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ordinate system for the 100-kev and 50-kev (un-
polarized molecular ions) particles are negligible
when compared with the resolving power of the
neutron detectors.

The current of the polarized beam can be cal-
culated from a knowledge of counting rates, total
ion current, partial pressure of deuterium ad-
mitted for the unpolarized ions, and the geometry
of the electron gun. The current so calculated
is 0.01 p, a. Typical neutron counting rates are
as follows: atomic beam ionized, 700 min ';
residual gas ionized with normal gas admission
but no atomic beam, 170 min '; residual gas
ionized without gas admission, 130 min ', no
ionization but accelerating voltage present, 50
min '.

Investigations of the residual gas ions show
the source in its present form is unsuitable for
the generation of polarized protons, since about
5 times as many protons originate in the residual
gas as in the atomic beam. This is attributed for
the most part to the use of rubber seals and oil
diffusion pumps; furthermore, no special care
has been taken to reduce the residual gas pres-
sure.

~A detailed description of the source with an exten-
sive bibliography will soon appear in Helvetica Physica
Acta.

2A. Galonsky, H. B. Willard, and T. A. Welton,
Phys. Rev. Letters 2, 349 (1959).
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The total m -p cross section shows two well-
defined peaks, one at 600 Mev and one at 890
Mev (laboratory- system kinetic energy). ' Peierls'
has assigned D~ and E„„respectively, for the
orbital and total angular momentum states based
on the photoproduction angular distributions' and
polarizations of the recoil protons. 4 Landovitz
and Marshall' suggest that I'~ and D~, or D~
assignments are also consistent with the data.
Previous m -p elastic scattering experiments
have been made at 425,6 460,7 600,~ 770,~ 810,8

925, and 950 Mev. These experiments have not
led to any definite conclusions, partly because of
large energy spreads and low statistics.

This experiment was conceived to try to estab-
lish the angular momentum at the peaks from
elastic scattering on hydrogen. Negative pions
at 610+20, 655 + 20, and 750+ 20 Mev were
passed through a 30-inch propane bubble cham-
ber operated in a 13-kgauss field. " The pions
were focused, deflected, and collimated to give
a momentum spread of a 1.5%. The energy
spread quoted above comes from energy loss in
the chamber. The mean beam momentum was
checked by wire orbiting, by measuring the cur-
vature of beam tracks in the bubble chamber,
and from kinematics of elastic scattering events
with stopping protons. All three methods gave
consistent results. Twenty percent of the film

was scanned twice. All events were measured
on digitized microscopes (most of them on a
"Franckenstein") and the data reduced on an IBM
650. A kinematics program gave the events a X'
test for elasticity using conf iguration- dependent
errors. Good agreement with the expected X'

distribution was found. About 40% of the meas-
ured events were elastic.

Tracks entering the scanning region were
counted in 4% of the pictures. Corrections were
made based on calculated muon contaminations
(11.5%) and measured electron contaminations
(about 3%), and for interactions reducing track
length. The resulting track lengths were checked
by counting interactions and checking with the
w -p ' and m -C "total cross sections.

The numbers of elastic scattering events found
were 539, 1159, and 1008 at 610, 655, and 750
Mev, respectively. Analysis of about 20% more
events is still in process, and corrections were
made for these assuming they were randomly
distributed. Corrections were made for scanning
efficiency and azimuthal bias, but not as a func-
tion of scattering angle. A correction was made
for carbon contamination (about 7%) by using the
behavior of the nonelastic tail of the observed y'
distribution. For the total elastic scattering
cross sections, corrections for small-angle
scattering events which were missed were made
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agreed within errors with each other. The 19-
point fits are given in Table I. The values of y'
reached plateaus at the powers of cosine shown.
In all cases the coefficient of the next higher
power of cosine was zero within the errors. The
errors quoted have the normalization errors
folded back in.
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FIG. 2. The elastic scattering angular distributions
are given as a function of the cosine of the angle in the
center-of-momentum system. The crosses are the
predicted forward scattering cross sections.

FIG. 1. The total elastic scattering cross section is
given as a function of the pion kinetic energy (labora-
tory system). The crosses show suggested changes in
the elastic scattering data based on the latest total
cross-section data. (a) Reference 6; (b) reference 7;
(c) reference 8; (d) reference 10.

by extrapolating the angular distributions to 0
deg. The resulting total elastic scattering cross
sections are 16.6+2.2 mb, 16.1+1.6 mb, and
14.4+1.3 mb, at 610, 655, and 750 Mev, respect-
ively. The errors in the cross sections are
thought to be about standard deviations, and are
not strongly correlated from one energy to an-
other. These results are compared with the re-
sults of other workers in Fig. 1. If the latest
total cross sections' are valid, then the results
at 810 and 950 Mev should possibly be scaled to
where the crosses indicate. Within the errors
shown, almost any energy dependence from one
with peaks at 600 and 890 Mev to one which in-
creases linearly may be concluded.

