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4A possible background is from the reaction r +P—Z (—A+ p) +K . However, the energy spectrum of
p rays from decaying 8-GeV/c Z 's is flat and ranges
from 5 MeV to 1 GeV. Consequently the missiag mass
from the detected A would range from the X (K~) mass
to ~1.5 GeV. Any background under the peaks will be

subtracted in the fitting procedure.
5We have used a background which is linear in missing

mass squared. Considering the statistics of this ex-
periment, this simple function adequately represents
the background under the K* peaks. We estimate that
our results would change by less than our overall
systematic uncertainty of = 25% by using nonlinear
functional forms.
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The differential cross section for K+p elastic scattering has been measured at several momenta in the

interval 200—600 MeV/c within a hydrogen bubble chamber. The data have been fitted with a

partial-wave analysis. We obtain solutions which are dominated over the entire momentum range by
s-wave scattering, with constructive interference between the nuclear and Coulomb scattering. The
effective-range approximation with only s waves yields a K+p scattering length a = —0.314+ 0.007 F
and an effective range ro ——0.36+ 0.07 F. The measured total inelastic cross section at 588 MeV/c is

11+, pb.

I. INTRODUCTION

Low-energy K'-proton scattering information
serves as an anchor point for the evaluation of K-
nucleon dispersion relations and KYN coupling cori-
stants and for phase-shift analyses that search for
exotic Z* resonances in K-nucleon interactions.
To improve this anchor point beyond the pioneer-
ing efforts of the Berkeley group" more than a
decade ago, we have carried out a new' investiga-
tion of K'P differential cross sections in the mo-
mentum interval 200-600 MeV/c with improved
statistics. Because of a suggestion by Carreras
and Donnachie" that predominantly attractive s-
wave scattering could give a good description of
K'P ela'stic scattering below 2.0 GeV/c, ca,re has
been taken to extend differential cross-section
measurements far into the Coulomb-nuclear inter-
ference region.

The phase-shift solutions obtained using our data
with an energy-independent phase-shift analysis'
with pure s-wave nuclear scattering are satisfac-
tory over the entire momentum interval, in agree-
ment with the earlier results of Goldhaber et al. '
In addition, we find that the K'P strong interaction
interferes constructively with Coulomb scattering
and is therefore repulsive at these momenta. Us-

ing the effective-range approximation to fit the
pure s-wave phase shifts gives the K'p scattering
length a = -0.314 +0.007 F and the effective range
ro =0.36+0.07 F.

We have measured the total inelastic cross sec-
tion at the upper end of the momentum range just
80 MeV/c above threshold.

II. EXPERIMENTAL METHOD

The experiment' was performed in the BNL-Co-
lumbia 30-inch hydrogen bubble chamber using the
low-energy separated K' beam' at Brookhaven Na-
tional Laboratory. The beam was transported at
614 MeV/c and moderated by means of copper ab-
sorbers upstream of the bubble chamber. The ex-
periment consisted of 93 000 photographs divided
up into four approximately equal runs at nominal
K' momenta of 250, 360, 470, and 575 MeV/c.
The distribution of beam momenta as measured at
the interaction vertex for these runs is given in
Fig. 1. The data at the lowest momentum were
separated for the phase-shift analysis into two
momentum regions, 110-200 MeV/c and 200-320
MeV/c. As indicated in Fig. 1, the mean momenta
of the five sets of data are 178, 265, 351, 475, and
588 MeV/c.
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FIG. 1. The distribution of beam momenta as measured at the interaction vertex. The mean momentum is indicated
for each data set.

A. Scanning and measurements

The film was scanned within a prescribed fidu-
cial region for topologies with one, two, or three
visible outgoing tracks. Elastic K'P scatters pro-
duce the two-prong topology and also the one-
prong topology when the recoil proton path length
is too short to be observed. Only the Maryland
sample at the three lower momenta was scanned
for the one-prong topology. The K' v decay
(K- Sv) produces the three-prong topology. One
half of the Maryland film sample was double-
scanned at all momenta. The IIT sample (limited
to the upper three momenta) was completely dou-
ble-scanned. Overall scanning efficiencies for the
two- and three-prong topologies are listed in Ta-
ble l.

