
Ill - 1 

Session III 

NUCLEON-NUCLEON INTERACTION 
Chai rman: H. A. Bethe 

MARSHAK: Introductory su rvey 

I would like to point out that this sess ion on the nucléon-
nucléon in teract ion was a last minute decision and in t rying to p r e ­
pa re these in t roductory r e m a r k s I pe rhaps will have left out the 
work of quite a few people . I apologize beforehand. 

I should like to make it c lea r at the outset that I shal l be 
speaking only about the two nucléon in te rac t ion . It i s well known 
that the work of Brei t and of Landau and Smorodinsky has shown 
that the ex t remely short range and great s t rength of the nuclear 
force imply that the fea tures of the two nucléon in teract ion a re 
r a t h e r insensi t ive to the detailed shape of the force at low e n e r g i e s . 
Of cou r se , the spin exchange p rope r t i e s of the cen t ra l force and the 
exis tence of a t ensor in teract ion a re determined by the low energy 
expe r imen t s . As m o r e and m o r e high energy sca t t e r ing exper iments 
have been per formed - f i r s t single sca t t e r ing , then double sca t t e r ing , 
then t r ip le sca t t e r ing - the nuclear force problem has become m o r e 
sharp ly defined and the question may be fa i r ly asked whether the re 
now exis t s sufficient information to es tabl ish the essen t i a l p rope r t i e s 
of this nuclear fo rce . I shal l t r y in these in t roductory r e m a r k s to 
indicate why I believe that this question probably has an affirmative 
answer . 

There have been two genera l approaches to the problem of 
nuclear fo rces , the meson- theore t i c approach and the phenomeno-
logical approach. In actual fact, the meson theory of nuclear forces 
has a h i s to ry almost as long as the phénoménologieal approach, 
which, one might say, s t a r t ed with the d iscovery of the neut ron . 
Yukawa 1 s f i rs t at tempt in 1935 to explain the s t rength , shor t r ange , 
and sa tura t ion cha rac te r of nuclear forces on the bas i s of an ex­
change of charged and neut ra l field quanta of in te rmedia te m a s s 
opened up a subject which has since had numerous and exaspera t ing 
d isappointments . A major obstacle to p r o g r e s s was that for a long 
t ime the meson assumed to be responsible for nuclear forces was 
wrongly identified with t h e cosmic r a y mu meson and lack of know­
ledge of the specific p rope r t i e s of the mu meson left room for a 
mult ipl ici ty of meson theor ies of nuclear forces - based on differ­
ent ass ignments of spin and pa r i ty to the meson and corresponding 
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to different types of coupling to the nucléon (direct v e r s u s gradient 
coupling, single v e r s u s meson pai r coupling, single coupling v e r s u s 
a mixture of couplings and many other combinations graced by the 
names of quite a few m e m b e r s of the present audience). It was only 
after the d i scovery of the pi meson that it became c lear that if 
nuclear forces in rea l i ty have a f ie ld- theoret ic origin, the pion 
field must be the field chiefly responsible for these f o r c e s . The 
rapid development of what we now call c lass ica l pion physics led 
to r e su l t s which al l gave s t rong support to the qualitative fea tures 
of Yukawa's original hypothes is . 

The working out of a quantitatively co r r ec t pion theory of 
nuclear forces s t i l l r emained however. An intimation of the form 
of the coupling of the pseudosca la r pion with a nucléon came from 
the new developments in quantum e lec t rodynamics . The r e n o r m a l -
ization techniques which were so successful in dealing with the 
infinities of quantum e lec t rodynamics , when applied to the pseudo-
sca l a r field showed that only the ps (ps) theory was renormal izab le 
(with the proviso that one must include a t e r m of the form (fi* in 
the Hamiltonian to remove the infinities in pion -pion sca t t e r ing) . 
The cruc ia l problem of the pion theory of nuclear forces was t h e r e ­
fore to work out the predic t ions of the renormal izab le ps (ps) theory , 
to compare the quantitative predict ions with experiment and thereby 
to decide whether the ps (ps) theory is c o r r e c t . The fulfillment of 
this p rog ram turned out, however, to be an enormously difficult t a sk . 

Levy, and then Klein, made the most sustained effort to find 
out p rec i se ly what the ps (ps) theory of nuclear forces actually p r e ­
d ic t s . It was c lear immedia te ly that the odd cha rac t e r of the Dirac 

opera tor in the ps (ps) theory requi red as a minimum a c a l ­
culation of the second and fourth order contributions to the nuclear 
force within the f ramework of some method involving an expansion in 
powers of the coupling constant . Levy adopted the non-adiabat ic 
Tamm-Dane off method and was able to show that the second o rde r 
nuclear in terac t ion becomes a stat ic potential (containing both cen t r a l 
and tensor p a r t s ) at sufficiently large dis tances or at sufficient low 
kinetic energ ies of the nucléon. He showed that at ve ry smal l d i s ­
tances , , the second o rde r two-nucléon interact ion becomes 
repulsive insofar as the S-states of the sys tem are concerned. At 
in termedia te d is tances and at high energ ies , cor rec t ions to the second 
o rde r s tat ic in teract ion cer ta inly have to be taken into account in 
order to obtain quantitatively cor rec t a n s w e r s . Levy 's work on the 
fourth o rde r in teract ion was much less definite in its outcome, apart 
from the numer ica l e r r o r s pointed out by Klein. The fourth o rde r 
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radiat ive co r r ec t i ons , which can be shown to be more important than 
the second o rde r radia t ive co r r ec t ions , were not r ea l ly calculated 
and the pion-pion sca t te r ing types of d i ag rams were not fully con­
s ide red . The short range Wigner force which is usual ly taken as the 
fourth o rde r contribution to the so-ca l led Levy potential is only a 
smal l par t of the total fourth o rde r interact ion which r e su l t s if one 
at tempts to make a consistent expansion in powers of the coupling 
constant and in the ra t io of the pion to the nucléon r e s t m a s s e s . 
Not unexpectedly Klein 's work and the more recent work of Greene 
and Feldman on the sixth and higher o rde r in terac t ions in the ps (ps) 
theory have thrown fur ther doubt on the sum of the second and fourth 
order in teract ions in the Levy potential as a suitable s ta t ic potent ia l . 

Despite these many r e s e r v a t i o n s , the Levy potential in the 
form + A (where X is a p a r a m e t e r which p e r m i t s one 
to s imulate the radia t ive cor rec t ions to the fourth o rde r interact ion, 
and a repuls ive core is included) p e r m i t s a reasonable fit of the low 
energy data on the two-nucleon in te rac t ion . However, when the Levy 
potential is used to calculate the two nucléon sca t te r ing at a m o d e r ­
ately high energy like 150 Mev, the r e su l t s a r e t e r r i b l e . The Yale 
group and Gelern ter he re have made these calculations and found 
that the p p c r o s s sect ion was s t rongly peaked in the forward direct ion 
at 150 Mev, con t ra ry to exper iment . It was soon rea l ized that the 
s t rong forward peak in the pp c ro s s sect ion is a consequence of the 
short ranged fourth o r d e r cen t ra l potent ial . However, when the po l ­
ar izat ion is calculated for pp sca t te r ing , without the fourth o rde r 
potential , one finds that the polar izat ion is not only much too sma l l 
but of the wrong sign as wel l . 

Enough work was done by the Yale group and by Gelern te r 
to show that varying the p a r a m e t e r s in the Levy potential would not 
yield any reasonable agreement with the exper imenta l data for pp 
and np sca t te r ing at high e n e r g i e s . An independent phenomeno-
logical investigation of the two nucléon interact ion by Gammel , 
Chr is t ian and Thaler showed that no charge-independent combi­
nation of cen t ra l and tensor potentials with a Yukawa shape and 
with a hard core would fit all of the exper imenta l data up to 300 Mev. 
They a r b i t r a r i l y var ied the depths, ranges and core rad i i of this 
mixture as well as the spin and isotopic spin dependence. A ve ry 
seve re l imitat ion on these potentials was provided by the p o l a r i ­
zation effects in pp sca t t e r ing . 

As we have pointed out, the t e r m which is ve ry damaging to 
the Levy potential at high energ ies i s V4. This t e r m a r i s e s from the 
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dominant S-wave t e r m in the pion-nucleon interact ion in the Foldy-
Dyson t ransformed Hamiltonian, namely . It is well known 
that this t e r m pred ic t s the wrong sign for the isotopic spin 1/2 S-
phase shift in pion-nucleon scat ter ing and, in a manner which I 
believe is not yet completely understood, is somehow suppressed 
by higher o rder t e r m s . Indeed, Klein has shown a connection 
between the exper imenta l fact that the S-wave in pion-nucleon 
sca t te r ing is sma l l and the need to suppress the fourth o rde r t e r m 
in the Levy potent ial . It would therefore seem reasonable to r e ­
s t r ic t oneself to the P-wave interaction between the pion and the 
nucléon in o rde r to asce r ta in the dominant features of var ious 
phenomena involving pions and nucléons at moderate ly high ene rg i e s . 
This has been the approach of Chew and Low with the well-known 
successes for pion-nucleon sca t te r ing and photopion production up 
to severa l hundred Mev. 

Two yea r s ago, Gartenhaus examined the consequences of 
Chew's procedure for the two-nucleon interact ion. Assuming P -
wave coupling between pions and nucléons and an extended source 
for the nucléons, Gartenhaus calculated the two-nucleon potential 
up to fourth order in the coupling constant. He found that the 
result ing potential at large distances is s imi la r to the s ta t ic poten­
tial previously derived on the basis of the Brueckner -Watsonvers ion 
of the ps (pv) theory first calculated by Taketani and his co-workers 
in Japan. 

