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We have undertaken a systematic study of the
interaction of positive K mesons with hydrogen
and deuterium in the energy interval from 0 to
455 Mev. Some preliminary results have already
been reported. ' In this note we present the re-
sults obtained for the elastic and inelastic K+-p
interaction at 455 Mev.

Previous investigations of K+ interactions in
nuclear emulsion and propane' have yielded
measurements of differential and total cross
sections for the process K++p ~K++p in the
energy interval 40 to 300 Mev. The differential
cross section at 225 Mev, as mell as the total
cross sections in the range 175 Mev&EK(8 Bev,
have been measured by counter techniques. '
The features of the K+-p scattering from 80 to
300 Mev are that (a) the total cross section is
approximately 14 mb, varying little, if at all,
with energy; and (b) the angular distribution is
isotr opic.

The Lawrence Radiation Laboratory 15-inch
hydrogen bubble chamber was exposed to a sep-
arated beam of K+ mesons produced by the 6-
Bev circulating protons of the Bevatron (Fig. 1).
The system was designed for a momentum of
645 Mev/c. With adjustment of the magnet pa-
rameters it was possible to obtain the higher
momentum of 810 Mev/c (TK= 455 Mev). A
mass-resolution curve at 810 Mev/c for the
separation system is shown in Fig. 2. The back-
ground of light particles (pions, muons, and elec-
trons) was approximately 10%; the pion compo-
nent is analyzed in more detail below.

The initial sample of events, chosen to satisfy
geometric and incident-momentum criteria, con-
tained both inelastic and elastic K+ interactions
and also a background of m+ interactions. Kine-
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FIG. 1. Layout of the separated K beam. The beam
design was similar to a separated K beam designed
earlier [P. Kberhard, M. Good, and H. K. Ticho,
Rev. Sci. Instr. 31, 1054 (1960)], and is described in
detail in G. Goldhaber, S. Goldhaber, J. Kadyk, T.
Stubbs, D. H. Stork, and H. K. Ticho, Lawrence
Radiation Laboratory Internal Report Bev-483, Febru-
ary 26, 1960 (unpublished). The K beam from the
target (T) is focused by the quadrupole Q& onto slit S&.
The momentum selection is effected by bending magnet
BM&, and the subsequent mass separation by the
crossed electric and magnetic field in spectrometer
Sp&. The second state is essentially a mirror image of
the first. The steering magnet SM was introduced for
additional freedom in the horizontal plane. Choriz and

Cvert are horizontal and vertical collimators, respec-
tively.
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FIG. 2. Mass analysis of particles emerging from
slot S& in Fig. 1. This curve was obtained by setting
spectrometer Sp& to transmit X mesons and varying the
magnetic field in spectrometer Sp2. One thus obtains
a mass analysis of particles leaving slit S&. The final
operating conditions for Sp2 are indicated by the arrow.

matical fitting procedure (with further evidence
from estimates of bubble density of the secon-
dary tracks) provides means of separating the
elastic from inelastic interactions with essen-
tially complete certainty. The pion elastic scat-
terings are distinguishable from K+ elastic scat-
terings for cos8~ m &0.4. To determine the
total number of pion scatterings, we use the n+ p-
angular distribution~ to evaluate the number of
such events in the remaining angular interval 0.4
&cos8vc'm'&0. 96. This number (i.e., 31 events)
is then subtracted from the group consistent with
K+-p elastic scatter ings. The observed number
of @inelastic in'teractions (i.e., 29 events) is in

agreement with the sum of observed and inferred
numbers of m+ elastic interactions. The contami-

nation of pion inelastic scatterings in the sample
of K+-p elastic scatterings is thus negligible. We
accepted only those scatterings with cos8K
& 0.96 in order to preclude any effects of low ef-
ficiency for detecting small-angle scattering. We
find, then, a total of 1330 elastic K+-p scatterings
satisfying the above conditions. The total K+ path
length was determined by three independent meth-
ods:

(a) From K+ decays into three charged secon-
daries (316 decays) and the known branching ra-
tio, bl 0 061 + 0 002 for these decay modes' this
yields a total path length of (3.12 a 0.25) x10' cm.

(b) From K+ decays into one charged secondary
with projected angle 81ab& 27.5 deg. This cutoff
angle was introduced in order to avoid possible
confusion with K+-p scatterings without observa-
ble recoil. The decays included in this sample
correspond to a fraction b, = 0.29 a 0.01 of al.l K+

decays. A total path length of (2.93 + 0.14) x10'
cm is obtained by this method.

