
direction with respect to the pion beam, we found three events in the close
plates and no events in the back plates, Two of the three events have been an-
alyzed so far, The best event is shown below
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A proton and a meson come off in almost opposite directions, 170° apart; the
proton stopped in the emulsion giving a definite range so that its initial momen-
tum can be determined very accurately, The meson's energy was obtained by
multiple scattering measurements, For this event, the proton had 110 Mev/C
momentum, and t:2 7] meson had 104 Mev/C momentum, the accuracy of the
latter being 10%., Note that the momenta are approximately equal, suggesting
a two body disintegration. Assuming the reaction Vf—yp-r‘n'gnd taking the 10°
angle into account, the Q value for the reaction is 38 Mev, in very good agree-
ment with cosmic ray work, The proton and the pion energies are 6.4 and 31
Mev, respectively. It is difficult to explain this event as a star, If it were,
since the momentum is balanced and the energy is not balanced, the only type
of star possible is one with neutral particles going at right angles to the charg-
ed particles and in opposite directions to each other. This would be a very
peculiar star. Another similar event gives a Q value of 32 Mev. In the sec-
ond case, the dip angle was larger, so that the measurement was not as accur-
ate, The third event has not been analyzed completely but it has a Q value of
approximately 44 Mev. For this event, therrmeson. does not have a long path
in the emulsion. All this work is consistent with the cosmic ray data; however,
it is preliminary and should be considered as suggestive until more work 1is
done, In particular, the numbers and types of one-prong stars should be in-
vestigated in more detail. The cross section for the "'strange'" events com-
pared to the meson interaction cross section in carbon is estimated to be of
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Schein also reported on some strange nuclear stars produced by pions found by
J. Fainberg, K, Brown, and D, Williams, Six similar cases of a peculiar type of
star have been observed., An incident ]~ meson with 227 Mev energy produced a
star on a photographic plate., A meson comes off in the backward direction; for ex-
ample, in one of these cases the meson leaves at 160° and with 136 Mev energy, and
a proton goes in the forward direction with approximately 110 Mev energy. These two
particles together possess the kinetic energy of the incident meson, and, thus, the
energy is used up. Since the proton carries off most of the momentum there appears
to be no conservation of momentum. No nuclear recoils have been observed, So far,
no explanation for this type of event has been given.

Finally, Schein discussed the emission of high energy electron pairs in high en-
ergy meson collisions. This work was carried out in collaboration with J. J. Lord,
J. Fainberg, D. Haskin, and R. Glasser, The incident meson energies were 122,
141, 227 Mev. An example of such an event is shown below, a is a 141 Mev incident

/ meson, b is & proton and
// Cl and CZ are electrons.
/ The pair tracks are al-
Digee+ ELecTroN /o - 50 u | ways at minimum ioniza-
Pale PropucTioN /S | 1 tions and since tlj.eir mo -
/ menta are sometimes
/ C small, their masses have
b = = been estimated to be less
iy T~ — - than 10 electron masses.
"C‘ ~— For the event shown in
e the figure, the momenta

of the electrons are over 200 Mev/c, Fermi asked whether there were displacements
between the center of the star and the origin of the pairs, Schein replied that they
looked very carefully and always found that the pair originated within a micron of

the star,

The mechanism for this pair production was considered, Conversion of single
high energy nuclear ¥ rays was ruled out because of the Berkeley results which
showed that the number of high energy ¥ rays was very small., It was estimated
that this effect could not produce more than one pair in ten thousand events, Tl:at
is, 1°/ 6 radiation times 1°/0 pair conversion. However, we observed a rate of one
direct pair per 500 stars, We thus assumed that the pairs came directly from TTO
decay, The pairs could not come from a conversion of one of the T{® photons since
it could not materialize so quickly, Using a reasonable value for the [~ charge ex-
change cross section and the factor of 1/80 for the direct pair formation in JT© decay,
the calculated electron pair yield agrees with the result of one in 500, However, the
angular correlation of the pair electrons is in poor agreement with the theoretical
angular correlation, The observed angular correlation is too close, For the 200
Mev pair shown in the figure the angle is 0, 3%, whereas the theory gives an aver-
age angle of 10°, Fermi said that the distribution strongly favors small angles.