I won't go into the subtlet ies 
of the d iagrams which a re considered 
by the two groups . The essent ia l 
point was that the d iagram which the 
Taketani group took into account, 
doesn f t give a bound state for the 
deuteron. Brueckner and Watson 
gave some arguments why this 
diagram should be eliminated, 
and obtained binding for the deu­
te ron . Gartenhaus essent ia l ly 
omits this d iagram, and his 
potential from the extended source model goes over into the Brueckner -
Watson potential at la rge d i s tances . At smal l d is tances , however, 
it turns out that the tensor potential approaches zero and the cent ra l 
potential in even s ta tes is s trongly repuls ive . The Gartenhaus poten­
tial turns out to give quite a good fit to all the low energy (below 10 
Mev) two-nucleon data with the same values for the renormal ized 
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coupling constant (.089) and cut-off energy (6yfrc ) which are r e ­
quired to fit the pion-nucleon sca t t e r ing and photopion production. 
However, just as in the case of the Le'vy potential , the Gartenhaus 
potential fails conspicuously when an attempt is made to match the 
exper imenta l data on pp and np sca t te r ing at energies like 100 and 
150 Mev. The dashed curves in F igures 1 to 10 show the poor fit of 
the Gartenhaus potent ia l . I believe that other meson- theore t i c two-
nucleon potentials which have given reasonable fits of the low energy 
data, but which contain combinations of cent ra l and tensor fo rces , 
will not match the exis t ing exper imenta l data up to 150 Mev. 

One may argue , as many of us did a decade ago, that the 
meson theory of nuclear forces leads one to expect a breakdown 
of the potential descr ipt ion of the two-nucleon in teract ion when one 
attains energ ies in excess of 100 Mev, and that a s t rong velocity 
dependence of the nuclear force is actual ly implied by meson theory 
itself. Since we know so litt le about the nature of this velocity de ­
pendence, it i s pe rhaps reasonable to conjecture that the bulk of this 
velocity dependence would be embodied in a spin-orbi t type of two-
nucleon in teract ion, at leas t up to an energy of something like 150 
Mev. This hope is cer ta in ly nur tured by the success of the shell 
model for complex nucle i . Indeed, Elliott and Lane have shown that 
an in t r ins ica l ly a t t rac t ive spin-orbi t in teract ion between two nucléons 
will explain the apparent i nc rea se in the s t rength of the single par t ic le 
sp l i t t ings , from 3 Mev to 6 Mev, as one proceeds up the P shel l . 
Moreover , F e r m i and o thers have shown that a spin-orbi t in teract ion 
between one nucléon and the nucleus will explain many of the fea tures 
of nucléon polar izat ion by complex nuclei at high ene rg i e s . It is to 
be noted that the sp in-orbi t force requi red by F e r m i and others is 
much s t ronge r (by a factor of about 15) than the Thomas spin-orbi t 
force which is normal ly expected. 

The most detailed examination of the role of the spin-orbi t 
in teract ion in explaining the high energy sca t t e r ing data (in p a r t i c ­
u la r , single pp sca t te r ing) was c a r r i e d out by Case and P a i s s eve ra l 
yea r s ago. They showed on the bas i s of Born approximation that a 
s t rongly s ingular shor t - t a i l ed spin orbit potential would give a t r i p ­
let contribution to the differential pp c r o s s sect ion which is peaked 
at 90° (and the reby balances the con t ra ry tendency of the singlet 
contribution of the cen t ra l potent ial) . At the same t ime, the spin-
orbit contribution would be r a the r energy insensi t ive at the higher 
energ ies (above 100 Mev). These fea tures would help to explain the 
r a the r constant isotropic pp c r o s s sect ion from 100 to 300 Mev. Un­
fortunately, m o r e accura te calculat ions by Goldfarb and Feldman 



in - 6 

demonstra ted that a mixture of cent ra l plus spin-orbi t in teract ion 
was incapable of explaining all of the high energy sca t te r ing data . 

Before I tu rn to the la test attempt to der ive a sa t i s fac tory 
two-nucleon potential , I should like to mention two other types of 
attack which have been helpful, albeit inconclusive. Wolfenstein 
has analysed the s ingle , double and tr iple sca t te r ing data at high 
energ ies , and has der ived upper and lower bounds on the amount of 
spin-orbi t and tensor contributions to the sca t te r ing m a t r i x . He 
finds that the sp in-orbi t t e r m accounts for 35% to 7 0% of pp s c a t ­
te r ing at 300 Mev and at 90°, whereas the tensor t e r m accounts 
for only 2% to 20%. These l imits could be t rans la ted into c o r r e s ­
ponding l imi ts on the spin-orbi t and tensor in teract ions if the 
Born approximation were val id . The ve ry existence of p o l a r i ­
zation effects impl ies the breakdown of the Born approximation and 
one may therefore not neces sa r i l y conclude that the spin-orbi t par t 
is more important than the tensor par t of the two-nucleon fo rce . 
The second method of attack to which re ference has been made is 
the attempt to der ive a sa t i s fac tory set of phase shifts which will 
match all of the sca t t e r ing data at a given energy and lead to sen ­
sible var ia t ions of the phase shifts as a function of energy . This 
p r o g r a m has been pushed by many groups, by the Italian group 
under Clementel , by Ohnuma and Feldman and by Stapp, Ypsilantis 
and Metropol i s . This approach is ve ry laborious and has thus far 
not yielded unique r e s u l t s . If one can draw one genera l conclusion 
from the many acceptable phase shift solutions which have been d e r ­
ived, it is that nei ther the spin-orbi t force nor the t enso r force alone 
suffices in t r ip le t s t a t e s . 

It was c l ea r therefore that the next step was to invest igate the 
possibi l i ty of explaining all of the two-nucleon sca t t e r ing data on the 
bas is of a mixture of cen t ra l , t ensor and spin orbit f o r c e s . I know 
that many groups (among them the Yale group) have thought of this 
next step and I believe that the Los Alamos group has obtained some 
ve ry in te res t ing r e su l t s about which Dr . Gammel will r epor t at this 
ses s ion . I should like to take the remaining t ime to tel l you of some 
r e su l t s which Mr . Signell and I have obtained. To be completely 
honest , I suppose that we should label our attempt as phenomeno-
logical . However, I believe that the fact that we achieved r a the r 
s tr iking agreement with experiment with our f irs t choice of p a r a m ­
e te r s probably means that our potential p o s s e s s e s a somewhat deeper 
significance. At l eas t , I shal l t r y to make it appear that this is the 
c a s e . 
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where VQ i s the Gartenhaus potential and V 0 , r c and r Q a r e p a r a m ­
e t e r s cha rac te r i z ing the spin orbit potent ia l . We chose the Gar ten­
haus potential as the cent ra l plus t ensor p a r t of the two-nucléon 
force because it appears to have the most plausible meson- theore t i c 
bas is and because it fits the low energy data so wel l . Since the spin 
orbit t e r m vanishes in S-s ta tes and is repuls ive in the 3D^ s t a t e , 
the combined Gartenhaus and spin orbit potential should also give a 
good fit of the low energy data . The spin orbit t e r m is chosen as 
in t r ins ica l ly negative to accord with the shel l model (because Elliott 
and Lane have shown that this i s to be p re fe r r ed insofar as the single 
par t i c le P shel l spl i t t ings in complex nuclei a r e concerned) . As r e ­
gards the rad ia l dependence of the s ingular spin orbit force , we 
chose the Thomas - Yukawa form (first suggested by Case and Pa i s ) 
with the p a r a m e t e r s taken from the work of Goldfarb and Feldman; 
these p a r a m e t e r s a r e V 0 ~ 30 Mev, r c - 0.21 x 1 0 " 1 3

c m - 1/M, 
r Q - 1.07 x 1 0 " ^ c m . One important difference is that we rep laced 
the ze ro cut-off of Goldfarb and Feldman by a s t ra ight cut-off, which 
we think is m o r e r ea sonab l e . Moreover , we have chosen a non-
isotopic spin dependence of the spin orbit fo rce . In genera l , you 
could s t i l l mult iply V 0 by A + B T,. Tu . 

With these a rguments to bols te r our s p i r i t s , and Gammel ' s 
tabulation of the Gartenhaus potential to feed into our IBM 650 p r o ­
g ram, calculat ions were f i rs t made of the pp and np sca t t e r ing c r o s s 
sec t ions at 150 Mev with the r e su l t s shown in F igures 1 - 4 . 

It occur red to us that if one must work with a mixture of 
cen t ra l , t ensor and spin-orbi t fo rces , then a reasonable c h a r g e -
independent potential to take i s : 
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F ig . 5 F i g . 6 

F ig . 1 shows the pp sca t t e r ing at 150 Mev. The solid line is 
always our predic t ion, the dashed line that of the Gartenhaus poten­
t ial ; the points a re exper imen ta l . F ig . 2 shows the pp polar iza t ion. 
If the sign of Vo is changed, the polar izat ion comes out with the 
wrong s ign. F ig . 3 shows np sca t te r ing , and F ig . 4, the np p o l a r ­
ization at 150 Mev. 

These r e su l t s looked promis ing , and so the c r o s s sections 
were calculated at lower energ ies (including the Coulomb amplitude 
in the pp calcula t ions) . At 95 Mev we were fortunate to have some 
new unpublished pp and np polar izat ion m e a s u r e m e n t s of the Harwell 
group and at 40 Mev the new and ve ry accura te pp sca t te r ing m e a s u r e ­
ments of the Minnesota group (unpublished). The r e su l t s a re shown 
in F igu re s 5 - 1 1 . 

F ig . 5 shows pp sca t t e r ing at 100 Mev, F i g . 6, pp polar izat ion 
at 95 Mev, F i g . 7, np sca t t e r ing at 90 Mev, and F ig . 8, np p o l a r ­
ization at 95 Mev. Ours a r e s t i l l the solid cu rves , the Gartenhaus 
potential gives the dashed l ines , and the points a r e exper imenta l . 

F ig . 9 shows the np sca t t e r ing c r o s s sect ion at 40 Mev. F i g . 
10, showing the pp sca t t e r ing at 40 Mev, includes the recent data of 
the Minnesota group. They have a 1% accuracy, much be t te r , of 
course , , than we a re trying to achieve at this point. F i g . 11 shows the 
np sca t te r ing at 18 Mev. 
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The agreement between our potential and experiment is not 
perfect by any means but it s e e m s c l ea r that the Gartenhaus poten­
t ial plus spin orbit force with the sign needed for the shel l model 
gives a be t t e r fit of the pp and np sca t t e r ing data up to 150 Mev than 
any potential previously cons idered . 

