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The isobar model of pion production has de-
veloped from the work of Watson, ' Peaslee, '
Lindenbaum and Sternheimer, 3 and Mandelstam, ~

and has been supported by experimental work in
both nucleon-nucleon' ' and pion-proton'&" col-
lisions. In this model it has been assumed that
the process of meson production proceeds through
two stages, first the production of an isobar (a
nucleon in an excited state) and secondly the de-
cay of the isobar to a normal nucleon and a z
meson. Calculations have been mades on the ba-
sis of this model by assuming that the probability
for producing an isobar of given mass can be re-
lated to the variation of cross section with en-
ergy for the (3/2, 3/2) resonant state of the r; P-
system. Because of the finite width of this reso-
nance there is a distribution of possible values
of the isobar mass with a maximum probability
at 1.23 Bev, given by the resonant pion kinetic
energy of 195 Mev, and leading in P-P collisions
to a corresponding maximum in the energy spec-
trum of the protons recoiling in the production

process. Experimentally this peak should be
superimposed upon a fairly smooth distribution
of energies representing decays of the isobar by
the proton mode and should contain 3/14 of all
the protons observed.

Vfe have investigated the validity of the isobar
model by observing the momentum spectrum of
inelastically scattered protons from P -P colli-
sions with the arrangement shown in Fig. 1. The
external proton beam from the Cosmotron was
focussed at the center of a 15-in. long liquid hy-
drogen target. The momentum spectrum of pro-
tons emerging at 4.8' to the incident beam was
determined using an analyzing magnet and a
counter telescope, giving a momentum resolution
of +8.4@. It was unnecessary to discriminate
against pions since these were kinematically ex-
cluded from the momentum region of interest.
The incident proton beam was monitored by a
thin argon-filled ionization chamber which was
placed in front of the target.

Incident proton energies of 1.04, 1.20, 1.35,
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FIG. 1. Experimental arrangement.
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FIG. 2. Center-of-mass energy spectra of inelastic-
ally scattered protons from P-P collisions at (a) l.20,
(b) 1.60, and (c) 2. 04 Bev. Curves' fit the experi-
mental points, curves B are spectra expected for sin-
g'.e meson production from the isobar model, curve C
is the three-body phase space factor, and curve D is
the predicted spectrum from the isobar model for
one- and two-meson production in the ratio of their
observed production cross sections. The center-of-
mass angle of observation is shown above each section.

1.60, 1.74, and 2.04 Bev were used. The spectra
of inelastically scattered protons, transformed
into the center-of-mass system for three of these
energies, are shown in Fig. 2. At the first two
energies mentioned above, the elastically scat-
tered protons were within the momentum range
of the spectrometer but these are not shown in
the figure. The statistical error in the number
of counts was less than +1% over most of the mo-
mentum range covered; the errors shown repre-
sent an estimate of beam monitor fluctuations.
The background counting rate, obtained from an
empty target, was almost constant except at
momenta close to that of the elastically scattered
protons and equal to about IV'%%d%%d of the counting
rate obtained from a full target in the region of
the maximum in the inelastic scattering.

The theoretical curves 8 and D in Fig. 2(a) and
2(b) were calculated by Sternheimer" assuming
an isotropic distribution for the production and
decay of the isobar but without folding in the ex-

yerimental resolution. The agreement between
the experimental curve A and the calculated
curve 8 at 1.20 Bev [Fig. 2(a) ] is sufficiently
good to give strong support to the isobar model.
There is no agreement with the distribution pre-
dicted on a statistical basis (curve C). The peak
in curve B indicates an isobar mass of 1.19 Bev
which, when compared with the value 1.23 Bev
obtained from w-p scattering data, is a bit out-
side our estimated experimental uncertainty.
Similar shifts are observed at 1.04, 1.35, and
1.60 Bev incident energies, giving masses of
1.19, 1.18, and 1.21 Bev, respectively.

At 1.6 Bev [Fig. 2(b)] the experimental spec-
trum A. agrees well with the theoretical curve 8,
calculated for single meson production only,
which is surprising because the known ratio for
double to single meson production is 0.5+ 0.3 at
this energy' so that protons from the double pro-
duction process should add to the spectrum to
give curve D. This discrepancy seems to imply
a radical difference in the angular distributions
of the two processes so that the single production
recoils predominate at smaller angles. It is
possible that the introduction of appropriate an-
gular distributions into the theory would account
for some of the disagreement shown in Fig. 2(a),
but probably would not explain the shift in the
peak.

In addition to the 2/2, 2/2 resonance so clearly
evident in our data, previous work on pion photo-
production ~

' and pion-nUcleon scattering'5~ 6

has indicated the existence of additional reso-
nances. The first two belong to the T =1/2 sys-
tem and correspond to total masses of 1.52 and
1.6V Bev. If these new states are interpreted as
isobars they should be formed in p-p collisions;
in fact the Clebsch-Gordan coefficients for the
production of "recoil" protons together with
T = 1/2 isobars give them a statistical weight re-
lative to "decay" protons of 3, as compared with
2/11 for the T = 3/2 isobar case.