The distribution goes as 1/§ and levels off at very small angles, but it is true that
the mean angle is about 10°, Schein continued: Out of a total of 8 pairs measured,
4 pairs have 6<2° where B is the correlation angle between the pairs, The largest
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angle observed was 25° for a v ery low energy pair. There is one case where
a 200 Mev pair has 8=6° The latter event seems to agree with the direct pair
production decay scheme,

The lifetime was next estimated. The Tf° kinetic energy can be estimated
from measurements of the electron pair energies and angles., Knowing the JJ°
energy and the distance from the origin of the pair to the star, the JT° lifetime
can be estimated, Unfortunately, for the cyclotron the T|© energies are too
small to give large displacements., For the 200 Meyv JT° pairs a gap of 4.8 mi-
crons should be observed for a mean lifetime of 10~ seconds, a lifetime re-
ported by the Rochester group. In all 8 events observed, the gap was less than
two microns. The distance was determined for the pairs with large angles by
extrapolating the tracks to a point. For the small angles there was always a
grain within the first two microns, It can be estimated that the lifetime 1s
either equal to or less than 5 x 10 "~ seconds. Another peculiar feature is that
all the 8 pairs are emitted in a backward direction,

Ritson then made some remarks concerning the measurement of the J7°
lifetime by Kaplon, Ritson and Walker at Rochester, The remarks were purely
negative since they are now unsure of the published value of 10~ l45ec. In fact,
because of the Bristol work, they are not even sure that the measurements re-
ferred to the lifetime of the T]o meson. Hence, a shorter lifetime than 10
sec, is quite possible, The reason for our doubt is due to the fact that in the
initial observations using a stack of alternating lead and photographic plates.
there was a very high energy event. Lower in the stack separated from the
star by several radiation lengths of material there was the origin of a double
core electronic shower, There were not many particles around the shower
origin, There are three explanations for the event: (1) aJ7° decay at this or-
igin which formed a double-core shower, (2) one of the secondary particles
caused another interaction which produced z{raysg and (3) there is another type
of particle which decays. The secondary interaction explanation had been ruled
out because the energy of the electronic shower was comparable to the initial
energy and there were no fragments or particles at the shower origin, The
point of the so called TT° decay was obtained by extrapolating the axes of the
two cores back to a point,

However, recently another similar event has been observed with a second-
ary electron shower originating a large distance from the primary event.
Fr? the angle between the cores, the Tro energy was estimated to be about

ev. In the first event, the energy was 5 x 10!2 electron volts. Using a
lifetime of 10 -4 seconds for the JT° in the second event, it is extremely un-
likely for the ‘]TO to decay so far from the original interaction. The lifetime
must be at least 2 or 3 x 10 " “sec. Again, with the second event, the shower
contains a large fraction of the original energy and there is no visible inter-
action at the origin of the photon pair. This, the second event also has the
characteristics of a {J° decay. Such a long lifetime is inconsistent with the re-
sults of the other groupsand now we doubt our interpretation of the first event
as a Tr decay, Marshak remarked that the secondary interaction at the show-
er origin seemed rather improbable and an alternative explanation could be that
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a heavier neutral meson decay was being observed, since the energies in the elec-
tronic cores were uncertain,

Perkins reported on the Bristol measurement of the W'olifetirne using the electron
pairs that appear to come out of stars made by Anand, Daniel, Davies, Mulvey, and
Perkins, The work is similar to that reported by Schein. The Tfolifetime is deter-
mined by measuring the distance between the star and the origin of the direct
decay pair, If the frequency of pairs is plotted as a function of the distance of the
pair origin to the star me finds a peak within the first 5 microns and a constant
smaller frequency for larger distances. The peak is believed to be due to direct
pair formation  the T decay while the smaller frequency at larger distances is
due te the conversion of one of the TTophotons,, Sixty-two direct pair electrons have
been cbserved. The following graph shows the distance in microns to the first re-