We have t r ied to analyze some of the r easons for the great 
improvement of our potential over the Gartenhaus potential . P e r ­
haps a compar ison of the phase shifts predicted by our potential 
and the Gartenhaus potential will be helpful. Tables 1 - 2 show 
the energy dependence of the phase shifts for our potent ia l . 

Table 1 shows our singlet phase shif ts . You notice the de ­
c r e a s e in the singlet S-phase shift because the repuls ive core is 
taking over more and m o r e . Concerning the singlet P - p h a s e shift 
I want to r e m a r k that the Gartenhaus potential in the singlet odd 
par i ty s ta tes is repuls ive at l a rge dis tances and then comes down 
to a r a t h e r deep wel l . Gammel and Thaler have shown that as a 
resu l t the singlet P sys t em has a bound s t a t e . However, if you just 
take the repuls ive par t and set the potential equal to ze ro where it 
becomes negative, then you get the same phase shifts to within 1° 
or 2 ° . So the exper imenta l agreement r e m a i n s without a fP]_ bound 
s t a t e . 

F ig . 11 
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Table 1 

Singlet phase shifts in degrees 

Table 2 
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Table 3 

Triplet phase shifts in degrees (150 Mev) 

G .S . - Gartenhaus and spin-orbi t 

G. - Gartenhaus 

Table 2 shows our t r ip le t phase shif ts . One trouble with 
some phase shifts, such as those of Lomon and Feshbach for 
example, is that the 5 P 0 phase shifts a re too large and can give 
a bound s t a t e . Our spin orbit potential is in t r ins ica l ly a t t r ac t ive , 
and hence a t t rac t ive in the 3 s ta te and repuls ive in the 3 p o 

s t a t e . This leads to a dec rease of the ^ p 0 phase shifts compared 
to the Gartenhaus potent ial . P rev ious analyses had also shown that 
opposite signs for the and the phase shifts a re ex t remely 
helpful for an understanding of the pp polar izat ion c u r v e s . 

Table 3 shows a comparison of the t r iple t phase shifts at 
150 Mev, between ours and the Gartenhaus potent ia l . Notice how 
large the 3 P is for the Gartenhaus potential , and the repuls ive 
spin orbit force he lps . 

It is poss ible , of course , that the overal l agreement between 
the predict ions based on our potential and the wide range of avai l ­
able sca t te r ing data up to 150 Mev is a sheer accident . I do not 
believe that this i s the c a s e . I believe that the evidence is v e r y 
s trong that a mixture of cen t ra l , t ensor and spin-orbi t force is needed 
to explain the exper imenta l data on the two-nucleon interact ion up 
to 150 Mev. Indeed, I believe that the agreement between experiment 
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where V4 is the fourth o rde r short range centra l force of the Levy 
potential . This spin-orbi t force is in t r ins ica l ly repuls ive (and 
therefore of the wrong sing for the shell model) and moreover has 
a ve ry dubious s ta tus because it is a consequence of the S-wavepion-
nucleon in te rac t ions . More recent ly , Okubo at Rochester has looked 
into the meson- theore t i c basis for a spin-orbi t in teract ion between 
two nucléons . He has computed the fourth o rde r spin-orbi t potential 
which is predicted by an extension of the Gartenhaus method taking 
into account the nucléon reco i l , through the condition of Galilean 
invar iance . The spin-orbi t potential tu rns out to be a t t rac t ive , p r o ­
vided he takes into account the fourth order d iagram omitted by 
Brueckner and Watson (and by Gartenhaus) in computing the cent ra l 
and tensor fo rces ; o therwise , the fourth o rde r meson- theore t i c spin-
orbit potential is s t i l l r epu l s ive . Okubo has also looked into the 
possibi l i ty of der iv ing a spin-orbi t interact ion by taking account of 
K mesons in the in termedia te s t a t e . Unfortunately, if one r e s t r i c t s 
oneself to fourth o rde r , the K mesons do not contribute to the sp in-
orbit potent ia l . It is evident therefore that meson field theory gives 
only the vaguest poss ib le hint of the existence of a s t rong short range 
at t ract ive spin-orbi t two-nucleon interact ion which s e e m s n e c e s s a r y 
to explain the exper imenta l r e s u l t s . 

THALER: Phenomenological potentials 

Everything I have to say r e p r e s e n t s joint work with John 
Gammel . 

I think that I would like to go direct ly to the ve ry s imple 
argument that can be made to show that a spin-orbi t force must 
exist in the two nucléon in te rac t ions . This argument can be made 
most r igid, with least room for wiggling out, if one cons iders the 

and the predic t ions of our potential is sufficiently encouraging to 
justify the hope that our potential contains many of the essen t ia l 
features of such a potential model . 

In conclusion, I should like to make some very brief r e m a r k s 
concerning the meson- theore t i c s ta tus of the spin-orbi t in te rac t ion . 
It was already shown by Levy and Klein that the ps (ps) theory p r e ­
dicts a ve ry s ingular spin-orbi t force in fourth order ; this sp in-
orbit force i s actually nothing m o r e than 
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310 Mev pp phase shift analyses which were done by the Berkeley 
group, Stapp and o thers (Phys. Rev. 105, 302, (1957)). This shows, 
I think, unequivocally, that there must be a spin orbit force , at 
least at high ene rg ies , or if not a spin oribt force then some other 
in teract ion which spl i ts the P-wave phase shifts in a different way 
from the tensor fo rce . 

The 310 Mev phase shift analyses led to 5 independent accept ­
able phase shift solut ions . These a re the solutions labeled 1 through 
4 and 6 by Stapp. None of these solutions for the t r iplet P -waves can 
be achieved in Born approximation with a pure tensor force or a pure 
spin orbit fo rce . The evidence i s ex t raord inar i ly c l e a r . I would like 
to point out which of these solutions we think is bel ievable . Once we 
have that , the job of getting all the data with an interact ion becomes 
r a t h e r s t ra ight forward . Then we f l l know the effective range expan­

sion at low energ ies , we ! l l know all the phases at high energ ies and 
we can f t do too much wrong in between. This is essent ia l ly the point 
of view that I would like to d i s cus s . 

The solution numbered 6 is unacceptable for r easons that will 
be discussed by P ro fes so r Bethe. Then we can talk about the f i rs t 
four solutions of Stapp. Solutions 2 and 4 a r e , I think completely un-
understandable from the point of view of an interact ion in potential 
form because the D-wave phase shifts which these solutions predict 
a re much too smal l to go with the S-wave which is r equ i red . This 
argument , I think, can be made ve ry p r e c i s e . We have some con­
s idera t ions in p r e s s which point this out. This leaves us with e s s e n ­
t ial ly two of the Stapp solutions, namely solutions 1 and 3 . We 
believe that the i r solutions 3 cannot be fitted with a potential for a 
somewhat technical r e a s o n . Namely, if one t r i e s to find a potential 
in teract ion which gives reasonable fits to the P-waves requ i red by 
solution 3, one finds that one can never reproduce the requi red 
coupling between the ^2 a n ( ^ ^ 2 phase shif ts . We have therefore 
ruled out solution 3 on the grounds that it is not conceivable from a 
potential point of view. This leaves us with solution 1 of Stapp which, 
anyway, is the best overal l fit to the data. One cannot, however, r e ly 
on the root mean square fit to the data at p r e sen t . 

We might a lso mention that he re is a ve ry good place where 
exper iments can se t t le the question, because if one looks at the 
solutions that a re given by these se t s of phase shifts one sees that 
s imple sca t te r ing exper iments with large angles of sca t te r ing can 
distinguish between the var ious solut ions. 



m -16 

If we look at solution 1, the k 0 and phase shifts p r e ­
dicted correspond closely to one of the singlet even pa r i ty potent ials 
d iscussed in a paper by us which appeared in P h y s . Rev. 105, 311 
(1957). That is a potential with a core of . 4 f e r m i s , perfect ly r igid, 
with an a t t rac t ive Yukawa ta i l of range .69 fe rmis and depth 425 Mev, 
adjusted to fit the effective range expansion. This , we a s s u m e , 
te l l s us what we need to know about the singlet even pa r i ty in terac t ion 
to begin our ana lys i s . 

Now that we have a unique set of phase shifts , we can make 
unique r e m a r k s based on the o rde r of the t r ip le t P -phase shifts at 
310 Mev. We immedia te ly see that there is a necess i ty for both à 
spin orbit and a t ensor in terac t ion . The 3P2 is l a rges t , the 3 P 0 

is in the middle, and the 3Pi phase shift is smal les t in Born approx­
imation. This can only be achieved by a combination of t ensor and 
spin orbit f o r ce s . This Born approximation argument i s a qual i ta­
tively good one if one makes exact ca lcula t ions . 

On the other hand, one can now talk about the F-wave from 
solution 1 of Stapp, and there we see that the o rde r of the F -waves 
is such that no spin orbit in teract ion is r equ i r ed . Cent ra l force alone 
can account for the o r d e r of the F-wave phase shift at 310 Mev. This 
makes it v e r y c lea r that if one puts in a spin orbit force , it must have 
sufficiently shor t range so that it has an appreciable effect on D-waves 
and has no effect on the F -waves , which cor respond to much l a r g e r 
impact p a r a m e t e r s . So arguing just from the high energy data, we 
know at least the ball park in which we want to find ourse lves ; namely, 
we want to use an ex t remely shor t range spin orbit in terac t ion tacked 
on to a i e n s o r fo rce . 

In o rde r for a potential to mean anything, the same analysis 
must hold at low ene rgy . Using the phase shifts which fit everything 
from ze ro to 10 Mev . , one then makes the phase shift analysis at 
18 Mev for the P -waves alone. There a re only two acceptable solu­
t ions , and these solutions for the phase shifts can be achieved with a 
pure tensor fo rce . One solution r equ i r e s a t ensor force which is 
a t t ract ive in the 3Po s ta te ; the other would be given by tensor forces 
repuls ive in the 3Po s t a t e . The at t ract ion in the 3 P 0 s ta te for the 
tensor force is requ i red by the high energy 310 Mev data, so we can 
el iminate the extraneous solution as not being in accord with the kind 
of energy dependence we a r e looking for in our phase shi f ts . Thus we 
find that the s ign of the spin orbit force is fixed and it must have an 
ex t remely shor t r a n g e . Incidentally, the sign ag rees with M a r s h a l s 
guess , which is in qualitative agreement with the spin orbit force in 
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heavy nucle i . One comes to the conclusion that the t ensor force is 
long ranged and a t t rac t ive in the 3 P 0 s t a t e . 

