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The polarization of the recoil nucleon in pion-nucleon scattering is studied from the point of view of pro­
viding a means of distinguishing among the various angular momentum assignments proposed for the higher 
pion-nucleon resonances. It is shown that polarization in this reaction is just as useful a guide as polarization 
in photoproduction. In particular, a measurement of the polarization at and in the neighborhood of 90° in 
the energy range between the first and third resonances should give a fairly convincing verification of one or 
the other of the prevailing assignments. 

I. INTRODUCTION 

A CONSIDERABLE amount of work has been 
done by now on the angular momentum assign­

ment1-3 of the second and third resonances which appear 
to exist in the pion-nucleon interaction, and various 
schemes have been proposed4-6 to verify such assign­
ments. In this paper we investigate the polarization of 
the recoil nucleon in pion-nucleon scattering from the 
point of view of providing clues to the angular momen­
tum assignment of these higher resonances. It is shown 
that such polarization experiments can give just as re­
liable information in this respect as do the similar 
polarization experiments in pion photoproduction. In 
fact, perhaps the situation in scattering is even more 
favorable because there are fewer states (the considera­
tions are not complicated by the photon multipoles) 
and because the magnitudes of the amplitudes are 
uniquely related to the phase shifts, while in photo­
production only the phases of the amplitudes are 
determined by the phase shifts. 

Before going into details, however, it might be worth 
pointing out that none of these schemes, not excluding 
the present one, provides an unambiguous proof for 
any assignment. It is always possible to also achieve a 
given prediction by a sum of small terms from many 
angular momentum states. The only really unambiguous 
way of verifying an assignment would be a complete 
phase-shift analysis with a unique solution for scatter­
ing, and a corresponding amplitude analysis for photo­
production. As we go to higher and higher energies, 
this becomes increasingly difficult, and in fact one be­
gins to question the usefulness of talking about angular 
momentum states in the first place. The situation is 
further complicated by inelastic channels, making the 
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phases complex. In the absence of a unique way to 
verify assignments, therefore, one has to contend with 
plausibility and consistency arguments such as given 
in this paper. 

II. FORMULAS FOR POLARIZATION 

The derivation of the expressions for the polariza­
tion is straightforward and has been discussed, for S 
and P waves, e.g., by Bethe.7 Using his notation 
(Bethe's e is usually denoted by P), we have 

i > M ( / + - / _ ) / ( / + + / _ ) , (i) 
with 

I±=\f«^iM2=(\f«\2+\M2±2I™f«*fe), (2) 

where fa and /# are the no-spin-flip and spin-flip ampli­
tudes, the latter taken at <p=0. A generalization of the 
argument given in this reference gives immediately for 
fa{l) and fp(l), the contributions to the two amplitudes 
in the I angular momentum state, 

fail) = 1(1+ l)al++lalS]Pl(x), (3) 
and 

er^fp (I) = sin0[>z_- aj+]iY (x). (4) 

Here ai+ and a*_ are the amplitudes in the J=l+% 
and J=l—| states, respectively; Pi(x) is the Zth 
Legendre polynomial, and Pi(x) its derivative with 
respect to x, both being functions of #=cos0, where 6 is 
the scattering angle in the cm. system. Just as in the 
other schemes trying to distinguish between competing 
assignments, we will neglect the inelastic channels 
altogether. 

Since I++I-^a, where a is the unpolarized cross 
section, we have 

ea^TmfSffi, (5) 

so that we will study the behavior of Im/a*//3 for the 
various assignments for the resonances. 