No statistically significant dependence of the
scanning efficiencies on the angles or momenta of
outgoing tracks was found for the two- and three-
prong events. On the other hand, the scanning ef-
ficiency for one-prong events was found to depend
strongly on the scattering angle projected onto the
scan table. The functional form shown in Table I
gave a good fit to the scanning efficiency as a func-

tion of projected angle p, for p&4'. Be]ow tjt=4',
the scanning efficiency is less than 0.50. To elim-
inate poorly scanned data, events with (& 5'(effi-
ciency&0. 73) were not included in the final sample.
This cut in g introduces a cut in the azimuthal an-
gle corrected as discussed below.

Events were measured by means of manual and
automatic (PEPB) measuring machines, ' and the
measurements were processed by the programs
TVGP and UAW.

B. Constants of the experiment

The various constants of importance in the ex-
periment were determined in the following way.
The liquid-hydrogen density p„was determined by
measuring the range of p,

' from stopping-~' de-
cays. The m' decays were obtained from a sample
of r decays (K'- w'+w'+w ) at all momenta. The
mean p,

' range was found to be 1.032 +0.004 cm,
which implies p„=0.0620+ 0.0006 g/cms. The cen-
tral magnetic field in the bubble chamber (B) was
12.75 +0.13 kQ based on magnet current readings
during the run. An independent determination of
the magnetic field yielded results within 1% of

TABLE I. Scanning efficiencies.

178 MeV/c 265 MeV/c 351 MeV/c 475 MeV/c 588 MeV/c

~-decay
scanning efficiency

Two-prong X+p
scanning efficiency

One-prong E+P
scanning efficiency

0.959 + 0.005 0.959 + 0.005 0.952 + 0.009

0.990 +0.003 0.990 +0.003 0.990+ 0.003

2,424~=0.9733 1—

g =projected angle ~5' (in degrees)

0.994 + 0.002 0.988 + 0.004

0.994 + 0.003 0.993 + 0.003
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TABLE II. Data and K p differential cross sections.

p lab

(MeV/c)
cos 0~~
interval

Observed
number of

(cos &, ),„scatters

Pion
Scanning; Azimutga] subtraction

efficiency acceptance (No. of events)
do/dQ

(mb/sr)

178

265

-1.0
-0.6
-0.2

0.2
0.6
0.8

0.90
0.97

-1.0
-0.8
-0.6
-0.4
-0.2

0.0
0.2
0.4
0.6
0.8
0.9

0.96

to -0.6
to -0.2
to 0.2
to 0.6
to 0.8
to 0.9
to 0.97
to 0.985

to —0.8
to -0.6
to -0.4
to —0.2
to 0.0
to 0.2
to 0.4
to 0.6
to 0.8
to 0.9
to 0.96
to 0.985

-0.800
-0.400

0.003
0.408
0.707
0.856
0.946
0.979

(observed

-0.900
-0.700
-0.500
-0.300
-0.100

0,100
0.301
0.501
0.704
0.853
0.935
0.976

(observed

34
29
35
40
28
22
34
27

7' count =131)

238
230
217
270
240
253
252
260
311
153
184
137

7 count =1290)

0.99
0.99
0.99
0.99
0.98
0.98
0.96
0.91

0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.97
0.97
0.96
0.93

1.0
1,0
1.0
0.97
0.90
0.85
0.71
0.52

1.00
1.00
1.00
1,00
1,00
1.00
1.00
1.00
0.985
0.84
0.75
0.56

~ ~ ~

1,117+ 0.072
1.079+0.072
1.018 + 0.073
1.267 + 0.073
1.126 + 0.073
1.187 ~ 0.074
1.1.83 + 0.075
1.222 + 0.077
1,513 + 0.084
1.73 + 0.15
3.93 ~ 0.28
9.77 + 0.90

(fitted 7. count =1278)

1.10 + 0.18
0.93 + 0.18
1.13 + 0.19
1.32 + 0.21
2.03 + 0.37
3.33 + 0.69
9.05 + 1.6
49.1+8.8

(fitted 7 count =139)