(c) From a direct count of tracks passing
through the chamber. After corrections for light-
particle contamination, decays, and interactions,
we obtain a total path length of9 (2.96+ 0.16) x10'
cm. The weighted average of the path lengths ob-
tained by the above three methods is I total = (2.97
a 0.09) x10' cm. Correcting for the scanning ef-
ficiency for elastic scattering, e~ =0.997, and

decays, ed =0.994, and extrapolating the angular
distribution (considered as flat) to cos8c m =1.0,
we obtain the total elastic-scattering cross sec-
tion, at 455+5 Mev, oe1=13.0+0.7 mb. This
cross section contains some Coulomb effects be-
low cos&K ™=0.96, and is to be compared with
the purely nuclear cross sections as deduced from
the phase-shift analyses below. The error in-
cludes the uncertainties in the path-length deter-
minations and statistical error in the number of-

scatterings. For the inelastic K+-p interactions,
discussed below, we obtain a cross section ojnel
=1.0+ 0.2 mb.

The differential cross section plotted in Fig. 3
shows only a small angular dependence. %e ana-
lyzed the data in terms of s- and p-wave scatter-
ing for the elastic and inelastic interaction.

Ne can thus write the differential cross section
as

S'5l 1+ia 2i5ll 2t~ls 2
. „8,2, exp[ iot lnsin'-(8/2)] +q,e ~ -1+ . (q»e ~'+2g»e "-3)cos8

1 -iQ

2$~ll 2$ ~1$ 2 ~

+ lqe "-qe "i sin 8,

189



VOLUME 7, NUMBER 5 PHYSICAL REVIEW LETTERS SEPTEMBER 1, 1961

IS
/

4

C

O

l.4—

I I

f

J3
F I0—

b
0.6—

04—

I ~~l
I

0.8 0.8

—I.O

a, c

i, —0.8
A+

l.o

O

C, S/
/

/ j'
FIG. 3. The K++8 elastic dif-

ferential cross section at 455
Mev. The results correspond
to 1320 scattering events. The
curves are computed from the
various best fit '

phase shifts
as given in Table I. Sets 8
C, and 8+C+ give essentially
identical differential cross-sec-
tion curves. For clarity, only
Set A and Set 8 and C are
shown in the main figure. The
inset shows the small-angle be-
havior of all the phase-shift
solutions .
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and the inelastic cross section as

o. =-z[(1 qi2) + (1 g|i ) +2(1-pi~ )] (2)

Here n =e'/Svrel, 8 is the c.m. scattering an-
gle, Sk the c.m. momentum, and vrel the relative
velocity"; 5„5i„and 5» are the s„„p„„and
p» T = 1 phase shifts, respectively, and 7)„g»,
and g» correspond to the imaginary part of these
phase shifts. For simplicity we have assumed
that the inelastic scattering occurs principally
in one of the three scattering amplitudes. Solu-
tions for the phase shifts were obtained by setting
two of the absorbitive amplitudes g, equal to unity
and obtaining the third one from (2). The solutions
are rather insensitive as to which phase shift was
chosen as complex. In Table I and Fig. 3 we give
the solutions corresponding to gi =0.92+ 0.2 and

nay -nx3- & ~

There are three sets of phase-shift solutions.
Set A: A dominant s-wave solution. The sign

of the s, phase shift can be seen to be most prob-
ably negative in agreement with earlier results
at lower energy. ~'

Set B: A dominant p» solution which is the
Minami ambiguity corresponding to Set A. A
unique determination of the sign of 5gy from our

data is not possible because Coulomb interfer-
ence here occurs at smaller angles than for solu-
tion A.

Set C: A combination of p„, and p~, amplitudes
such as to reproduce near isotropy with an am-
biguity in sign. This is the Fermi-Yang ambigu-
ity corresponding to solution B. If we consider
the evidence for a repulsive (i.e., positive) nu-
clear potential from the emulsion data'&" whose
largest contribution comes from the forward
scattering amplitude in the T =1 state; viz. , P- -Re[0.75f,(0) +0.25f,(0)],we can infer the sign
of the dominant phase shifts. For reasonable
values of f,(0) this would rule out solutions A+,

B, andC.
Isotropy and little variation of the scattering

cross section dominate the K+-p interaction
throughout the energy interval up to 455 Mev.
To ascribe the scattering to predominant re-
pulsive s-wave interaction even at 455 Mev
(Set A ) does imply an anomalously low p-wave
interaction. A p&~ solution (Minami ambiguity)
can clearly fit an isotropic distribution at any
energy. The near constancy of the cross section,
however, over the large energy interval makes
a dominant pz, (Set B) or pz, -p~ mixture (Set C)
solution rather unlikely. At this point we would
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+ aTable I. Phase shifts for K -nucleon scattering at 455 Mev in the T =1 state.