The angular distributions are shown in Fig. 2.
The crosses indicate the expected forward scat-
tering calculated from the optical theorem and
dispersion relations. " The extrapolations of the
observed angular distributions to 0 deg are com-
patible with these points if the cross sections are
rising at small angles as a diffraction pattern
with reasonable values of the radius. Fits of
cosine power series were made to the data. In
each case the intervals 0.9 ~cos8 «1.0 were not
considered, and only statistical errors were
used, since other errors affect only the over-all
normalization. Fits were made with the data
divided into intervals of 4(cosa ) = 0.05 (38 points)
and b, (costI~) =0.10 (19 points). The two fits
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Table I. Coefficients of the various powers of cos8 (in mb/sr) for the 19-point fits. The highest power and the
value of X2 for the fit are given. There were (18-+) degrees of freedom.

Energy
(Mev) X a, a4 as

610

655

750

10.6

16.3

0.23 + 0. 04 1.73 + 0.28 3.78+ 0.61 0.27+ 0.44 -1.23+ 0.69

0.25 + 0. 04 1.56 + 0.20 4.38+ 0.50 0.17 + 0.32 -2.54 + 0.53

0.25+ 0. 04 0. 81 + 0.20 2.49 + 0.48 -3.24 + 1.02 0.52 + 0.69 5. 81 +1.22

The fact that a, and a4 were found to be larger
at 655 Mev than at 610 Mev should not be taken
too seriously. It is assumed for what follows
that a, is really at a maximum at 600 Mev. If the
peaks in the cross section are resonances —that
is, the real part of the phase shift goes through
90 deg-then the size of o I compared to —,'m(2 J
+ 1) x'

~

e't5-1 (' makes it likely that the first peak
has J (3/2 and the second J ( 5/2. That the co-
efficient a, goes through a maximum at 600 Mev
implies that the angular momentum state there
is J'=3/2. The decrease in a, and a, and the in-
crease in a4 and a, all imply that the next peak
should have J= 5/2. If it is assumed that both re-
sonances go through +90 deg and that there is a
reasonable energy dependence of the phase shifts,
then even relative parity for the two resonances
would lead to interference terms that would give
negative contributions to a, and positive to a4
around 600 Mev. It does not seem easy to recon-
cile such contributions with the observed coeffi-
cients. It would be difficult to explain a2 and a4
if one resonance goes through +90 deg and the
other through -90 deg. Therefore it is most
reasonable to assign odd relative parity to the
resonances: I'» and D&„or D~ and I'&,. Thus
the same possible angular momentum assign-
ments are arrived at independently of the photo-
production data.

Several nonresonating states are needed to ex-
plain the observed angular distributions. Plau-
sible sets of such other states have been con-
structed. The problem is underdetermined by
the data at hand, since the phase shifts are com-
plex. If some of these other states could be de-
termined by other means, then the ambiguity of
the orbital momentum of the resonances could
possibly be eliminated. Because the nonresonant
states are responsible for the negative value of
a4 around 600 Mev, its minimum is probably due
to "accidental" cancellations. If the real part of
the phase shift of the J = 3/2 wave is 90 deg at

600 Mev, then the phase must have a large im-
aginary part. This conclusion is necessary to
account for the observed amount of inelastic
scattering when it is kept in mind that there must
be some nonresonant elastic scattering. Strong
absorption is in keeping with Peierls' conjecture2
as to the cause of this peak. It should be em-
phasized that this experiment does not prove that
the peaks are true resonances. However, it
would be more difficult to account for the data
without that hypothesis.

Isospin has been ignored in this qualitative
analysis. One difficulty with this analysis is that
a, and a, seem to be changing faster than general
considerations would indicate likely. Part of the
apparent sudden change may be due to a lack of
sensitivity to the fifth and sixth powers of cosine
at the lower energies. The supposition of insen-
sitivity is compatible with the results of Goodwin
et al. ,

' who find a best fit with a sixth-degree
polynomial at 425 Mev.

The support of Dr. Wilson Powell is gratefully
acknowledged. Dr. Oreste Piccioni, Dr. William
Fowler, and Dr. Robert Birge helped immensely
with the early stages of this experiment. We
would like to thank Dr. Edward Lofgren and the
Bevatron crew for their help and skill in beam
sharing, and Larry Oswald and the bubble cham-
ber crew for chamber operations. Jack Hohen-
stein did much of the scanning and has been in-
dispensible in helping to compile the data. Edith
Goodwin and Herbert Holden also helped with the
scanning. Howard White and his staff are thanked
for the data reduction. The author has consulted
frequently with Peter Newcomb.

*Work performed under auspices of the U. S. Atomic
Energy Commission.

J. C. Brisson, J. Detoef, P. Falk-Vairant, L. van
Rossum, G. Valladas, and L. C. L. Yuan, Phys. Rev.
Letters 3, 561 (1959); T. J. Devlin, B. C. Barish,
W. ¹ Bess, V. Perez-Mendez, and J. Solomon, Phys.