-1.0 to -0.8
-0.8 to —0.6
-0.6 to -0.4
-0.4 to -0.2
—0.2 to 0.0

0.0 to 0.2
0.2 to 0.4
0.4 to 0.6
0.6 to 0.8
0.8 to 0.925

0.925 to 0.960
0.960 to 0.985

-0.900
-0.700
-0.500
-0.300
-0.1.00

0.100
0.300

— - 0-.501-

0.703
0.867

(observed
0.944
0.975

(observed

338
366
351
368
380
391
354
422
359
296

v count =1589)
86
73

7 count =1112)

0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.98

0.965
0.92

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.87

0.73
0.56

0.963 + 0.054
1.043 + 0.054
1.006+ 0.054
1.051 + 0.054
1.085 + 0.054
1.117+0.054
1.011 + 0.055
1.206 + 0.056
1.027 +0.059
1.580 + 0.092

(fitted 7 count =1573)
2.78 + 0.29
4.55 + 0.61

(fitted v count =1105)

475

588

-1.0
-0.8
-0.6
-0.4
-0.2

0.0
0.4
0.6
0.8

—1.0
-0.8
-0.6
-0.4
-0.2

0.0
0.4
0.6
0.8

to -0.8
to -0.6
to -0.4
to -0.2
to 0.0
to 0.4
to 0.6
to 0.8
to 0.95

to —0.8
to -0.6
to -0.4
to -0.2
to 0.0
to 0.4
to 0.6
to 0.8
to 0.95

-0.900
—0.700
-0.500
-0.300
-0.100

0.201
0.501
0.702
0.882

(observed

-0.900
-0.700
-0.500
-0.300
-0.100

0.200
0.500
0.701
0.880

(observed

387
348
418
387
389
798
400
423
341

7' count =1255)

500
475
494
444

957
503
484
411

w count =1248)

0.994
0.994
0.994
0.994
0.994
0.994
0.994
0.994
0.994

0.993
0.993
0.993
0.993
0.993
0.993
0.993
0.993
0.955

1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.97
0.88

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.915

0.0
0.0
0.0
0.0
0.4
6,0
0.0
2.6
9 4

(fitted

0.0
0.0
0.0
1.8
3.5
0.9
0.0
6.4

14.5
(fitted

1.043 + 0.053
0.937 + 0.053
1.126 + 0.053
1.043 + 0.053
1.047 *0.053
1.066 + 0.038
1.078 + 0.054
1.168 + 0.056
1.391+0.081

7 count =1251)

1.086 + 0.047
1.031 + 0.047
1.072 + 0.047
0.960 + 0.047
0,956 + 0.047
1.038 + 0.034
1.092 + 0.048
1.056 ~ 0.049
1.303 + 0.069

7. count = 1246)



27VO R. A. BURNSTEIN et al.

this nominal value. The check consisted of a com-
parison of m' momenta as determined from the
range measurements with m' momenta as deter-
mined solely from curvature measurements in the
magnetic field for a sample of stopping ~' from 7.

decays.

C. Path length

The K' path length was measured for each of the
different momentum intervals from the number of
events which fitted the r-decay hypothesis at that
momentum. The path length in centimeters is giv-
en by

I.=(p/M) xct xN, /B,
where p and M are the momentum and mass of the
decaying Z' expressed in MeV/c and MeV/c', re-
spectively; ct =370.8~0.8 cm i.s the K' lifetime";
N, is the number of z decays; and B =0.0558
+ 0.0003 is the ~-decay branching ratio. " The ob-
served number of ~ decays is used as a parameter
in the phase-shift analysis of the differential
cross section. The observed and fitted numbers
are included in Table II for each momentum inter-
val. Table II is a compilation of angular distribu-
tions, data corrections, and differential cross
sections, as discussed below.