The expected positions of peaks in the proton
spectrum for an incident energy 2.04 Bev are
shown by arrows in Fig. 2(c), which gives the
experimental results at this energy. There is no
evidence for production of these isobars, either
at this or at the lower energies investigated.

It is proposed to observe these spectra at sev-
eral more angles and higher incident energies in
order to investigate the angular distribution of
the isobar production and to continue searching
for the formation of higher mass isobars.

We wish to thank the Cosmotron Staff for their



VOLUME 4) NUMBER 12 JUN@ 15, 1960

assistance in this experiment and Dr. R. M.
Sternheimer for helpful discussions.

Work supported by the U. S. Atomic Energy Com-
mission.

~Now at Argonne National Laboratory, Argonne,
Illinois.

&Present address: Brookhaven National Laboratory,
Upton, New York.

K. M. Watson, Phys. Rev. 88, 1168 (1959).
D. C. Peaslee, Phys. Rev. 94, 1085 (1954); 95,

1580 (1954).
38. J. Ljndenbaum and R. M. Sternheimer, Phys.

Rev. 105, 1874 (1957).
48. Mandelstam, Proc. Boy. Soc. (London) 244A,

491 (1958).
~W. B. Fowler, B. P. Shutt, A. M. Thorndike, and

W. L. Whittemore, Phys. Rev. 95, 1026 (1954).
8L. C. L. Yuan and 8. J. Lindenbaum, Phys. Bev.

93, 1431 (1954) and 103, 404 (1956).
~R. Cester, T. F. Hoang, and A. Kernan, Phys.

Rev. 103, 1443 (1954).
W. B. Fowler, B. P. Shutt, A. M. Thorndike,

W. L. Whittemore, V. T. Cocconi, E. Hart, M. M.
Block, E. M. Harth, Z. C. Fowler, J. D. Garrison,
and T. %. Morris, Phys. Rev. 103, 1489 (1956).

SA. P. Batson, B. B. Culwick, J. G. Hill, and L.
Riddiford, Proc. Roy. Soc. (London) 251A, 218 {1959).

V. Alles-Borelli, 8. Bergia, E. Perez Ferreira,
and P. Waloschek, Nuovo cimento 14, 211 (1959).

~~I. Derado and N. Schmitz, Phys. Rev. 118, 309
(1960).

~2B. M. Sternheimer (private communication).
~~M. Heinberg, W. M. McClelland, F. Turkot, W. M.

Woodward, R. B. Wilson, and D. M. Zipoy, Phys.
Bev. 110, 1211 (1958); J. W. DeWire, H. E. Jackson,
and B. Littauer, Phys. Bev. 110, 1208 (1958); P. C.
Stein and K. C. Rogers, Phys. Rev. 110, 1909 (1958).

F. P. Dixon and B. L. Walker, Phys. Bev. Letters
1, 142, 458 (1958); J. I. Vette, Phys. Rev. 111, 622
(1958).

~sH. C. Burrowes, D. O. Caldwell, D. H. Frisch,
D. A. Hill, D. M. Bitson, R. A. Schluter, and M. A.
Wahlig, Phys. Bev. Letters 2, 119 (1959).

~~J. C. Brisson, J. Detoef, P. Falk-Vairant, L. Van
Bossum, G. Valladas, and L. C. L. Yuan, Phys. Rev.
Letters 3, 561 (1959).

NEUTRINOS EMITTED IN P DECAY AND p CAPTURE

S. P. Rosen
Midwestern Universities Research Association, Madison, Wisconsin

(Received May 16, 1960)

Lee and Yang have recently drawn attention to
the possibility that the neutrinos v„v„emitted
in p capture and P+ decay, respectively,

P +P lz+ vg)

(A, Z) - (A, Z - I) + e + v„
may not be identical particles. ' Indeed, if the
absence of the photodecay p. -e+y is to be rec-
onciled with the intermediate vector boson
theory' of weak interactions, then it must be
assumed that:

(a) the helicity of v, is the same as the helicity
of v„'

(b) v, and v, must differ in some internal co-
ordinate which may, perhaps, be the analog for
leptons of the "strangeness" of hyperons and
iC mesons.

After the discussion by Lee and Yang had ap-
peared, it was reported that an attempt to meas-
ure the helicity of the p. emitted in z decay
had yielded no definite result. ' Therefore, since
the helicity of v, is still an open question„ it is
of some interest to examine the consequences of
an assumption alternative to (a), namely:

(a') v, and v, are created with opposite helicities
in p, capture and P+ decay, respectively.

Let us suppose that the coupling of leptons to
bare nucleons is V-A, both for P decay and p,

capture. ' Since the helicity of v, in (I) is nega-
tive, ' the interaction Hamiltonian is

& =(0 r„(sy+sAr5)4„)[(0„r (I*rs)C )

+(O,r„(I+r5)4 )]+H.c., (2)

where the positive sign corresponds to assump-
tion (a) and the negative to (a'). Pron; the con-
servation of spin and momentum in z decay„

+p&r ~8 +V2

(for clarity we shall only consider the m ), it
fol'ows that X implies the same branching ratio
of the (w -e) mode to the (m - p, ) mode as does
X; this theoretical ratio is in agreement with
the experimental value.

Consider now the z - p. - e chain: the only
established experimental facts are':