158



VOLUME 5, NUMBER PHYSICAL RKVI KW LET YKRS AUGUST 15, 1960

Rev. Letters 4, 242 (1960).
Ronald F. Peierls, Phys. Rev. Letters 1, 174

(1958); Phys. Rev. 118, 325 (1960).
3J. W. DeWire, H. E. Jackson, and R. Littauer,

Phys. Rev. 110, 1208 (1958); P. C. Stein and K. C.
Rogers, Phys. Rev. 110, 1209 (1958); M. Heinberg,
W. M. McClelland, F. Turkot, %. M. %oodward,
R. R. Wilson, and D. M. Zipoy, Phys. Rev. 110, 1211
(1958); J. I. Vette, Phys. Rev. 111, 622 (1958); H. H.
Bingham and A. B. Clegg, Phys. Rev. 112, 2053
(1958); F. P. Dixon and R. L. Walker, Phys. Rev.
Letters 1, 142 (1958); F. P. Dixon and R. L. Walker,
Phys. Rev. Letters 1, 458 (1958); K. Berkelman and

J. A. Waggoner, Phys. Rev. 117, 1364 (1960).
4P. C. Stein, Phys. Rev. Letters 2, 473 (1959).
L. F. Landovitz and L. Marshall, Phys. Rev.

Letters 3, 190 (1959).

8L. K. Goodwin, R. %. Kenney, and V. Perez-
Mendez, Phys. Rev. Letters 3, 522 (1959).

TR. R. Crittenden, J. H. Scandrett, %. D. Shep-
hard, W. D. %alker, and J. Ballam, Phys. Rev.
Letters 2, 121 (1959).

Lee Baggett, Jr., M. S. thesis, University of Cali-
fornia Radiation Laboratory Report UCRL-8302, May,
1958 (unpublished) .

9B. T. Feld, B. Maglic, and C. A. Diffey, Bull.
Am. Phys. Soc. 4, 447 (1959).

~OA. R. Erwin, Jr. , and J. K. Kopp, Phys. Rev.
109, 1364 (1958).

%. M. Powell, %. B. Fowler, and L. O. Oswald,
Rev. Sci. Instr. 29, 874 (1958).

2J. W. Cronin, R. Cool, and A. Abashian, Phys.
Rev. 107, 1121 (1957).

3James%. Cronin, Phys. Rev. 118, 824 (1960).

SENSITIVITY OF LOW-ENERGY PION-NUCLEON SCATTERING TO A PION-PION RESONANCE

S. C. Frautschi
Department of Physics, University of California, Berkeley, California

(Received July 26, 1960)

Recently attention has been called to the possi-
bility of explaining nucleon electromagnetic struc-
ture quantitatively by the introduction of a pion-
pion resonance in the T = 1, J= 1 state. ' Such a
resonance should also affect pion-nucleon scat-
tering. General expressions relating pion-
nucleon to m-g scattering within the framework
of double dispersion relations have been devel-
oped, 2y3 and some detailed applications have been
made to low-energy m-N scattering. '&' In partic-
ular, it has been found that the P3/2 3/2 g N reso-
nance is insensitive to 7t-m scattering. '~' How-

ever, the applications made to date have not
been entirely satisfactory because the short-
range m-N interaction is not well understood.

In this Letter we wish to point out that in m-N

scattering the J=1/2, P states are extremely
sensitive to the g-g resonance. The 7t -g con-
tribution to these states near threshold is greater
than the contribution to the P+~3/2 J~3/2 state,

roughly in the ratio'

1/2 1/2 ' 3/2 1/2 ' 1/2 3/2 3/2 3/2

We further wish to argue that the m-g resonance
parameters which fit the nucleon electromag-
netic structure make it difficult to obtain agree-
ment with experiment in several g-N scattering
states. This conclusion is especially strong in
the P„2 ~2 state where, in addition to being large,
the g-g contribution represents an attractive,
long-range interaction which should lead to a
large positive phase shift no matter what form
the unknown short-range interaction may take.

Let us consider the 4=1/2, P-state amplitude,

f~ 1/2 (W)=(q/V) e' sin(),

where W and q are the total energy and the pion
momentum in the center-of-mass system. In
Table I we list the contribution to f at threshold

Table I. Comparison of Chew-Low theory, and Frazer-Fulco x-x resonance contribution, with m-N scattering
experiments for the J=1/2, P amplitudes f [Eq. (I)] at threshold. The experimental numbers are from the 1958
CERN conference.

f~t (T=l/2)P

f~,P(T =3/2)

Chew-Low

-0.14

-0.035

+0.41

-0.21

Total

+0.27

-0.245

Exp.

-0.038 +0.038

-O. 044 +O. OO5

1958 Annual International Conference on High-Enerzp Physics at CERN, edited by B. Ferretti (CERN Scientific
Information Service, Geneva, 1958).
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