D. Corrections

There is a small contamination of pions in the
beam. These pions do not affect the K" path-
length determination, which is based on a count of
the number of r decays. At momenta of 351 MeV je
and below, r' elastic scatters are easily elimi-
nated at the scan table since the m' ionization is
less than half of the K' ionization at the same mo-
mentum. At 475 and 588 MeV/c, a certain fraction
of m'p two-prong scatter events contaminate the
K'P scatter sample by appearing to satisfy the ki-
nematics of K'P scattering. At these momenta the
m' contamination is not generally separable by
ionization estimates. From a sample of events
which are unambiguously determined to be w'p
scatters, we find that the pion contamination in the
beam has a significantly broader distribution in
momentum, azimuth, and dip than the K' beam.
For this reason, restricting the spread of the beam
parameters reduced ~' contamination to less than
1/o with a, relatively small loss of K'. For consis-
tency these same restrictions are applied to the w-
decay sample. The small remaining contamination
of r'P events occurs only at the two angular inter-
vals at which there is a kinematic ambiguity be-
tween ~'P and K'P fits. One class of ambiguity oc-
curs when the proton of the m'p scatter is misin-

terpreted as a scattered K' meson while the pion
is misinterpreted as a proton; the other occurs
when the meson scattering angle is small so that
the kinematics is insensitive to its mass. The cor-
rections for this effect are included in Table II.

There is a loss of events for orientations of the
scattering plane such that the projected scattering
angle seen by the scanner is very small. The dis-
tribution of the azimuthal angle, Q, of the scatter-
ing plane rotated about the beam direction must be
uniform by symmetry considerations. We have
used this fact to correct the two-prong distribu-
tions at forward angles and to correct for one-
prong events cut out when the projected scattering
angle is &5', as noted earlier. The corrections
are listed in Table II under the heading "Azimuth-
al acceptance. " The number listed for each cos6),
interval is the estimated fraction of events ob-
served.

A small fraction of events were unmeasurable
because tracks were obscured, or because outgoing
tracks decayed or were scattered too near the ver-
tex. A correction is applied to the number of ob-
served K'P scatters to account for these unmea-
surable events. This correction has been included
in the differential cross sections shown in Table II
and amounts to 0.4% at 588 MeV/c, 0.6% at 475
MeV/c, 0.5% at 351 MeV/c, 0.3% at 365 MeV/c,
and 0.3% at 178 MeV/c.

The two-prong K'P angular distributions were
cut off at cos0, =0.95 because at that angle the
proton recoils are &1 mm long and therefore their
detection efficiency is substantially reduced. The
missing events should appear as one-prong K'P
scatters and were recorded and measured at the
three lower momenta, thus extending the angular
distributions to cos9, „=0.985. At 477 MeV/c and
588 MeV/c one-prong scatters become confused
with the larger sample of one-prong K' decays
since the decay angles and ionization differences
are not sufficient to easily identify the outgoing
particle.

III. RESULTS AND ANALYSIS OF DATA

A. Angular distributions

Figure 2 presents the K'P differential cross sec-
tions, Table II contains a listing of these data.
The errors listed are mainly statistical but also
include estimated uncertainties in the corrections
and scanning efficiencies.

B. Energy-independent phase-shift analysis

The data were analyzed using a phase-shift ex-
pansion'.

d———(1/k2) (kfo(9)+T(0, ~)+[T(1,2)+2T(1, p)] cos9~ +(1/k')
~
T(l, 2) -T(1, p) ~

sin 9,
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FIG. 2. Differential cross sections for E+P elastic scattering. The curves are fits obtained with negative s-wave
phase shifts for the nuclear scattering amplitude.

where the Coulomb amplitude is

fc(9)=, exp[ ia lns-in'(0/2)+2ivo],
2k sin'(8 2

with

82
a =, v, =argI'(1+in),

@y 9 0

and the nuclear amplitude for orbital angular mo-
mentum E and total angular momentum j is

T(l,j ) = (1/2i)[exp(2i5, , ) —1],

The nonrelativistic Coulomb amplitude fc(8) is a
good approximation for K' momenta up to 600
MeV/c, if relativistic kinematics is used to obtain
the relative velocity V„& of the incoming K' and
the target proton. " The quantity k is the wave
number, 8 is the scattering angle, and 5, , is the
phase shift.