If one spec ia l izes the potent ials to have the shape of a r igid 
hard core and a Yukawa shape outside, one is ve ry quickly and very 
definitely led to a unique best fit potent ia l . This unique best fit 
potential h a s , in the tr iplet odd par i ty s ta te , l ikewise a core of about 
.4 f e r m i . The tensor force in the 3 P 0 s ta te has a depth of about 22 
Mev for the Yukawa shape with a range of about 5/4 f e r m i . The spin 
orbit force has a repuls ive depth of m o r e than 7, 000 inverse f e rmi s , 
but that 7, 000 is not a t e r r ib ly meaningful number , because it goes 
with a range of .27 fe rmis and core s ize of . 4 f e r m i . 

In a moment I f l l show you how good this potential i s , but I 
would like to s ay at this point that what we have done is about as 
far as one can get with the assumption of a given shape of in te rac t ion . 
One is left then with the problem of giving meaning to the t e r m l f s ta t ic 
potent ia l 1 1 . Let us admit the possibi l i ty that a spin orbit force m u l ­
tiplied by a potential can be talked about as " s t a t i c " . The potential 
usually identified as velocity dependence can easi ly , from a phenom-
enological point of view, be thought about in t e r m s of the shape of 
the in terac t ion . Someone te l ls me that a potential is ve ry s t rong at 
low energies and ve ry weak at high energ ies ; then I can say that this 
rea l ly means that it has a v e r y long ta i l and it has a piece cut out of 
the middle . This i s exactly equivalent to saying that it has a cer ta in 
velocity dependence. We have adopted the second point of view, 
namely, that we a re not looking for velocity dependences and will 
blame all such effects on shape . We also want to make the point 
that this qualitative argument is independent of the p r e c i s e shape 
that we used for the in terac t ion . 

F ig . 12 is the pp angular dis t r ibut ion. At 70 Mev we f i rs t 
considered the effect of the shape . The solid curve r e p r e s e n t s the 
Yukawa shape and now we exper imented with a t ensor force with a 
hole in the middle , because the r e su l t s seemed to indicate that we 
need a somewhat weaker t enso r force at high e n e r g i e s . So the dashed 
curve r e p r e s e n t s a t ensor force which is Yukawa at long dis tances and 
goes to zero at the c o r e . Both the data and the potential model give 
indist inguishable r e su l t s between 170 and 310 Mev. The solid curve 
is peaked forward. When one changes the tensor force to fix things 
up, one gets the dashed cu rve . If, at 310 Mev , we put in the Stapp 
singlet phase shift, instead of our phase shift, we obtain the dash-
dot cu rve . 
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F ig . 13 r e p r e ­
sents the polar izat ion 
in pp sca t t e r ing at 310 
and 170 Mev. The 
solid curve is again 
what one gets from a 
pure Yukawa shape, 
the dashed curves 
what one gets from 
the t ensor force with 
a hole in the middle , 
and the dash-dot ted 
curve is the r e su l t 
of using the Stapp 
singlet phase shifts , 
instead of our own. 
It would be a li t t le 
more comforting if 
the curve at 170 Mev 

, had a li t t le m o r e 
tilt to i t . The new 
data at 140 Mev 
indicate that this 
tilt is possibly 
quite meaningful. 
We fail to reproduce 
it in detail , but we 
say again that this is 
due to our singlet 
force not being quite 
r ight , and also due to 
the fact that we haven lt 
got the shape quite 
adjusted to give us the 
best ove r -a l l fi t . 

In F i g . 14 we 
plot the polar izat ion 
divided by S\s~9ax>8 
at 45 degrees as a 
function of energy, as 
predicted by our i n t e r ­
action. It fits absolutely 
at 310 Mev because it 
was so concocted, and 

F ig . 12 

F ig . 13 



Ill - 19 

F%ig. 14 Fig. 15 

agrees with Stafford ? s 
r e su l t s at 100 Mev. His 
140 Mev data would fall 
a lso on that curve if 
t he re were no c o s z $ 
t e r m s . We do not p r e -
dict^a la rge enough 
cos Ô t e r m in the 
polar izat ion at 140 Mev, 
but again agree around 
170 Mev. The slight 
d iscrepancy in this 
region, we repea t , has 
to do with shapes of 
potent ia l s . We have 
also looked at pp s c a t ­
ter ing and the question 
i s , can one do anything 
about charge independence? 
On F igures 15 and 16 you 
see from our f irs t indi­
cations that things a r e Fig. 16 



in - 20 

reasonably good. The lower curve of F ig . 15 r e p r e s e n t s the 310 
Mev np data and our p r e l im ina ry fit. 

F ig . 15 also shows our fit at 90 Mev. This again r equ i r e s a 
ve ry short range spin orbit force , of about the s ame range that we 
discussed for the pp sca t te r ing in the t r iplet s t a t e . In F i g . 16 we 
see the polar izat ion at 310 Mev. This comes out all r ight too . 
Again we find that we need a somewhat s t ronger tensor force at the 
lower energy than at the higher energy, which will come out all 
right when we put into the theory a tensor force with a hole in it , 
which we have not yet done. 

DISCUSSION 

BRUECKNER: Has the effect of spin orbit coupling in the 
even s ta tes been de termined in these calculat ions? 

THALER: Tha t ' s the r eason I say these things a r e ex t remely 
tentat ive. I t ' s c lear that the spin orbit forces make contributions 
only to the D s ta te and not to the S s t a t e . We haven't looked closely 
at t h i s . These curves were only a few hours old when we left, but we 
think that we will have something to say about this ve ry shor t ly . We 
believe that we won't get into any se r ious t rouble , but we rea l ly don't 
know. 

BRUECKNER: The meson theory as calculated by Taketani , 
by us , and by Gar tenhaus gives different answers which unfortunately 
depend somewhat on the approximations made in computing the poten­
t i a l s . The d iagram Marshak indicated, we, and also Gar tenhaus , 
have thrown away. The d is regard ing of these t e r m s is not agreed to 
by Taketani and his c o - w o r k e r s . Because of th i s , one can ' t make any 
unambiguous s t a t ement . However, if one does make our a p p r o x i m a ­
tion, and the re a r e reasonably believable grounds for arguing that 
this is co r r ec t , then one finds that the meson theory makes ve ry 
cha rac te r i s t i c predic t ions about which forces have a long range , 
which forces a r e a t t rac t ive , and which a re r epu l s ive . The c h a r a c ­
t e r i s t i c feature of the meson potentials is that the longest range force 
is a tensor force , because this is the dominant contribution to the 
second o rde r in terac t ion and therefore is the only p a r t of the force 
that has the range of the meson Compton wave length. The short 
range forces f rom the fourth order a re dominantly cen t ra l forces and 
the theory p red ic t s a cer ta in assignment of signs to these f o r c e s . In 
other words , it p red ic t s a cer ta in assignment of spin and isotopic 
spin dependence. I unders tand that the Gammel -Tha le r potential and, 
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of cou r se , the Gartenhaus potential , both agree in that the ass ignment 
of signs and ranges which fits the data is a lso that given by the meson 
theory . In a s ense , this i s an ex t remely nice confirmation of the 
qualitative fea tures of the meson p red ic t ions . It is cer ta in ly t r u e , 
however, that the meson theory does not make a quantitative p r e d i c ­
t ion. This i s pa r t i cu la r ly t rue s ince , as Dr . Klein has recen t ly 
shown, the second and fourth o rde r potent ials a r e s t rongly modified 
in magnitude by higher o rde r effects. 

MARSHAK: Let m e answer one of Dr . B rueckne r ! s quest ions , 
with re fe rence to the deuteron. The deuteron is badly needed for the 
pp sca t t e r ing in the t r ip le t odd s ta te , where the isotopic spin is one. 
So you could put in an isotopic spin dependence, for example , just to 
make the spin orbit force ze ro in the T = 0 s t a t e . Actually, some 
work which has been done on the isotopic spin dependence shows that 
you don f t a l ter the np data ve ry much by just throwing away the spin 
orbit force in the t r ip le t even s t a t e s . This i s one source of hope. 
That i s why we haven f t been ve ry much upset about the deuteron. 

KLEIN: I would like to point out for the r e c o r d that there is 
a new fundamental approach to the problem of deriving meson theo­
re t i ca l potentials that has been developed by McCormick and myself 
and by Miyazawa. The basic idea is to derive a formula which makes 
maximal use of all the information which has been obtained from the 
pion-nucleon sca t t e r ing . It would be p r e m a t u r e to give a repor t h e r e 
because we have not yet reached the point of confronting that potential 
with r ea l i ty . However, we have gotten far enough to actually compute 
what we believe to be the qualitative cha rac t e r of the second and 
fourth o rde r potent ia l . The basic resu l t was s ta ted by P ro fe s so r 
Brueckner , namely, that the effect of the resonance in pion-nucleon 
sca t t e r ing gives la rge cor rec t ions to the cen t ra l par t of the Taketani , 
Machida, and Onuma, and Brueckner and Watson, and Gartenhaus 
poten t ia l s . 

MARSHAK: In what region a re the cor rec t ions ? 

KLEIN: They a r e cor rec t ions to the major par t of the fourth 
o rde r cen t ra l potent ia l . The second o rde r t ensor force is not affected. 
The cen t ra l force is se r ious ly modified. 

BETHE: Do you know anything about the spin orbit force? 

KLEIN: The p rog ram so far does not include examination of 
the spin orbit fo rce . 
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BETHE: Well, I hope that you will te l l m o r e about this in 
the theoret ica l s e s s i o n . (See sess ion IV). 