solved grain of the elec-
tron pair. A similar
distribution was measured
for protons having twice
-5 minimum ionization and
\ 5%|0 "SEC coming directly from
s / \ HaLE LiFE stars. The distribution
7 of the distances from the
/ ? \\ first proton produced
= ,4'.” i o grain to 1_:he star should be
Micron dlsT&nce %o -fm:"f’ gram exponential, but duento the
~ large number of grains at
the star 1t is impossible to resolve grains at the center. Thus, there is an initial
gap. Assuming that (1) the first grain distribution is that observed for the protons,
and {2) thef%energy spectrum is the same as the charged pion spectrum, then the
lifetime fitting the data best is about 5 x 10715 sec. with a spread from 3 to 12 x10°
sec It is clear from the data that the paf.jffjs originate away from the stars and that
the j/%has a finite lifetime greater than 10 sec. H. Anderson said that the mea-
surements of the grain density for close electron pairs was measured to be only 1, 5
times minimum, Perkins replied that they find twice minimum. The mean distance
to the {irst grain is about 4. 0. 0.2 microns for the twice minimum proton track and
4,971.0.2 microns for the electron pair tracks, The conclusion that the ‘ITolifetime is
finite is supported by the fact that the high energy pairs originate farther from the
star. For ope: ‘'ng angles less than 0, 025 radians, the average distance to the first
grain is 4,47 0.3 4; for opening angles greater than 0, 025 radians, the average dis-
tance to the first grain is 5,40, 4/4/19 The ratio of ']Taecay electron pairs to the
two ¥deca‘y is 1. 3i0° 4%, in agreement with the work of Steinberger and Dalitz.
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Perkins next described the Bristol evidence for direct//meson production in
stars. There are only two examples of direct /{meson production in stars. In one
of these events there was a large star from which a f{meson appears to leave, It
travels 735 microns and decays into an electron with an energy of 20 Mev or more
with a 25% uncertainty in the energy, Alvarez asked what would be seen if the
came {rom a forward decay in flight of aT[ . Perkins said that in general there
would be a large angular deflection and not a forward decay in flight, but even if
there was a decay in the forwr :d direction, there would be a factor of 2 or more



cht ge in'the grain density, There is always the chance that a T meson decays
in the first grain, but this is unlikely, Alvarez then pointed out that the chance
for aﬁmeson with a velocity of ?‘;0,1 to decay within the first 10 microns is 1

in 107 77%s leaving stars. Because so many stars have been seen at Bristol,
there is reasonable chance to see such an event, However, a total of only 275
slowT and 30 slow]’f‘%articles have been observed ejected from stars and coming
to rest in the same emulsion. Fermi said that since the range of the #f is just a
little over that for aﬂ’decay at rest, the [Tmeson had a good chance to decay near
the star. In the second event, Perkins continued the///meson had a range of 350
microns and the decay electron had an energy of 40410 Mev., The frequency of
these events is less than 3% of the I] mesons produced in stars. Goldschmidt
said that a similar event was observed a couple of years ago at Bristol,

Segre mentioned the work on the possible photo :roduction of V particles by
Bernardini, et. al,, at Illinois. The bremsstrahlung beam of the Illinois beta-
tron was sent into a cylinder of aluminum with paotographic plates placed in the
center, The plates were shielded from the direct i ray beam by a lead block,
About 8 cc of emulsion has been scanned. Many]] mesons and protons were
found plus 2 events which looked like V particles., Assuming a lifetime of 10~
sec, for the V particle, the yield is 10 -4 of the T{ meson yield,

Fermi then spoke of the negative results on v° production by 450 Mev pro-
tons obtained by Garwin at Chicago. If VO particles are produced there should
be two equally likely modes of decay, namely, (1) Vo p+ Tf "and (2) VoS N+]T0
followed by Tl =2¥. Thus, for the VO particles traveling a short distance be-
fore decay, one would expect a source of ¥ radiation originating a few centime -
ters from the target. A 450 Mev p:>ton beam irradiated a target! in the vicin-
ity of the target a search was made for high ener¢ - b rays in the vicinity of the
target with a very well collimated ?(ray detector. No events were found which
put an upper limit on the cross section of 10-32 cm2 per nucleon, Alvarez said
that a similar experiment, attempting to measure the T]‘Olifetime, was done by
York at Berkeley, He found no radiation starting 0. 001" from the target.