The phase-shift analysis includes the full Cou-

lomb contribution, but has only real phase shifts.
The inelastic threshold is at 509 MeV/c, so that
at our lowest momenta the phase shifts must be
real. At 588 MeV/c the K'P inelastic cross sec-
tion is about 0.1% of the total cross section (see
below). Thus, the inelasticity is negligible and the
phase shift may still be taken as real. The Cou-
lomb amplitude, fc, interferes with the spin-non-
flip nuclear amplitudes. Since we obtain good fits
without any d or higher waves, we omit them in
our analysis.

The phase-shift solutions were obtained from a
minimization procedure. The parameters were
varied to minimize X' given by

n+g 2
+expt +theo

X
&= I S

where E,„pt is the observed number of events in
each cosI9, interval for the first n terms and it
is the observed number of T decays for the n+1
term. Nth„ is the expected number of events cal-
culated from the phase shifts for the first n terms
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TABLE III. Phase-shift solutions.

P lab

(MeV/c) X /N~

Confidence
level

~hiip)
(degrees)

&(P in)
(degrees)

& (Pgg2)
(degrees)

Fitted
path length

(km)

178 2.1/7
2.0/6
2.O/5

0.95
0.92
0.84

—10.08 + O. 81
-10.16 + 0.85
-10.17+ O. 85

-0.25 + 0.81
—0.09 + 3.24 -0.09 + 1.64

3.39 + 0.35
3.35 + 0.37
3.35 + 0.37

275.4/7
152.1/6
141.7/5

156.O/6
1,9/6
1.5/5

144.4/5

0.00
0.00
0.00

0.00
0.93
0.92
0.00

+13.58 ~ 0.35
+ 9.04 +0.46
+9.64 ~ 0.33

+1.43 + 0.18
—0.04 + 0.77
-0.10+0.79
+2, 80 + 0.40

+5.00 + 0.41
+1.71 + 1.01

+ 7.24 ~ 0.32
-11.33 + 0,83
+3.38 + 0.74
-3.80 + 0.40

+1.71 + 0.51

—7.71 + 0.63
+ 5.60 + 0.34

6.26 ~ 0.44
9.78+ 0.84

10.91 + 0.96

12.50 ~ 1.35
3.31 + 0.35
3.24 + 0.36
8.95+ 1.14

13.1/11
13.0/1 0
12.V/9
12.V/9

2113.6/11
1587.6/1 0
1523.9/9

1951.9/10
13,3/1O
12.8/9

1218.7/9

0.29
0.23
0.18
0.18

0.00
0.00
0.00

0.00
0.21
0.17
0.00

-15.96+ 0.35
-15.93+0.36
—15.71 + O. 59
—15.71 ~0.59

+ 23.24+ 0.28
+17.44 + 0.27
+17.39+ 0.24

+2.56+ 0.13
+0.20+ 0.31
+0.21 + 0.31
+ 5.03 *0.20

+0.11+ 0.32
—2.00 + 2.08
+ 2.10 + 2.13

+6.20 ~ 0.20
+ 2.22 + 0.54

+10.50*0.09
—16.81 + 0.36

+ 5.93 + 0.29
—1.46 + 0.22

+ 1.07 + 1.08
-0.98+ 1.03

+2.22 + 0.28

—10.98 + 0.25
—10.23 + 0.17

46.5*1.6
46.7+ 1.6
46.8 + 1.6
46.8 + 1.6
45.9+ 1.1
66,3 + 1.9
72.0 + 2.2

142.7+ 3.0
46.5*1.6
46.7 ~ 1.6
87.0+ 3.0

28.7/21
27.9/20
24.0/19
24.0/1 9

1161.4/21
1018.6/20

923.6/20
28.4/20
24.0/1 9

811.5/1 9

0.12
0.11
0.20
0.20

0.00
0.00

0.00
0.10
0.20
0.00

—2O. 22 ~ O. 3V
—20.18+0.37
-19.23 + 0.60
-19.23 ~ 0.60

+ 25.31 + 0.46
+ 23.63 + 0.77