BREIT: I would like to make a few observat ions regard ing 
these two p a p e r s . In the f i rs t p lace , the investigation of phase 
shifts is far from unique. Until this meet ing, it was general ly 
agreed that Stapp ! s solutions might not be the only solut ions . At this 
conference last yea r , that was the genera l opinion and the solutions 
were about the same as they a re now. At p resen t , the opinion of 
the Los Alamos group is different, in the sense that they consider 
that Stapp has exhausted this v e r y many-dimensional s p a c e . I think 
this point is an open one, judging from the experience of a s m a l l e r 
space involved in pion-nucleon sca t t e r ing . The other thing I find 
appropriate to r e m a r k is that the spin orbit potential is not a theo­
re t ica l potential as it i s put in . It i s phenomenological , in the na ture 
of a p a r a m e t e r . Secondly, all of the potentials a re sepa ra t e ; that i s , 
both the tensor and the spin orbit potential may have velocity depend­
encies in them that a r e different from the velocity dependence of the 
cent ra l potent ia l . In fact, if one takes a s ixteen component equation 
that would approximate the ps theory taken s ta t ica l ly without r e ­
tardat ion, then boils it down to a four component equation; one gets 
a spin orbit and a tensor force which a re velocity dependent. T h e r e ­
fore, if one uses a potential to fit the data involving the spin orbit 
dependence and gets agreement , it is not c lea r that that agreement 
is more than a p a r a m e t e r fit . That being so , just what the r e su l t s 
mean is not too c l e a r . 

R . G . SACHS: I would just like to cal l attention again to the 
fact that if one bel ieves in such velocity dependent phenomenological 
potent ia ls , then the magnetic p roper t i e s of the sys tem a re affected. 
In pa r t i cu la r , I wonder whether anybody has looked at the magnetic 
moment of the deuteron. 

MARSHAK: As I pointed out, in the deuteron the re may be 
no spin orbit fo rce . I would also like to point out that there is a 
l imit to the energy at which one can reasonably expect a s tat ic poten­
t ial to be meaningful. 300 Mev is perhaps a l ready a l i t t le high. We 
went to 150 Mev because we felt that that would be sufficient for 
in teres t ing applications to complex nuclei . 

GOLDBERGER: You will probably not be s u r p r i s e d to l ea rn 
that the re is a lso a d ispers ion relat ion approach to the p rob lem of 
the two nucléon potent ia l . Work has been ca r r i ed out by Nambu, 
Oehme, and myself . This work is in a p re l imina ry s t age . There 
will be a few r e m a r k s on this by Dr. Oehme in Session IV. 
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CHAMBERLAIN: Could I respond a little bit to one of 
P r o f e s s o r Bre i t ' s r e m a r k s ? The Stapp, Ypsi lant is , and Metropolis 
method of seeking out solutions and t rying to decide when they had 
found what they hoped would be all the usable solut ions, was to r e ­
quire that the machine be asked to use random phase shifts and then 
work from those to be t ter and bet ter f i t s . It stopped when it reached 
the condition that each phase shift set had been found at leas t t h r ee 
t i m e s , and the re were no solutions which had been found l e s s than 
three t i m e s . The hope was that, to the extent to which all of these 
solutions could be thought of as wells of m o r e or l e s s equal depth, 
which is a ve ry questionable assumption, one would have a ve ry 
good probabil i ty of not overlooking solut ions . As far as I know it is 
ve ry difficult to be exhaustive on this point. One s imply t r i e s more 
and hopes to find m o r e solut ions . 

BREIT: When you speak of wells do you mean a well in the 
surface of the function that r e p r e s e n t s the sum of the squa res of the 
deviations ? 

CHAMBERLAIN: Yes, I do. 

BE THE: Selection of phase shifts 

One of the questions which has been r a i s ed is the phase shift 
solution. While Chamberla in has given good a rguments why Stapp 
probably has found most of the important solut ions, t he re is s t i l l 
the question of how to select between these many solut ions . 

There a r e five acceptable solutions, as a l ready mentioned by 
Tha le r . These fall into two c l a s se s - one of which contains four 
solutions and the other contains one. This last solution i s called 
solution 6 by Stapp and co l l abora to r s . It is cha rac te r i zed by the 
fact that it has a ve ry la rge 3 p Q phase shift and all of the other 
phase shifts a r e re la t ive ly s m a l l . This cha rac t e r i s t i c is also con­
tained in the attempt to explain the nuclear interact ion by Lomonand 
Feshbach. If you will r e m e m b e r , they talked of boundary conditions 
for the wave function of two nucléons, at a cer ta in modera te distance 
between the two nucléons, and the i r two solutions have the c h a r a c ­
t e r i s t i c that the ^ P 0 phase shift i s l a r g e . If you look at the numbers 
you will find that the ^ P 0 phase shift is p re t ty much the same as it is 
in the Stapp solution 6. General ly one looks on Stapp solution 6 as 
ve ry s imi l a r to the Feshbach-Lomon boundary condition r e s u l t s . 
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The Stapp solutions were based on ex t remely extensive 
exper iments from Berke ley . The Segre group obtained t r ip le 
sca t te r ing r e su l t s at all s o r t s of angles, in addition to polar izat ion 
and differential c r o s s sec t ions . Only on the bas i s of such extensive 
exper imenta l r e su l t s was it possible to determine these phase shift 
solut ions . Never the less , further exper iments and r e su l t s would be 
needed to d i sc r imina te between the five solut ions . I t r i ed to see 
what theory would say on the discr iminat ion between the solut ions . 

The pa r t i cu la r way which I chose was to compare the 
sca t te r ing from the nucléon with the sca t te r ing from a complex 
nucleus, for instance from carbon, the la t te r having been investigated 
exper imental ly by Segre l s group at Berkeley . It is an old idea 
that the sca t t e r ing from a nucleus should be obtainable by an optical 
model from the nucleon-nucleon sca t t e r ing . In the case of 
polar izat ion this has been par t i cu la r ly suggested by Watson with his 
col labora tors and has been worked out also by Tamor , who f irst 
showed that re la t ive ly smal l polarizat ion in nucleon-nucleon 
sca t te r ing can give r i s e to la rge polar izat ion in the sca t te r ing of a 
nucléon by a nuc leus . I should also mention the work of Fernbach 
and co l labora tors on this subject . 

Now what I have t r i ed to do was to make this connection 
quantitative. You have to do two things - you have to analyze the 
sca t te r ing by the nucleus, and then you have to compare it with the 
sca t te r ing by an individual nucléon. On the f i rs t point, namely the 
analysis of the sca t t e r ing by the nucleus, one is helped grea t ly by 
an observat ion which was made independently by Kohler, by 
Levintov, by Ger ry Brown and by myself, namely that the polar izat ion 
of the sca t te r ing from the nucleus comes out exactly the same when 
you use Born approximation and when you use more e laborate 
methods . I ! l l desc r ibe what these more e laborate methods a r e . They 
a re to take the potential between nucleus and nucléon, to calculate 
the phase shift using a WKB approximation, to assume that the 
potential is sma l l compared to the energy, which is cer ta in ly very 
well justified, and then to calculate the sca t te r ing by summing over 
par t i a l waves . This is exactly what Sternheimer and other people 
have done to analyze the sca t t e r ing of the nucléon by the nucleus and 
it i s , I think, well justif ied. You have to make only two further 
assumptions to make the r e su l t s agree with Born approximation: 
namely A) you have to use sma l l angles , sma l l e r than the diffraction 
minimum in the e las t ic sca t te r ing (this i s in o rder that the sum 
over pa r t i a l waves can be replaced by an in tegra l without important 
destruct ive in ter ference) and B) you have to assume that the spin 
orbit force gives you contributions to the phase shift which a re sma l l 
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enough so that you can neglect the third power of that contribution. 
Assumption (B) is very well justif ied. You can then di rec t ly analyze 
the exper iments and de te rmine both the cent ra l potential and the 
spin orbit potent ial . Born approximation is co r rec t only for the 
polar izat ion, not for the absolute c r o s s sect ion. The cor rec t ion to 
the Born approximation can be made analytically once you have 
assumed some distr ibution of the nucléons in the nuc leus . 

My attempt in this theory was to do everything without even 
an IBM 650. 

You have to do two th ings . One is - you have to get the form 
factor of the nuc leus . In the analysis by Fernbach and col labora tors 
one form factor was assumed for the nuclear sca t te r ing , and 
another for the Coulomb sca t t e r ing . This i s unneces sa ry . If you 
assume that the nucléons act m o r e or l ess as point s c a t t e r e r s in 
both c a s e s , then it is well known that the Coulomb sca t te r ing can be 
descr ibed by the s a m e form factor as the nuclear sca t t e r ing . 
Secondly, each par t of the sca t te r ing amplitude, Coulomb and 
nuclear , has a complex phase and one has to compare these complex 
phases in o rde r to de te rmine the in te r fe rence . It can be shown that 
these complex phases a re p re t ty much the same at the angles of 
in teres t for the exper imen t s , angles of about 3 to 7 ° . 

When all this is done, I take the exper iment , I calculate the 
form factor (in o rder to calculate that, I take the Stanford data from 
elec t ron sca t t e r ing for the distr ibut ion of nucléons in the nucleus , 
which in the case of carbon I 'm su re is about the same for the 
protons and for the neutrons) , and dividing by the calculated form 
factor I then get an absolute number for the c r o s s sect ion without 
the form fac tor . F r o m this I can subtract the Coulomb sca t t e r ing . 
What r ema ins contains two p a r t s - the nuclear sca t te r ing and the 
in te r fe rence . The in ter ference gives me essent ia l ly the r e a l par t 
of the potential , and the nuclear sca t te r ing gives me the sum of 
the squa re s of r e a l and imaginary pa r t s of the cen t ra l potent ial . 
Then I co r r ec t for the Born approximation, and when all this is 
done, I get n u m b e r s . These numbers a re as follows: the r e a l 
par t of the potential is equivalent to a sca t t e r ing amplitude - not 
the actual sca t te r ing amplitude but that you would have if the 
Born approximation were valid - of about 3 f e r m i . The imaginary 
par t is equivalent to a sca t te r ing amplitude of 12 fe rmi , and the 
spin orbit coupling gives a Born amplitude of 24 fe rmi t imes the 
angle in the labora tory sy s t em. That i s : u r 3 
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s ^ 24 e 
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I am most in te res ted in the last number . I can compare this 
last number with what I would obtain from the nucléon-nucléon 
sca t te r ing by t rans la t ing it to the sca t te r ing on the nuc leus . In 
making this t rans la t ion one has to pay attention to the c e n t e r - o f - m a s s 
factor which was d iscussed pa r t i cu la r ly by Watson and Riesenfeld. 
This c e n t e r - o f - m a s s factor is essent ia l ly just the ra t io of the wave 
numbers in the l abora to ry sys t em and in the c e n t e r - o f - m a s s s y s t e m . 
Then one can use the var ious phase shift solutions of Stapp et a l . It 
should be noted that I do not use any model of nuclear forces he re 
but me re ly phase shi f ts . 