7 H. A. Bethe and F. de Hoffmann, Mesons and Fields (Row, 
Peterson, and Company, Evanston, Illinois, 1955), Vol. II , pp. 
64r-66 and 79-81. The original calculations for the polarization 
were done by E. Fermi, Phys. Rev. 91, 947 (1953), and by S. 
Hayakawa, M. Kawaguchi, and S. Minami, Progr. Theoret. Phys. 
(Kyoto) 11, 332 (1954). 
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We will consider ir~—p elastic scattering, where both 
isotopic spin states are present. The amplitude for this 
process in fact consists of two-thirds T=% contribution 
and one-third T=f contribution. Thus, e.g., denoting 
by aSi(P) the amplitude in the P states with T—% and 
/ = ! , we have the contributions of the S, P, D, and F 
states to fa and fp for the process w~+p —> ir~+p as 
follows : 

fa~lan(S)+\azl(S) 

+ {2Ha w (P)+*f l8 i (P)]+[Ki(P)+W(P)]}* 
+ {3[|fliB(Z>)+*a8B(S)]+2[fai8(Z))+la8B(fl)]} 
X (!*2-!) + {4[f a l7(/0+W(/0] 

+3[iaw(iO+W(/0]}(f «»--**), (6) 
and 

/^-^(sinfl)-1 

= { [ K i ( P ) + W ( P ) ] - [ * a i 8 ( P ) + W ( P ) ] } 
+ {afli8(D)+ia88(D)]-[fai5(JD)+Jfl85(I>)]}3* 
+ {[f^i5(P)+ia35(F)]-[ia17(F)+|a37(P)]} 

X[(15/2)a*-J]. ( 7 ) 

Here the a's are related to the phase shifts by 

<*«(*) = ea«(,)sfo8<,(0. (8) 
We will be interested in those two terms in the re­

sulting expression for sintf-1 Im(fa*fp) that are propor­
tional to 1 and x, respectively. These are given by 

^=Im{Ha11(5)+i«M(5)-ai»(Z>)-ia„(D)-}aii(Z>) 

-<h*W-MF)+<h3(F)+io«(F)]} (9) 

for the absolute term, and 

jB^Im{[tfl18(P)+fa8S(P)+|au(P)+ia31(P) 
-4an(F)-2as7(F)-3au(F)-§a36(Fft* 

+liau(S)+tan(S)-ou(D)-iou(D)-lau(D) 
-ian(D)li*l2a1»(D)+a33(D)-2ali(D)-a3,(D)3} 

(10) 

for the coefficient of the x term. Finally, let us remark 
that 

Imau*aw—$m.bu sin5w sin(5w—5U), (11) 

whose geometrical meaning is illustrated in Fig. 1. 
The absolute value of the expression in Eq. (11) gives 
twice the area of the triangle formed by the two ampli­
tudes, and its sign depends on the sign of dw—8U, 

III. THE HIGHER RESONANCES 

In arguing about the assignments for the higher 
resonances we will encounter three kinds of products 
of the a's. We might have the situation where two a's 
belonging to small phase shifts are multiplied. Their 

contribution will be very small, because both the two 
sides of the triangle and the angle between them will 
be small. The second situation arises when a resonant-
state amplitude is multiplied by a small amplitude. 
This arrangement will have a small contribution, be­
cause one side of the amplitude triangle is small, but 
it will nevertheless be much larger than the first type 
of term, because the other side of the triangle and the 
angle will be large. Finally, the third kind of expression 
will consist of the product of two medium-sized ampli­
tudes, which, if the two phases are in different quad­
rants, gives the largest contribution. We shall consider 
only the largest of such contributions and neglect any 
other types, although, just as in photoproduction, such 
"smaller" terms might alter the quantitative picture 
considerably. 

The arguments distinguishing between the various 
assignments are qualitative and rely on the sign and 
magnitude of e. For instance, Peierls2 has argued that 
in the energy region between the first and second 
resonances the two important phases are 533(P) and 
8iz(D), and they differ by an angle of the order of 90°. 
This resulted in large polarization in the case of photo-
production.4 In our case, assuming the Peierls assign­
ment, the dominant term of A in this region is 

Im{C-ia»*(Z))I-ia,8(P)]} 
= (2/9)Imai8*(Z>)a88(P)> (12) 

which tends to be large in terms of the above classifica­
tion. If, however, the second resonance is in a P state, 
as Wilson1 claimed, then there would be no such "large" 
term in A, since there are no terms consisting of the 
products of two P amplitudes. As far as sign goes, for 
the Peierls assignment, Imai3*(Z))a33(P) would be posi­
tive, and hence, by Eq. (5), e would be positive. 