Perkins made a remark concerning the relative energies of the two electrons
in the raction]T92 e+¥. The following grapl'b shows the relative energy distri-
bution of the electrons in the decay processf2 e+¥. The abscissa is the ratio
of the energy of one of the electrons
to the sum of the energy of both of the
electrons, Also shown on the graph — Bethe - Hei t/el,'
is the Bethe-Heitler pair production Fovmula
distribution, The ordinate shows
the relative number of events. Note
that the two distributions are quite
different., The average energy of
the direct electron pairs was com-

observed
I distribuTion

pared to the average energy of the ) Ei ."5' /
pairs produced by one of the L +EL

photons. The ratio of the rel ated to the direct pair energies was 0. 901 0. 24.
The uncertainty is too large to draw any definte conclusions,
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Perkins also remarked on the lack of direct evidence for_)oo as indicated by the
work of Danysz, Harris, Juritz, and Lock. Bristol no nger believes dlrect their
observation of the )o . The independent existence in emulsions for a}a can only be
shown by an event in which a pair of/] mesons have an origin a finite distance from
the star, This is what one observes for the TrO There may be indirect evﬂence
for the )0 since there is a very strong angular correlation between pairs of 7 mesons
coming out of stars, Of the correlated pairs which have been analyzed, 15 have an
apparent Q=15 Mev; 10 of these are consistent w1th Q=2.5%1 Mev, assuming two -
particle decay, Alvarez points out that if the)o exists for a very short time then it
is like the Be8 nucleus which dec. into twoe{ particles,

A. Sachs reported on the results at Columbia on the reactionTTg»Z e+, A coun-
ter experiment was performed by looking at the two electrons coming directly from
a liquid HZ target. The results were 84 1. 7 pairs per %000 events compared to the
theoretical prediction of 6 per 1000 The reaction of 32 e without any ¥ rays has a
cross section less than 1 per 2000 events. An independent experiment by Sargent
and Rinehart with a hvdrogen filled diffusion cloud chamber where the T[?nesons
stop in the gas is also in progress. The results so far are that no direct pairs have
been observed in 200 7T stoppings. However, in the same set of pictures there are
20 4 stopping showing decay electrons.

Walker spoke on his search for pair cor :ations in ~nsmic ray showers, An
extensive search was made for pairs of penetrating particles originating in pene-
trating showers in carbon, In 100 showers no angular correlation was found between
pairs of particles which could not be explained by chance coincidences. The cor-
rection for chance coincidences is rather difficult and one must deal with many
events, It was concluded that less than 1/4% of the : .ower particles in carbon are
emitted in pairs,

Fermi stated that for high energy stars there may be an angular correlation
between pairs of particles which are due to a process that has an intermediate
state, This intermediate state may be a purely quantum mechanical state which is
virtual or it may exist for a very short time. Two particles with momenta P and
P, that, in general, are quite different have a very small angle between them,

The idea to be used here is essentially the same which is used i in the production of
electron pairs by ¥ rays. For example, consider the reaction Tr—7 2e+%’, There
is a high probability fo. the two electrons to have a ..nall angle between them, and
the momenta Py and P,; in general. do not have the same length, This can be ex-
plained by the following :~ntum-mechanical picture, Suppose there is an interme-
diate state A that normally emits a photon plus other things. Occasionally. A will
go to a virtual photon with slightly different energy and materialize into a pair.
The pair has momenta Py 4 P,. Thus the intermediate photon must have = » mo-
menta P+ P The energy of e photon is (‘/El . PZ‘ where ¢ 1s t. » velocity of
light. Tne energy of the final state with the two electrons is c/ -+ clPZI If the
rest mass energy of the electrons can be neglected then the geometncal require -
ment for c{ }-{-CJPZI to be approximately equal to clP1 + PZ‘IS that there is a

angle between the two particles. However, the vector P; and P2 do not
have to be the same length. Thus. for relativistic particles there should be an an-
gular correlation, if there is an interm: liate state,

very smal
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Perkins said that the J] pairs observed at Bristol come from low energy stars
and the {] mesons had non-relativistic energies, This is required for scattering
and grain counting measurements, Fermi replied that his explanation would not
work for low energies,