Solution

Phase shifts
(deg) Probability

from a y
2 fit

b
~el
(mb)

A

B+

-47 +1

49 +1

4 ~ 5 +2

— 1.5 +1.5
4.5 +2

— 1.5 +2

0.5 +4.5
— 0.5 +4

45 ~ 5 4]

46.5 +1

14.5 +1.5
-13.5 +1.5

1.5 +2.5

0+2

2.5 +1

6]
-28 +1

29 +1

0.15

0.01

0.92

0.73

0.92

0.73

12.2 +0.4

13.0 +0.4

12.6 +0.5
13.0 +0.5

12.5 60.5
13.0 +0.5

a
The solutions given here are computed for qi ——0.92, q&&

——@~3=—1. If we take g~~ ——0.92 and g& ——
g&3

=—11, for ex-
~pie ~ Solution A becomes 5t -—-45', 5ti ——3.5', 5ia ——1.5'.

This is the nuclear elastic cross section computed from the respective phase shifts leaving out the Coulomb
terms. The errors reflect the errors on the respective phase shifts.

like to emphasize that we have not explored com-
binations of s, p, and d waves, which will, of
course, also reproduce the K+-p scattering proc-
ess. As is well known from the proton-proton in-
teraction, certain combinations of several angu-
lar momentum states can reproduce isotropic
and energy-independent differential cross sec-
tions over appreciable energy intervals.

As can be seen from the inset in Fig. 3, a pre-
cise measurement of the scattering at small an-
gles can distinguish between dominant s and dom-
inant P solutions because of the difference in the
respective Coulomb interference. Similarly, po-
larization measurements of the recoil proton
could determine the presence of a mixture of

p» and p» amplitudes or possibly higher partial
waves. Scattering in the s» and in the pure p»
states, respectively, does not give rise to polar-
ization.

Inelastic interactions of positive K mesons with
single pion production can proceed via three pos-
sible channels. Among the 102 inelastic scatter-
ings recorded in the chamber, we observed ex-
amples of all three modes of pion production.
Table II summarizes the results.

Those examples of Reaction I with subsequent
Kj decay are readily identif iabl e; 2 5 wer e ob-
served. For a Ki branching of 3 into charged
pions, these events should represent -', of all K
mesons produced in Reaction I. If all ambiguous
inelastic scatterings belong to channel I(b), the
observed ratio is consistent with that expected.
In any event it is clear that Reaction I dominates
strongly. It is interesting to note that if the K

Table II. Pion production in K -p collisions.

Channel
Number

of events

(s) K +p~Kt +x +p

+ jl

(b) K +p TCo+x +p

K2 or neutral decay of K&

II K++p-Z++ m'+ p

IG K +p-K +m +n

25

35

Ambiguous- I'(b) or III 10
Total 102

Included in this number are nine events also con-
sistent with m-p inelastic scatterings.

and m mesons were produced in a total isotopic
spin state of T = -'„ the ratio of the rates of Reac-
tions I, II, and IG would be 2:1:0, while produc-
tion of the n' meson and nucleon in the T= ~ state
would yield at ratio 9:2:1. The data are sugges-
tive of a dynamical effect which may be due to
an enhancement in the production in one of these
isotopic spin states.

We wish to thank Professor Luis %. Alvarez
and many members of his group for making the
15-inch bubble chamber and analyzing facilities
available to us. We are very grateful for the
tireless efforts of the bubble chamber crew and
the Bevatron crew as well as our own scanning
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It has become apparent that m -m interactions
are important in m-p collisions in the Bev region.
Several experiments on single-pion production' '
have shown that there is an excess of nucleons at
low laboratory kinetic energies over that which
would be expected on a statistical or isobar theo-
ry. GoebeV has pointed out that such an excess
wouM be indicative of a m-m interaction. Fraser
and Fulco showed that a m-m resonance in an
I=1, J =1 state could explain features of elec-
tron-nucleon scattering, and suggested a reso-
nance at I = 10p, ', wher e m is the total energy of
the two pions in the m-m rest frame, and p, is the
pion rest mass (w =@+2'). Later calculationss
suggested that the resonance. was at so'= 22', 2.

Indications of a m-m resonance in s -p interac-
tions have been obtained in several experi-
ments, ""~»' but the results were limited by low
incident pion energies, or by statistics. With the

higher statistics available in the present work,
strong evidence is obtained for a m-m resonance
in an I=1 state.

As part of a study of s-p interactions, using
the bubble chamber technique, we have meas-
ured 4000 m -p events at 1.25-Bev incident pion
energy. 968 events of the type

1T +p ~7I' +7/' +8~

and 566 of the type

7T +p ~ W +11 +py (2)

have been identified using the GUTS kinematic
fitting program, and ionization density measure-
ments.

Comparison of the pion momentum spectra with
the predictions of the extended isobar model~'
indicate that pion production through isobar for-
mation is not the dominant process at this energy.