+3.71 + 0.31
+0.34+ 0,33
+0.38 ~ G.33
+6.57+ 0.34

+ 0.30*0.34
-4.50+ 1.14
+4.85 + 1.22

+4.16+0.40

+ 22.07+ 0.48
-20.90+ 0.37

+ 7.84*0.32
—3.79+ 0.35

+ 2.50+ 0.63
-2.15 + 0.56

-13.41 + 0.25
+18.12 + 0.27

76.1 + 1.8
76.3+ 1.8
76.7 + 1.8
76.7 + 1.8
73.6+ 1.9
80.1+3.5

84.8 *2.5
76.2 + 1.8
76.7+ 1.8
64.8+ 1.5

475 6 ~ 9/8
6.9/7
6.4/6
6.4/6

121.0/8
59.1/7
56.4/6

58.4/7
6.9/V
6.4/6

32.1/6

0.55
0.44
0.38
0.38

0.00
0.00
0.00

0.00
0 44
0.38
0.00

-27.51 + 0.64
—27.50+ 0.64
-27.03 ~ 0.92
—27.03 +0.92

+ 30.96 + 0.63
+30.19+0.64
+30,32 + 0.64

+3.42 + 0.42
+0.12 ~ 0.45
+0.16+0.45
+3.48+ 0.41

+ 0.10+0.46
-3.57 + 2.53
+ 3.78 ~ 2.73

+3.41 + 0.42
+1.21 + 1,41

+ 29.64 ~ 0.64
—28.10 *0.64
+ 10.39 + 0.49
—8.46+ 0,48

+ 1.94 + 1.41
—1.73 ~ 1.21

+1.21 + 0.72

-17.89+ 0.41
—19.42 + 0.40

80.2 + 3.0
80.3 ~ 3.0
80.4+ 3.0
80.4 ~ 3.0

76.0 ~ 2.7
78.4 + 2.9
78.5 + 2.9

78.5 ~ 2.9
80.3 + 3.0
80.4+ 3.0
79.6+ 3.0

588 9.O/8
7.7/7
v. v/6

0.34
0.36
0.26

-33.51 + 0.77
-33.41 ~ 0.78
—33.42 + O. 78

+ 0.57 + 0.51
+0.19+3.11 + 0.19+ 1.56

99.6+ 3.6
99.9 + 3.6
99.9 ~ 3.6

81.9/8
55.2/7
53.7/6

0.00
0.00
0.00

+36.52+ 0.77
+ 36.06 + 0.78 + 2.56+ 0.48
+36.13+0.78 +0.92 +1.46 + 0.92 + 0.75

95.9+ 3.4
97.6 + 3.5
97.7 + 3.5

54.8/7
7.7/7
6.1/6

19.1/6

0.00
0.36
0.42
0.01

+ 2.56 + 0.48
+0.58+ 0.50
+ 0.50+ 0.51
+2.80 ~ 0.46

+35.55*0.78
—33.97 + 0.78
+12.06 + 0.58
—10 24+0 57

-21.55 + 0.47
+ 22.93 + 0.46

97.7 + 3.5
99.9 *3.7
99.6 ~ 3.6
99.0 + 3.6
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and it is the fitted number of v decays for the n+1
term. The various scanning efficiencies and cor-
rections discussed earlier are included in the cal-
culation of N,h„. The error hN includes the I'ois-
son error (N,~„)"'and the uncertainties in the
scanning efficiencies and other corrections.

Because of the n+1 term in g', the overall nor-
malization of do/dQ is a free parameter in the fit.
The normalization is determined mainly by the ob-
served number of 7 decays, but is also affected by
the K'p data at small angles since the Coulomb
part of the cross section is known. The observed
and fitted number of 7 decays are included in Ta-
ble II. The differential cross sections in Table II
were calculated from the observed number of elas-
tic scatters and from the fitted number of v. de-
cays. The errors quoted do not include the uncer-
tainty in the number of 7 decays. This uncertainty
in the overall normalization of dv/dQ is indicated
by the uncertainty in the path lengths listed in Ta-
ble III. These path lengths are calculated from the
fitted number of ~ decays.