Shutt reported on the measurement of the interaction of JT mesons with heli-
um with Thorndike, Fowler, Whittemore and Fowler at Columbia, This work
was carried out for 60 Mev TT=mesons and 105 Mev JI mesons. Events were ob-
served in a diffusion cloud chamber containing hehum with no magnetic field,
The results are shown in the table, The 60 Mevﬂ and TT data are lumped to~
gether. The numbers are the cross sections in millibarns per helium nucleus.
The numbers in the parentheses indicate the number of events observed,

Uelastic
meson energy Total forward backward
60 37  (10) 7 30
105 1 (25) 37 34
0Jin’cer::u:ticon
meson total inelastic absorption and absorption charge prongs
energy scattering charge exchange exchange frwd. bkwd,
60 52(14) 15 37 15 22 9 0
105 133(47) 51 82 20 62 23 6

The main splitting of the data is into elastic scattering and other interactions.
For the elastic scattering the total cross section is further divided into for-
ward and backward scattering, For the 60 Mevﬂglastlc scatterlng if one
assumes that the]l 4P scattering is mostly P wave while ’che'JT 4N scattering is
mostly S wave, then since the interference produces a backward scattering,
the S and P phases would be opposite. The high forward elastic scattering for
the 105 Mevﬂgca,ttering is probably due to the increase in diffraction scatter-
ing due to the large interaction cross section, The interaction cress section
issplit into two groups: (1) inelastic scattering and (2) absorption and charge
exchange, The latter two were difficult to separate, However, because of the
prong distribution, variation of the cross section with energy, and other fac-
tors, the two types of processes are estimated individually, The number of
prongs for the absorption and charge exchange events are also shown in the
table. No that the prongs are predominantly in the forward direction,

Lederman reported on the 130 Mev I interaction cross sections in carbon
and lead performed with Kessler and Rogers, A cloud chamber was used with
two 1/8'"lead plates and a graphite plate between them, A 130 Mev ]l beam
traversed the chamber, and 50, OOOgm/cm2 of C and Pb were traversed. No
V particles were observed, giving a cross section of less than 0. 2% geome-
tric. Events were looked for in which a || meson stopped in the graphite and
a related electron pair was produced in the lead. Both :lectrons of the pair
must have more than 10 Mev energy, From an enormous number of meson
traversals there were only 8 cases of rtopplng and a related pair, The back-
ground was essentially zero, especially for pairs produced in the backward
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direction, i, e,, at an angle of 110° or greater with respect to the incoming meson
direction, Assuming ][ charge exchange and the ] decay into two K—’raysg the zross
section 1s 5% of geometric or 10% of the total number of stars in lead and carbon,
Using Steinberger's value of 1/80 for the ‘]Tadecay rate into direct electron pair,

they vbserve one direct pair per 500 stars in agreement with the work of .chein,
Actually, it is not shown that there is charge exchange, since only one high energy
photon associated with the meson interaction was observed. In the same experiment
they locked for nuclear interactions in lead and carbon. This supplemenis sirmilar
work done with 60 Mev mesons, The results for lead and carbon are shewn below,
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Comparing the de &ction scattering of the 60 and 130 Mev data, it is surprising
that the angular distributions are the same., Theory predicts that for the higher
energy the curve should be pulled in to smaller angles, The inelastic scafterin
cross section in carbon is 80 millibarns for energy loss greater than 40 Mev,