The resu l t i s that all the 5 acceptable solutions of Stapp give 
s Sz 30 6 within about 20%. This shows on the one hand that the 
sca t te r ing by a nucleus can be well r ep resen ted as the sum of the 
sca t te r ings by individual nucléons . On the other hand, the sca t te r ing 
and polar izat ion by a complex nucleus cannot be used to select 
between the 5 otherwise acceptable solutions of Stapp et a l . ; this 
can only be done by further exper iments , especial ly cor re la t ion of 
the polar izat ion of the two nucléons emerging from a nucleon-nucleon 
coll is ion. 

Let me make two further r e m a r k s about the connection of 
this resul t with other r e s u l t s . F i r s t , the imaginary par t of the 
potential can be used to calculate the total inelast ic c r o s s sect ion of 
the carbon nucleus at this energy. It comes out to be 200 mi l l iba rns , 
which is the observed value . Second, the spin-orbi t in terac t ion is 
re la t ively s m a l l . It is the s a m e as was found by Fernbach and 
co l labora tors , and about one- third of that proposed by Levintov 
analyzing the same data. There a re additional a rguments in favor 
of the sma l l e r in te rac t ion . 

(See Appendix for further comment by Bethe. ) 

STAFFORD: Nucleon-nucleon sca t te r ing and polar izat ion expe r i ­
ments 

I am going to give you a p rog re s s repor t on the nucleon-nu­
cleon sca t te r ing r e su l t s that were obtained at Harwell during the last 
y e a r . Let me remind you that the Harwell machine has a maximum 
energy of 175 Mev and an external proton energy of 147 Mev. Some 
of our m e a s u r e m e n t s have a l ready been mentioned this morning, but 
it is useful to get all the final numbers down together in one p lace . 

Last yea r at this Conference Taylor repor ted some m e a s u r e ­
ments at 142 Mev of the p-p differential c ros s section and p-p p o l a r -
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ization These r e su l t s have now been finalized. (Taylor and Wood) 
If we wri te the differential c r o s s sect ion in the form 

The polar ized c ro s s section, again by Taylor and Wood at 
142 Mev i s 

F ig . 17 F ig . 18 
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F ig . 17 shows pp sca t te r ing at 142 Mev. There a re two se t s of 
m e a s u r e m e n t s : one with an unpolarized beam and the other , in c i r c l e s , 
with the polar ized beam in which the left and right m e a s u r e m e n t s have 
just been added. Note how isotropic the distr ibution looks . There is 
some uncertainty in the region where nuclear Coulomb in ter ference 
ex i s t s . 

F ig . 18 shows the polar izat ion r e s u l t s . There a r e th ree se ts 
of m e a s u r e m e n t s , the ea r ly ones by Dixon and Sal ter which were r e ­
ported last yea r , and two se t s of measu remen t s by Taylor and Wood. 

The la rge cos^G t e r m indicates that in the phase shift ana l ­
ys is one needs to go to at least a par t ia l F -wave . As the re a r e no 
t r iple sca t te r ing r e su l t s at this energy and no comprehensive np 
polar izat ion r e s u l t s , we decided to drop in energy and t r y to get a 
complete set of m e a s u r e m e n t s at something like 98 Mev. These 
resu l t s a r e also shown. I might point out that at 90° the differen-
tail c r o s s sect ion is ve ry close to the measu remen t s made byKruse , 
Teem, and Ramsey some y e a r s ago. They obtained a somewhat 
l a rger value for the coefficient a. I believe, though, that recent 
measu remen t s suggest that we a re now in agreement . The pp s c a t ­
ter ing r e su l t s at 98 Mev a r e shown in F igures 19 and 20. 

F ig . 19 F ig . 20 
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In view of the la rge s ize of the t e r m , one can show that it is 
n e c e s s a r y to do a phase shift analysis with S, P , and D par t i a l 
waves at l eas t . The np polar izat ion r e su l t s at 95 Mev a re shown 
in F ig . 21. 

The effec­
tive energy is 
quoted at 95 i 2 
Mev. The "effec­
tive energy" was 
obtained by m e a s ­
uring a total c ro s s 
section and de ­
ducing an equiv­
alent neutron 
energy from i t . 
This ener gy was 
kept constant as 
the angle was 
changed. The 
neutron s p e c ­
t r u m i s in fact 
t r iangular in 
shape and ex­
tends from 75 
Mev to 120 Mev 
and this should 
be borne in mind when theore t ica l curves a re fitted to the exper imental 
r e s u l t s . 

F ig . 21 

With these r e s u l t s , R . J . N . Phi l l ips , who was at Rochester 
last yea r , has attempted to do a phase shift analysis using S, P , and 
D par t i a l waves . He has done this with a desk computer and so 

P r e l i m i n a r y measu remen t s of the neutron proton c ros s 
sect ions at 9 5 * 2 were given at last y e a r ' s conference. The final 
resul t obtained by Hillman, Whitehead and myself is given by 
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rea l ly all that he can c la im to do is to get regions of fit . I don't 
think he will c la im that the actual values quoted a r e n e c e s s a r i l y the 
exact ones . Some of his r e su l t s a re shown in F ig . 2 2 . 

Fig . 22 Fig . 23 

Essent ia l ly he has found three regions of phase space which fit the 
r e su l t s fair ly wel l . F ig . 23 shows the fit to the exper imenta l p-p 
sca t te r ing r e s u l t s . Some adjustment of the absolute sca le has been 
made by Phil l ips to bring the measu remen t s of Kruse , Teem and 
Ramsey and those of Taylor and Wood into agreement . This is 
justifiable because there is an uncertainty of 1 3% in the absolute 
cal ibrat ion of the proton flux and hence in the absolute values of the 
c ros s sect ions used . At the smal les t angle the re is also a differ­
ences of some 5 mb pe r s te radian between the exper imenta l and 
theoret ical va lue s . The c r o s s section is varying rapidly in this 
region and this d iscrepancy may be due to a change in the effective 
energy of the proton beam used . The introduction of some F-waves 
would reduce the d iscrepancy . 



F i g . 2 6 F i g . 27 
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F ig . 24 shows the polar ized pp c r o s s sect ion with Ph i l l ips ' 
fit. F ig . 25 gives the np unpolarized c r o s s sec t ion . You will see 
again that there a r e some worrying d i sc repanc ies . At sma l l and 
large angles, for ins tance , I think the points a r e significantly 
higher than the c u r v e . 

F ig . 26 shows the np polar ized c ro s s sec t ion . Again I think 
the lb solution is the most sa t i s fac tory . 

All in al l , among Ph i l l i p s 1 phase shift r e s u l t s , the lb is the 
one which is favored by the exper imenta l group and it i s also the 
fit which s e e m s to be more sat isfactor i ly in agreement with the 
Stapp and Ypsilantis and Metropolis phase shifts, (I think solution 
#1 of the Stapp phase shifts for higher ene rgy) . P r e l i m i n a r y 
measu remen t s of the depolarizat ion at 140 Mev by Taylor and Wood 
would favor fit 3 . 

I am now going to give a short preview of what one can expect 
in the future . Taylor and Wood have begun a measu remen t of the de ­
polarizat ion p a r a m e t e r at 142 Mev. This experiment using a counter 
technique will cover the smal l angle region and a team from Univer­
sity College London using hel ium filled cloud chamber will make a 
measurement at leas t at one la rge angle . 

Whitehead, Tornabene and myself have s t a r t ed a m e a s u r e ­
ment of the np polar izat ion at 75 Mev and we hope perhaps to get 
down to 40 Mev. The 75 Mev r e su l t s show a polar izat ion about half 
the value at 95 Mev. 

Scanlon, Th re she r and I have developed a neutron t ime of 
flight technique which will enable us to m e a s u r e the n-p differen­
t ial c ro s s sect ion at all energies from 40 Mev to 140 Mev and over a 
range of angles . The pr inciple of the technique is to deflect the c i r ­
culating proton beam on to a thick target and to t ime the neutrons 
over a 26 m e t r e flight pa th . Times of flight a re converted into a 
voltage pulse so that the resu l t s can be presented on a k i c k s o r t e r . A 
typical resu l t i s shown in F ig . 28. 

This resu l t was obtained by placing a p las t ic sc int i l la tor de ­
tec tor in the neutron beam. On the left is a y r a y peak which is 
ve ry useful for giving an absolute t ime measurement and also for 
determining, th is i s quite important , the t ime resolut ion of the 
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appara tus . 
Following the 

y r a y peak 
there is a t ime 
in terval in which 
no events a r e 
detected and this 
is followed by 
the neu t rons . A 
thick ta rge t w a s 

used and so 
neutrons of a 
wide range of 
energies were 
detected. The 
flattening at 50 
Mev is produced 
by the lead which 
was placed in the beam to reduce the y r a y intensi ty. 

F ig . 28 

RICHARD WILSON: Pro ton-pro ton polar izat ion exper iments 

Just recent ly at Harvard we have s t a r t ed again on pp s c a t ­
t e r i ng . This is a group consist ing of myself, P r o f e s s o r Ramsey, 
P r o f e s s o r Cormack, and P a l m i e r i . We have been doing pp p o l a r i ­
zat ion. Our data has slightly higher p rec i s ion than the Harwell 
data, and I am glad to say that in the pp sys tem the two exper iments 
essent ia l ly a g r e e . In F igures 29, 30, 31 and 32 we have plotted the 
a symmet ry € as a function of center of m a s s angle . We have only 
obtained these in the last month or so and w e f r e not quite su re of the 
beam polar iza t ions to the same accuracy with which we can do the 
a symmet ry points . The s ame 146 Mev data a re plotted in F igures 
29 and 30. In F i g . 30 t he r e is undoubtedly a forward peaking. There 
might be some slight semblance of cos * Ô dependence though one 
can f t be s u r e at this s t age . 