+5—

IJJ -10
0
C3
LLI
C3

-25

I I

Pa/z

II . Results of phase-shift analysis

At each momentum we have searched for solu-
tions with various combinations of s- and p-wave
strong-inte raction amplitudes using both positive
and negative phase shifts. The solutions obtained
are presented in Table III. For each solution we
hRve listed y', the number of degrees of freedom
N„, the confidence level, and the fitted path length.
The errors are computed as the amount by which a
parameter must be changed to give a change of 1 in
x'

In Rll cases a good solution was found using only
an s-wave amplitude with a negative phase shift.
These solutions are plotted in Fig. 2. The addition
of a small P„, amplitude T('., —,') results in a P„,
phase shift consistent with zero in all cases. This
result reflects the observed isotropy of the mea-
sured differential cross section, since the p-wave
nonflip amplitude [ T(1, —,') +2T(1, —;)Icos8 would in-
terfere with an s-wave amplitude to give a noniso-
tropic differential cross section.

%'hen both p &/2 and p3/2 Rmpl itude s are us ed with
a negative s-wave phase shift, solutions are ob-
tained which keep the p-wave nonf lip amplitude
close to zero but allow R small spin-Qip P-wave
amplitude, i.e., 5(p», }=-25(p„,). The spin-flip
amplitude does not interfere with the larger, s-wave
and Coulomb amplitudes, so it remains a small
contribution to the differential cross section.
These phase-shift solutions are plotted in Fig. 3
Rs R funct1on Qf momentum. When there wRS R

choice between a negative Rnd a positive p„, phase
shift, we have chosen the negative value as indi-

100 200 500 400 500 600
P „(MeV/cj

FIG. 3. Phase shifts as a function of mornenturn for
the solutions which included all s and P waves. The
curves are the effective-range fits to each partial wave.

cated"'" by the analysis of previous data combined
with dispersion-relation constraints.

Only at 351 MeV/c did the addition of P waves
improve the fit to the differential cross section.
Even here the increase in confidence level from
0.12 to 0.20 is not very significant. %e conclude
that a pure s-wave strong-interaction amplitude
adequately describes all our elastic scattering
data.

An s-wave amplitude with a negative (positive)
phase shift interferes constructively (destructive-
ly) with the repulsive Coulomb amplitude. A com-
parison of pure s-wave fits to the differential
cross section with positive and negative phase
shifts is shown in Fig. 4 at 265 and 588 MeV/c.
Since the normalization of the differential cross
section is effectively a parameter in the fitting
procedure, we have plotted the number of observed
events per steradian rather than the differential
cross section for the comparison. At 265 MeV/c
(similarly at 178 and 351 MeV/c) measurements in
the Coulomb scattering region make it dramatical-
ly apparent that the strong interaction interferes
constructively with the repulsive Coulomb force.
Even at 588 MeV/c (similarly at 475 MeV/c),
where one-prong events were not measured, the
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TABLE IV. Total cross sections.

900—

800—

(a) 265 MeV/c

E+
laboratory
momentum

(MeV/'c)

Experimental
+(Nuclear + Coulomb)

cos6c~ & 0.85
(mb)

6 (s g/2)

fitted
(degrees)

+Nuclear

(mb)

700—

Z'.
600—a

I- 5OO-

W 400—
LLJ

DESTR.

300—

I I ~200-* . ,
J. ' g '& Z, II

CONST.

100—

\

I-
L~

178
265
351
475
588

14.8 ~ 2.0
13.9+ 0.6
12.4+ 0.4
12.5~ 0.5
12.1+ 0.5

-10.1 + 0.8
-16.0+ 0.4
—20.2 + 0.4
-27.5+ 0.6
-33.5 + 0.8

11.4 + 1.8
13.0 + 0.6
12.2 + 0.4
12.7 ~0.5
12.6 6 0.5

D. Total nuclear cross section

terference with a negligible s-wave contribution.
While these solutions cannot in principle be ruled
out at a particular momentum without nucleon po-
larization measurements, they are unlikely since
the fitted phase shifts display a linear dependence
on momentum rather than the k' dependence ex-
pected near threshold.