The backward inelastic scattering is four times larger than the forward scattering
and 18 strongly suggestive of the pion-nucleon distribution,

IL.eprince-Ringuet asked what was the highest energy proton observed from a
N Lo o w 3 3
nacleus capture of aJT at rest. Several people z.:17 that protons of energy greater
than 100 Mev have occasionally been observed,
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Appendix . 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‘.1 In this work scattering measurements have
been made on long tracks of many particles with velocities in the interecing
velocity range, A comparison of ionization loss has been made between elec-
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,
are found in the plate used within the limits of errors of the experiment,

nb

Results showing blob density as a function of  may be found at the end of
session 5. For 77100 only electrons were used for 10< {100 mesons and elec-
trons were used and for lower velocities, protons and mesons.

To arrive at a value of Gp!l / Gmin , a least squares determination of G

was made using 19 electron tracks with 100, The least squares slope is
.150 %t 50, The final result is GPJ. | Gpin= 1.14¥.03, which is higher than
Voyvodic'sz results; also the rise to the plateau is more gradual,

Calculations were made of I using Halpern—Hall3 theory for AgBr using a
restricted energy loss. 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 { Y7 100) at which saturation of ionization
loss sets in.

1. M. Shapiro and B. Stiller, Phys. Rev., 87, 682 (1952).

2. Pickup and Voyvodic, Phys. Rev., 80, 89 (1950). Also L. Voyvodic at
the Bristol Conference, December, 1951,

3, O. Halpern and H. Hall, Phys. Rev., 73, 477 (1948).

Appendix II: V PARTICLE PRODUCTION, W.D, Walker, University of Roches-
te- and N, M, Duller, Rice Institute,

In the course of an experiment on high energy nuclear interactions in car-
bon, pictures of 500 penetrating showers originating in carbon plates inside a
cloud chamber were obtained.

Only two cases of VO decay and one case of vE decay were found, Assum-
ing a search efficiency of 50% as compared to that of Fretterl, the apparent
rate of production of VO's seems to be a factor 4-6 lower than he has found.

The difference between this experimental arrangement and Fretter'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 11/2 or 2 than in Fretter's

experiment. (Eeqtim,:=20~30 Bev). The difference in energy was estimated by

roughly comparing average counting rates.
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It seems possible that Vf“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
Vi"s than showers in a light nucleus.

About one charged V decay was expected according to the Manchester 2 data if
the lifetime is greater than 1077 sec.

1. W.B, Fretter, P.R,, §_?1, 1053 (1951)
2. Barker, Butler, Sowerby and York, Phil. Mag., 4_:_”_, 1201, (1952).

Appendix III: POSSIBLE NEUTRAL PREDECESSOR OF THE T MESON, M. Annis,
Washington University, St. Louis and M. Goldhaber, Brookhaven National Labor-
atory, Upton, New York,

It has recently been suggested1 that the Tmeson may often a~ise from the decay
of a neutral predecessor, tentatively cons1dered as the neutral countzerpart of the
]_’ meson, decaying in the following way: 1 ,Z‘ 4 77** (Q ~~60 Mev)™ .

We have, therefore, cogsidered more closely the recently published picture of

a Tmeson decay3 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 77
meson, This particle and the meson meet at a point above the cloud chamber
within the uncertainty due to muiiiple coulom . scattering, The particle traverses

sne 1/4" Pb plate and shows a possible nuclear scattering in the next Pb plate.
The-T 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 857 3%5 Mev, The life-sp n of
the ”‘X"" in this event is of the order of 2 x 10710 sec in it§ own restframe.