Similar results for B, as well as for the third reson­
ance, are tabulated in Tables I and II. These tables 
assume that the lower resonance state has a phase 

FIG. 1. Illustration of Imau*aw, whose absolute value is twice the 
area of the triangle denned by the two amplitudes. 
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TABLE I. Sign and magnitude of A and B [defined by Eqs. (9) 
and (10) in the region between the first and second resonances]. 
S = small, L=large. 

Assignment of 
second resonance 

A 
B 

P(M) D(hi) 
S +L 
S S 

TABLE II. Sign and magnitude of A and B [defined by Eqs. (9) 
and (10) in the region between the second and third resonances]. 
S=small, L—large. 

Assignment of 
the second 
and third P( i f ) 
resonances £>(f,f) 

A +L 
B S 

P(M) D(M) D(J,|) 
F(hi) D(H) F(M) 

S S -L 
+L -L S 

shift in the second quadrant while the higher one in the 
first quadrant. The experiment utilizing these tables 
would consist of measuring e at 0=90° (which gives A) 
and also in the neighborhood of this angle (to establish 
the sign and magnitude of B). 

The precise definition of "large" and "small" as 
used in this paper of course depends on the contribu­
tions from the nondominant terms, as well as on the 
detailed relationship between the phases. As an ex­
ample, however, if one assumes that only the aw{P) 
and a\%(D) amplitudes contribute at an energy where 
S33(P) = 135° and 518(Z>) = 45°, then one has 

/a(90°) = -fe-/4(v2/2), 
^(90°) = - ^ - / 4 ( v 2 / 2 ) , (13) 

so that 

|/«|»=2/9, |/,1»=1/18, Im/a*/>=l/9, 

which then gives, by Eqs. (1) and (2), 

Im/«*/> 
e=-

h(W+\h\2) 
-=0.80. 

(14) 

(IS) 
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APPENDIX 

It might also be useful to summarize briefly the 
information that can be obtained from a simple dif­
ferential cross-section measurement, since this is usually 
a part of a polarization experiment anyway. It will be 
evident from such a summary that differential cross 
sections are quite unsuitable for the purpose of dis­
tinguishing among the assignments and that polariza­
tion experiments are in fact necessary. 

If over-all factors are neglected, the differential cross 
section is given by 

Ar/dSHMH-l/fll1, (A.1) 

with fa and f$ given by Eqs. (6) and (7). 
One conceivable scheme for distinguishing among 

assignments would be to measure the shape of the 
angular distribution at the resonant energies. If we 
assume that only the resonant state contributes, then 
the shapes are given by 1 for the S(\) and P(J) states, 
by 3x2+l for the P(f) and #(§) states, by 5# 4 -2 r4- l 
for the Z>(f) and F(f) states, by 175*6-165x4+45#2+9 
for the F(%) and G(J) states, etc. This scheme has the 
following handicaps: 

(a) As a special case of the Minami8 ambiguity, the 
two states with the same / have the same angular 
distribution and total cross section. 

(b) Even the different angular distributions look 
rather similar (see Fig. 2), so that fairly accurate 
measurements of the relative differential cross section 
in the whole angular range would be needed to dis­
tinguish between them. The measurement of absolute 
cross sections, however, can give some information in 
this case about the resonant state. 

(c) The small phase shifts are likely to contribute 
more here than in the case of polarization, because it is 
the cosine of the phase-shift differences that enters 
instead of the sine. 

Another conceivable scheme would be to consider 
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FIG. 2. Shapes of the angular distributions of pion-nucleon scat­
tering in total angular momentum states / = f , f, and J. 