The next thing we did was to go down to 118 Mev as shown in 
F igures 31 and 32. We have the same sor t of accu racy . Now, as 
you see from Figure 31 , Ç(9)/$iKï-ê has essent ia l ly no cos *~9 
t e r m . We have had no t i m e to p r e p a r e the corresponding figures 
for the 95 Mev experiment which we have a lso done. We haven't yet 
been able to wri te out all the cor rec t ions n e c e s s a r y to get the un-
polar ized c r o s s sect ion. We have just taken one or two points , and 



F i g . 31 
F i g . 32 
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and I am glad to say that down to 20° in the center of m a s s , i . e . the 
20°, 40°, and 90° points at 95 Mev, we a re in complete agreement to 
about 3% with the r e su l t s of Taylor and Wood. We seem to be def­
initely sl ightly lower than the old r e su l t s of Kruse and Ramsey . So 
this is a r a t h e r happy si tuat ion. 

I was originally going to give the r e s u l t s differently from 
Stafford, but in o rde r to compare quite readi ly I will multiply by 
what we believe is the beam polar izat ion, 75% and the differential 
c r o s s sect ion he h a s . 

We chose 95 Mev to get nea r the old Kruse and Ramsey f igures . The 
t e r m at 95 Mev changes sign depending on whether one includes the 
20° center of m a s s point or not . As one i s beginning to enter the 
Coulomb in ter ference region, we don't see any significance in t h i s . 

The basic e r r o r at themoment is about ± . 05, but it will 
eventually come down to . 03 when we make su re of the beam p o l a r i ­
zat ion. These e r r o r s and values a re not obtained by least square 
ana lys i s . At the moment the points a r e r a t h e r accura te compared to 
any sys temat ic e r r o r s , and numbers a re obtained m e r e l y by a r u l e r . 
It i s in teres t ing perhaps to point out that at the higher energ ies we 
essent ia l ly need the cos^Ô t e r m which Thaler does not want, while 
Marshak would like i t . 

BETHE: I think I would like to urge once more t r ip le s ca t ­
ter ing expe r imen t s . I heard that Harwell i s planning depolar izat ion 
expe r imen t s . Is the re any possibi l i ty of doing a lso the ro ta t ions? 

STAFFORD: Yes, we have that in mind. I can' t guarantee 
when it will be done, but we plan to use a solenoid magnetic field to 
rota te the plane of polar izat ion of the p ro tons . We believe this can 
be done. 

DISCUSSION 

BETHE: One of the rotat ion exper iments , of cour se , can be 
done without an auxi l iary magnetic field, as you know. 
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STAFFORD: Which one ? 

BETHE: The quantity R of Wolfenstein. 

WILSON: The p resen t plans at Harvard a re to go down to 40 
Mev with the s a m e sor t of accuracy to join on to the Minnesota data . 
We also plan to s t a r t t r ip l e sca t te r ing expe r imen t s . 

GAMMEL: (Referring to F i g . 22) The four negative singlet 
D2 phase shifts a re not understandable in t e r m s of a potent ia l . The 
singlet D2 phase shift must be a t t rac t ive on the bas is of a s tandard 
model for a potential which has a hard core surrounded by an a t t r a c ­
tive region. Thaler and I show in a paper which is in p r e s s that you 
cannot get these repuls ive phase shif ts . The resu l t you actually get 
with a potential for the singlet D2 phase shift i s about 5 ° . I think on 
M a r s h a l s sl ide this morning I saw 3 .9° at this energy . According to 
what Marshak and Tha le r said this morning, none of t h e s e ^ P 0 phase 
shifts would be in agreement with their r e s u l t s . The t enso r force is 
a t t ract ive in the J - 0 s t a t e , and so is the cen t ra l force, and that tends 
to give you a posit ive phase shift. The spin orbit force i s shor t 
ranged and at this energy of about 95 Mev it does not play an important 
r o l e . So both Marshak and Thaler would have shown posit ive ^ P 0 

space shif ts . As a ma t t e r of fact, none of the se t s of space shifts 
shown here a r e in agreement with the first two talks p resen ted this 
morning . 

BETHE: This is unfortunate. 

STAFFORD: I don't think one should be worr ied too much 
about t h i s . As I said, we should prefer the lb set of phase shif ts . 
One should a lso keep in mind that only a desk computer was u sed . 

GAMMEL: These phase shifts a re a take-off on the Feshbach-
Lomon phase shi f ts . That negative ^ P 0 phase is going to come in 
inherent ly . Also, the D2 phase shift is too sma l l to be understood in 
t e r m s of po ten t ia l s . I t ! s too bad that you analyze exper iments only at 
one energy . I think otherwise things would have been changed cons ide r ­
ably. 

BETHE: Anyway,the exper iments a re ve ry f ine. In this c a se , 
however, I think one would r ea l ly prefer a high speed computer for the 
phase shif ts . 
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THALER: I want to r e m a r k that it i ^ quite c lear that in the 
data which have just been presented , the cos Q t e r m en te r s with 
ex t raord ina ry rapidi ty . At 118 Mev it is s t i l l negligible, but at 142 
Mev it i s cer ta in ly r a t h e r l a r g e . I am not suggesting that this is 
i n c o r r e c t . I m e r e l y am suggest ing that it i s ve ry easy for a model 
to m i s s exactly the point at which F-waves begin to make themselves 
rea l ly felt . 

BREIT: Relat ivis t ic co r rec t ions to Coulomb effects 

The subject of re la t iv is t ic cor rec t ions en te r s into the analysis 
of data, especia l ly in pp data at sma l l angles , where you have the 
Coulomb in ter ference region. Also in np data, the re a r e re la ted s o -
called magnetic effects. The manner of making re la t iv i s t ic c o r r e c ­
tions has been t rea ted by Gar ren in two papers and by myself and by 
Ebel and Hull at Yale . The object is usually to make cor rec t ions fo 
e lec t romagnet ic effects only. The viewpoint i s that one can t r a n s ­
form to the center of m a s s sys tem and deal with the phase shift t he r t 
so far as the nucleon-nucleon si tuation goes . In the e lec t romagnet ic 
effects, the off-hand idea is that the Coulomb effects will be important 
only for sma l l angle sca t te r ing , which usual ly means distant col l i ­
s ions . Therefore some of the l i t e ra tu re contains that kind of t r e a t ­
ment relying ent i re ly on the Coulomb sca t te r ing involving distant 
co l l i s ions . On the other hand, and this is the main thing that I want 
to point out, this is not the co r r ec t p rocedure because the dis tort ion 
of the wave function by the nucleus can be es t imated to be apprec iab le . 
It is not n e c e s s a r y to make a covariant t rea tment of this m a t t e r . It 
can be understood r a t h e r s imply, because the energ ies involved a re 
not ex t remely r e l a t iv i s t i c . 

There is a prototype of the situation in the o rd inary atomic 
theory . Some of the effects a re just concerned with plain ordinary 
spin orbit interact ion, which one has known for many y e a r s . There 
a r e in the interact ion energy t e r m s of the kind: 

The subscr ip t s re fe r to the two p a r t i c l e s . E is the e lec t r i c field. 
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One knows from atomic spec t r a that it would be ent i re ly wrong to 
calculate this without considering the actual wave function. 

By the way, in the nuclear case one has to bring in, in addition 
to that in teract ion, the anomalous moment . Fo r the anomalous moment 
you get the factor fou r - th i rds , that is 

where $ is in the center of m a s s sys t em. This t e r m s can be expanded 
in par t ia l waves and then you obtain a sum of t e r m s of the form: 

This s e r i e s converges slowly. You will, however, find that the f irs t 
couple of t e r m s , l e t ' s say S, P , and D t e r m s , before the s e r i e s 
r e v e r s e sign, contribute an amount which is almost the same as the 
whole answer . These are the t e r m s in which the re la t iv is t ic t r e a t ­
ment of v| is impor tan t . However, you could say it should not be 
very much t rouble , because you have the s a m e difficulty in the non-
re la t iv is t ic s i tuat ion. That i s , you could argue that you should add 

where fi^ is the anomalous Paul i moment for the proton. One can 
understand the t h r ee as being essent ia l ly a two plus one, and the four 
i s , essent ia l ly , two plus two. The one i s a one r a t h e r than a two in 
this case because you have a magnetic t e r m which is cut down to one-
half by the Thomas t e r m . F o r the anomalous moment pa r t , you have 
the full magentic t e r m operat ing. 

I think one can unders tand the re la t iv is t ic effects in this way. 
The remain ing question is re l iabi l i ty of e s t ima tes which neglect wave 
function d is tor t ion . It should have been r a t h e r c lear from the old 
considerat ions of Niels Bohr regard ing the cor respondence pr inciple 
applied to Coulomb sca t te r ing , that in the pp case only v e r y se ldom 
may one use an approximation in t e r m s of c lass ica l o rb i t s . This i s 
the case where the important p a r a m e t e r is ^ r £ v / # V . This is 
often exceedingly sma l l , of the o rder of one hundredth, in the high 
energy ca se s , while it is essent ia l according to Bohr that >j be much 
g rea te r than one. Fo r th is r eason , you find that the sca t t e r ing at 
smal l angles has the following pecul ia r i t ies . The t e r m which en te r s 
on account of the Coulomb sca t te r ing is of this s t ruc tu re : 
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the nuclear phase shift to the Coulomb phase shift. Although that is 
all r ight in the nonrela t iv is t ic c a se , it is not all r ight in the r e l a t i -
v is t ic one, as one sees by looking at the components that have been 
e l iminated. 

If you look at the spin orbit in teract ion you find the situation 
is much accentuated. A typical t e r m is of the kind ^ \y ^ _ £ 

I mean that the sum of all of the t e r m s , say for the in teract ion, 
can be approximated in this fashion. You find in this case that the 
f irs t couple of pa r t i a l waves a re of the o rde r of magnitude of the whole . 
Therefore , in the t rea tment of np sca t t e r ing at sma l l angles , the m a g ­
netic effects become important ; the s ame holds in the t rea tment of pp 
sca t t e r ing in the region of the Coulomb in te r fe rence . 