1. M. Goldhaber, Bull, of the Am. Phys. Soc., Cambridge Meeting, Jan. 1953,
Vol, 28, Abs. R .

2. Leighton, Wanlass and Anderson, Phys. Rev, 89, 148 (1953).

3. M. Annis and N.F, Harmon, Phys, Rev. 88, .02 (1952).

Appendix IV: DYSON'' NON-COVARIANT INTEGRAL EQUATION FOR PION-NU-
CLEON SCATTERING
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E=energy of the system (meson{nucleon) in the center of mass system,

=Ek+w
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Since r is never much greater than 0, 05, these expressions can be expanded in
power series giving as the leading term:

HZ ot ( mmee - ) (10)

s 1, ] 1
[ o e 11
g i trae! (1)
i L KK { 1 1
g Li+ef 045" (12)
: +b
Kl":.’, -kE‘L [2+Cz+2 b 2]
3E* L(l4c)¢ (14b) (13)

Further, in the P%/Z stat&Hz and K.2 have been neglected giving for I=3/2 the

approximate equation 3 5t +
gl == G [ X S RALI
24w (EkaEkak\a) E

) ZE"'C - ZE"'B ket
EEk‘i‘Ek@%kaWk““MmE) Erae + (E-M) (‘,3“1-13)2] f(k')

with B = Eb BEg 4 Ery -Eand C =zEc =Wk +wWpr ~E

The second term ins ~» [1corresponds__{fo negative energy intermediate states and
is only about 5% of the first term. Ifit is dropped one obtains the equation given in
the body of the text, Bethe's first approximation is to use (Ept &y +wy + wii-M-E=2EC,

Appendix Vi ELASTIC PION-DEUTERON SCATTERING, E. Arase, Gerson Goldhaber
and . Goldhaber, Columbia University,

The elastic scattering of 140 Mev negative pions by deuterium has been studied
in D,0 loaded Ilford G5 photographic emulsions. (Deuterium content 0,11 gm/c:m3
of lcaded emulsion, )

By "area scanning", 876 nuclear interactions were found in an effective T meson
pathlength of 290 % 40 meters in emulsion, Since elastic T+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 ¢f the recoil prong, when ending

in the emulsion.

By this analysis 20 1 -prong scattering events were identified as elasticT+D
scatterings and 3 asfl+H scatterings. As the scanning efficiency decreases for
events with a recoil prongs shorter than 50 microns, a safe cutdf at 100 microns
prong length was taken, This corresponds to a cut-off angle of 30° for the scattered
meson,

The differential cross section is found to be strongly peaked in the forward
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direction (see table), with 13 events in the angular interval 30° - 60° and 5
events in the interval 60° - 180°,

Concurrently with this work Thomas A, Green has calculated the differential
cross section of elastic T+D scattering, He evaluated an impulse approximation

by use of the Fermi phase shifts based on the positive and negative JT+H scat-
ering at 135 Mev. (see table)

A\Plab Ac"expt'l AG impulse
30 - 1%y 19 - 4,5 mb 50 mb
30 - 60 13,6 - 3,5 n 25 "

60 - 180 5 - 2.5 " 25 v

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 multivle scattering in the impulse approximation
results in too large a total cross section,

§/aa , FOR THH and TT+D SCATTERING at 140 MEV S I35 MEV 1TT+D
ELASTIC.
s 150 mey
¥ Fomev !3 A 3 L SCATTEE/Nq
§ Range Ange X/ NGULAR v
< CoRRECTION Iy
CorReCTION % ’V\) Impulse Bppra. usmg
5 Yy E + i
i » \s . o Pno‘v:‘qm%zl;ﬁ” o 30 ferui phase shifts
g i X PRonG Leaviy
- T vt a0 2 From -
§ o} J;L% 201 Thid & T+H
3 v Scameewg
Q; « 6or ' 5
eﬁ 3 ‘ﬂ")r/fk-\ PorD o1 §
: > i }
g
® 36" o 90 o 30 e 0 °T% 0 %0 i /o o
Opag RECOIL ANGLE 9, ap Recon AnGLE SCATTERING ANGLE Prag

An experiment is being carried out at Columbia by Goldhaber and Lederman

on scattering of 180 Mev ]| mesons 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 mb. The data
is still too preliminary to give information on the resonance behavior of the
1\"‘:(-— P energy curve,



Appendix VI

THE UNSTABLE "ELEMENTARY" PARTICLES OR MEGALOMORPHS

Particle Products Observed Lifetime Q Mass Statistics Spin Parity
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