8 S. Minami, Progr. Theoret. Phys. (Kyoto) 11, 213 (1954). 
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the interference terms between neighboring resonances 
at an energy somewhere between the two resonant 
energies. These interference terms would produce odd 
powers of x in the angular distribution if the two reson­
ances have different parities, but only even powers if 
the parities are the same. Thus a measurement of the 
differential cross section at two angles symmetric about 
90° could give some information. This scheme, however, 
is not very promising either, since if the two resonant-

I. INTRODUCTION 

THIS paper describes the results of a selective 
study of cross sections for the production of some 

isotopes in the bombardment of carbon, nitrogen, 
oxygen, and iron by protons of energy between 225 
and 730 Mev. The targets and the isotopes have been 
chosen with the aim of evaluating the data on cosmic-
ray-produced isotopes in the atmosphere and in iron 
meteorites. 

The natural rate of production of tritium in the 
atmosphere by cosmic rays have been calculated by 
Currie et al.1 and Fireman and Rowland2 using the 
formation cross sections of tritium in nitrogen and 
oxygen by protons of energy, Z£^450 Mev. However, 
substantial isotope production in the atmosphere occurs 
due to nucleons of lower energy (Lai et al.3) and it 
becomes essential to know the cross sections at lower 
energies. Similarly, in the case of the isotope Be7, the 
only measurements in nitrogen and oxygen are those 

* On leave from the Tata Institute of Fundamental Research, 
Bombay. 
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state amplitudes differ in phase by an amount of the 
order of 90°, as it is conjectured, then these inter­
ference terms are likely to be very small and could be 
easily masked by contributions of the small phases. 

It appears, therefore, that polarization measure­
ments, although more difficult to carry out, provide 
much better information about the assignment of the 
resonances than do the simple differential cross-section 
experiments. 

by Benioff4 at a proton energy of 5.7 Bev. We have 
studied the cross sections for the formation of H3 and 
Be7 in bombardments of organic targets containing 
nitrogen and oxygen by protons of energy between 225 
and 730 Mev. The targets were chosen to permit meas­
urements of the average H3 and Be7 cross sections for a 
mixture of nitrogen and oxygen corresponding to that 
of the atmosphere. Elementary cross sections in carbon, 
and in some cases in nitrogen and oxygen, have been 
given. 

In iron bombardments we have studied the cross 
sections for the production of long-lived isotopes, Al26 

and CI36, and short-lived isotopes, Be7, Na22, Cl34m'38'39, 
K42'43, and Mn52'54 at proton energies 500 and 730 Mev. 
These measurements were made in order to interpret 
the results of Shedlovsky et al.5 and of Honda6 in this 
laboratory, who have studied cosmic-ray-produced 
radio-nuclides Be10, Al26, CI36, K40, and Mn53 in some 
iron meteorites. 

The energy range studied was limited by practical 
considerations, but it provides for the present a rea-

4 P. A. BeniofT, Phys. Rev. 104, 1122 (1956); Thesis, University 
of California, Radiation Laboratory Report (unpublished). 

5 J. Shedlovsky, M. Honda, and J. R. Arnold (to be published). 
6 M. Honda, Geochim. et Cosmochim. Acta. 17, 148 (1959). 
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A number of nuclide formation cross sections have been measured, using the Berkeley 184-in. cyclotron, 
to assist in the interpretation of the data on cosmic-ray-produced nuclides in the atmosphere and in iron 
meteorites. 

Cross sections of H3 and Be7 have been measured in bombardments of organic targets containing nitrogen 
and oxygen by protons of energy 225-730 Mev. Semicarbazide (CH5N3O) targets were used to obtain cross 
sections in air nuclei. The targets were prepared by mixing with a few percent of aluminum dust to permit 
reliable monitoring of the beam. Polyethylene, aluminum lactate, and Plexiglas targets provided elementary 
cross sections in carbon and oxygen. 

The cross sections for the production of the long lived isotopes CI36 (3X105 yr) and Al26 (8X105 yr) at 
730 Mev, and of a number of short lived radionuclides at 500 and 730 Mev, in iron bombardment by protons 
have been measured. These data and those of earlier workers suggest some modifications in empirical rela­
tions used for predicting spallation cross sections in the case of nuclides close to stability. 