I think one s imply does not know the magnitude of the r e l a t i -
vis t ic c o r r e c t i o n s . They have to be ascer ta ined by a m o r e detailed 
calculation with a pa r t i cu la r model . 

MOON: Small angle proton sca t te r ing at 970 Mev 

I want to r epor t on some work on sma l l angle sca t t e r ing of 
protons at about 970 Mev on carbon, done by Goldsack, Lock, and 
Batty at Birmingham with nuclear plate t r ack counting as the o b s e r ­
vational technique. 

In F ig . 33 
you see the e x p e r i ­
menta l s e t - u p . In 
the fringing field 
of the machine 
you have some 
p ieces of i ron in 
a pa r t i cu la r con­
figuration sug­
gested to us by 

By way of background it Ts worth saying that if one has a 
beam of protons which may be polar ized and puts in a ta rget (in 
this case a ta rge t of carbon) , and behind, at a reasonable dis tance, 
p laces a nuclear emulsion plate and looks for t r acks at a cer ta in 
region in the p la te , then one can identify those t r acks which come, 
or appear to have 
come, from the 
sca t t e r ing . 
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Richard Wilson (from Harva rd ) . This helps to counteract the r a t h e r 
odd shape of the fringing field and enables you to get a well focussed 
para l le l and homogeneous beam through the shielding. As it gets to 
the target the beam is something like 4 cen t imete r s high and 2 cen t i ­
m e t e r s wide. The p la tes a r e put in about a m e t e r behind. One scans 
t r a c k s , picking out those t r a c k s that occur at a cer ta in place in the 
plate and seem to have come from the s c a t t e r e r . 

F ig . 34 shows the resu l t s , 
obtained at quite smal l ang les . 
The angular resolut ion is 
about 1/2°. The points that 
one rea l ly wants to look at 
a re those with the c i r c l e s on 
them. They a r e compared 
with the sum of two inten­
s i t i e s , namely the diffrac­
tion intensity as calculated 
by the black disc method 
(with the exper imenta l 
value for the total dif­
fraction c r o s s sect ion) 
and super imposed on that , 
the Coulomb sca t t e r i ng . 
The la t te r is calculated 
with the re la t iv i s t i c f o r m ­
ula, r e m e m b e r i n g that the 
protons go through the 
nucleus so that one has 
to make a cor rec t ion for 
the charge d is t r ibut ion . 
This is not ve ry l a r g e . 

F i g . 34 

The point that is worth making, I think, is that the exper imenta l 
r e su l t s agree to lerably well with the sum of the intensi t ies of the 
nuclear and the Coulomb sca t t e r ing . They would cer ta in ly not 
agree with des t ruct ive in ter ference and probably not with cons t ruc ­
tive in te r fe rence . So, as far as the evidence goes , the two things 
look to be p rac t ica l ly 90° out of phase , which is what G . E . Brown 
told us they should be . I think Dr. Bethe would be inclined to agree 
with t h i s . 
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DISCUSSION 

PEIERLS: I would just like to comment that ' the theore t ica l 
curves shown with these p r e l i m i n a r y r e s u l t s , both as r e g a r d s c r o s s 
sect ion and polar izat ion, were obtained by Brown following arguments 
ex t remely like those that Bethe has repor ted e a r l i e r . The way they 
a r e fitted is essen t ia l ly using a cent ra l potential which is pure ly i m ­
aginary, pure ly absorp t ive . This of course goes exactly in the s ame 
direct ion as the data that Bethe gave before, only m o r e s o . We could 
not, at this s tage , exclude a smal l r e a l p a r t . The accuracy of the 
data does not allow a ve ry p r e c i s e fit . The spin orbit potential de t e r ­
mined from considerat ions consistent with Bethe ' s has the obvious 
rad ia l dependence and is pure ly r e a l . Now this i s l e s s obvious, that 
it should be pure ly r ea l ; but the data s eem to indicate that it must at 
least be ve ry la rgely r e a l . 

BETHE: It s e e m s to go on pre t ty much the s a m e way at 1000 
Mev as at 300 Mev. 

COOL: Pion in teract ions with nuclei at 1 Bev 

These r e m a r k s a r e actually for about the s ame energy but 
for different p a r t i c l e s , because what I 'm repor t ing is some p r e ­
l iminary survey work on the in teract ion of pions in the range around 
1 Bev in in teract ion with complex nucle i . This i s work by Cronin, 
Abashian and myself . 

The su rvey we made included the following absorption c ro s s 
sec t ions : (1) in var ious nuclei from Be to Pb at 0. 97 Bev, (2) in C 
at 0 .6, 0.8 and 1.4 Bev, and (3) in Al, Ca, and P b at 1.5 Bev/c 
momentum for both IT and p ro tons . Diffraction c r o s s sect ions were 
also obtained (1) in Be, C, Al, and Ca at 0.97 Bev and (2) in C at 0 .6, 
0 .8 , and 1.4 Bev. 

In the case of pions, for which both the r e a l and imaginary 
p a r t s of the forward sca t te r ing amplitude a r e known, the data can 
be d i rec t ly compared to predict ions of the optical model . Such com­
pa r i sons have been made both for tapered F e r m i type nucléon d i s ­
t r ibut ion of the form requi red by e lect ron sca t t e r ing data and for a 
uniform (square-wel l ) distr ibution of radius R - Jl0 A1/3 . Fo r 
the F e r m i dis tr ibut ion, the assumption has beem made that the fal l-
off dis tance is the s a m e for the nuclear potential as for the proton 
dis t r ibut ion. 
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F i g . 35 

The absorption c r o s s sect ions in the light e lements a re not 
ve ry sensi t ive to the value of the r a d i u s . As a r e su l t , they lead to 
an exper imenta l value of <F 3 * ^ 3 y y ^ b . in nuc lear 
ma t t e r at 0.97 Bev, to be compared to that derived from the e lemen­
t a ry pion-nucleon c r o s s sect ions of 33 m b . 

Small co r rec t ions for the Paul i exclusion pr inciple and the 
direct absorption of pions by nuclei do not a l t e r the conclusions 
above. They a r e , however , of the proper direct ion and magnitude 
to remove a sma l l d i screpancy between the predic ted and measu red 
pion and proton c r o s s sect ions for Al and Ca. 

The m e a s u r e d diffraction c r o s s sect ions appear to be 20%-
30% l a r g e r than those predic ted by the optical model and the d i s ­
pers ion r e l a t i ons . The si tuation is shown in F i g . 36. The value of 
k^/K obtained from the e lementa ry pion-nucleon c ro s s sect ions and 

All of the 
absorption data a re in 
excellent agreement 
for a F e r m i d i s t r i ­
bution with a single 
rad ia l p a r a m e t e r 
C ~ (i. K ± 0.0+) A l / 3x lol3<yrK. 

The resul t i s shown 
in F ig . 35. This 
value is to be con­
t r a s t ed with the value 
of C- AQ? / \ , / ; ? X / C T / 3 W T V . 

obtained from the high 
energy electron 
sca t te r ing data of the 
Stanford group, which 
is 6% smal le r than 
that from the pion 
data. The data a r e , 
however, consistent 
with the same value 
as that obtained from 
the e lec t romagnet ic 
data if the range of the 
pion-nucleon force is taken to be 1 x 10" i c 5 cm. This range is about 
equal to that found from pion-nucleon sca t te r ing m e a s u r e m e n t s . A 
uniform distr ibution with R N r^ 

. 1 / 3 
is not consistent with the d a t a . 
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F ig . 36 

LOFGREN: Pro ton-pro ton sca t t e r ing 

A pp sca t te r ing experiment has been c a r r i e d out at the 
bevatron by Cork, Wenzel and Causey . It was done with an in terna l 
beam and an in te rna l t a rge t and a pa i r of coincidence counters set 
at the appropr ia te angle to define the e las t ic event . They measu red 
the differential c r o s s sect ions of pp reac t ions at 8 different angles 
and 3 different e n e r g i e s . The total e las t ic c r o s s sect ions obtained 
from integrat ing these data a re as follows: 

R. W. Will iams has asked me to point out that he hag a 
cosmic r a y point at an energy of about 50 Bev that is a mixed np 
and pp c r o s s sect ion and is ine las t i c . It was determined by examin­
ing the meson production by 50 Bev cosmic r a y nucléons on F e . 

the d ispers ion 
theory is k^ /K ~ 
0.05, while that 
r equ i red by the 
data is k^ /K ~ 
0.4 ± 0.15. 
Thus, although 
the e r r o r s a r e 
l a r g e , the re 
is an indication 
that the r e a l 
potential is 
s e v e r a l t imes 
l a rge r than 
that p red ic ted . 
Fur the r and 
m o r e accura te 
m e a s u r e m e n t s 
will be requi red 
to verify this 
conclusion. 



Ill - 44 

The resu l t s a re 
reviewed in 
F ig . 37. 

F ig . 38 
shows the new 
bevatron points 
in comparison 
with o t h e r s . 

The 
e r r o r s indicated 
on the new points 
a re the s ta t i s t ica l 
and the other random 
e r r o r s . In addition, 
the re is an approxi ­
mately 15% e r r o r in 
the absolute value, the 
chief contribution to 
which is some un­
cer ta inty in the c a l ­
ibrat ion of the 1 total 
beam cu r r en t . 

F ig . 37 

F ig . 38 
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APPENDIX 

BETHE: Note on select ion of phase shif ts . 

At the t ime of the Rochester Conference, I believed that 
Stapp f s solution 6 gave a spin-orbi t sca t te r ing of l ess than 10 à 9 one-
third of the observed va lue . This was due to the assumption that the 
T ~ 0 phase shifts which were then not available would behave the 
same way as the T ~ 1 phase shifts of Stapp. In May 1957, Gammel 
and Thaler analyzed the neut ron-proton sca t te r ing in phase shifts 
and showed that the T = 0 phase shifts tend to compensate any 
differences which may exist in the polar izat ion predic ted from the 
T ~ 1 phase shif ts . Moreover , there was a numer ica l e r r o r in my 
older calculations for solution 6, T — 1. My conclusion in Apri l 
that solution 6 could be ruled out, and the corresponding conclusion 
for the Feshbach-Lomon phase shifts, was therefore e r r o n e o u s . 