ST R. +I

(b) 588 MeV/c

100—

DE

woo=~-. --.
, + ,.z I

I I '

300— cONsT.
LLJ

200—
IJJ)

The total nuclear cross section has been deter-
mined from the relation o = (4~/k') sin'5, where 5

is the fitted value of the negative s-wave nuclear
phase shift at each of the five momenta studied in
this experiment. These values are given in Table
IV. Also given is the observed total cross section
(nuclear+Coulomb) for cos8, ~0.85.

E. Total inelastic cross section at 588 MeV jc

The threshold for KP-KNm is 509 MeV/c for the
incoming K'. Events in the 588-MeV/c data sam-

Io
4

0 I I I

—I.o -0.6 -0.2 0.2
cos ec.m.

I

0.6 1.0

FIG. 4. The E+P scattering angular distribution at
(a) 265 MeV/c and (b) 588 MeV/c. The solid fitted curves
are for constructive nuclear-Coulomb interference
l&(s&/2) &0] and the dashed fitted curves are for destructive
interference [6(s&/2) &0].

constructive interference is readily apparent. We
conclude that the s-wave phase shift is negative
over the momentum range 178-588 MeV/c.

There are additional solutions listed in Table III
which fit the observed isotropic K'p angular dis-
tribution with good confidence level. They are due
to the Minami ambiguity and the Fermi- Yang am-
biguity. The first involves dominant py/p wave
scattering with 5(p, &,) & 0 and the second is a mix-
ture of P„,- and P„,-wave scattering with 5(P„,)
= -0.55(p„,) & 0. Both solutions produce isotropic
scattering and constructive Coulomb-nuclear in-

~ lo
O
I—
(3
LLI
V)

Cf)
V)
C)

IO

C3
I—

UJ
Z.'

~ 10
+

& FILIPPAS et al.
o FISK et al.

I REF. I6
~ THIS EXPERIMENT

KNm

THRESHOLD

I I I I I I

6OO 7'OO 8OO BOO IOOO I IOO 12OO

LA@ MOMENTUM (MeV/c)

FIG. 5. The K'P total inelastic cross section as a
function of the E lab momentum.



10 K -PHOTON SCATTEHING FROM 200 TO 600 MEV/c 2775

pie which did not fit the kinematic constraints of
an elastic scatter were considered as candidates
for inelastic scattering. Three inelastic scatters
were identified on the basis of the calculated miss-
ing mass. The events were also checked on film
for consistency of the observed ionization with that
predicted by the one-constraint kinematic fit.

The three reactions were K'P-K'w'n (1 event)
and K'P-K'Pm' (2 events). The path length deter-
mined for the data sample which was checked for
inelastics was 72.7 + 3.1 km, giving a total inelas-
tic cross section of 11",p, b. This value is plotted
in Fig. 5 with measurements from other experi-
ments at higher momenta. " "

F. Effective-range analysis of data

We have fitted the negative s-wave phase-shift so-
lutions to a two-parameter effective-range approx-
imation, k cot5=1/a+(r, /2)k', where a is the scat-
tering length and r, is the effective range. We

vary the parameters to minimize X
' and obtain the

solution a = -0.314+0.007 F and r, =0.36+0.07 F
with a P(y ') of 0.52. This solution and the phase-
shift data are presented in Fig. 6 plotted as k cot5
vs k'. The effective-range solution is a straight
line with slope r, /2. It is clear that r, is nonzero
and well determined. The zero-range approxima-
tion solution gives a =-0.345 +0.004 F, with a
P(y') of only 1.8&&10 '. These results are sum-
marized in Table V along with the results of previ-
ous experiments. ' "'"

We have a1.so used an effective-range analysis on
the phase-shift solution with both s- and p-wave
amplitudes. The results are shown in Fig. 3

plotted as 5 vs P„„. The P-wave phase shifts are
small and poorly determined, so that it is suffi-
cient to use the zero-range approximation, tan5
=ak', for them. The numbers obtained are a(s„,)
=-0.299 +0.010 F, y, (s„,) =0.46+0.09 F, a(P, »)
=-0.019+0.007 F', and a(P, i, ) =0.010+0.004 F'.
The s, /2 Pp/2 and P3/, waves were fitted indepen-
dently, giving P(X') values of 0.40, 0.025, and
0.024, respectively. Analyses based on experi-
mental data together with dispersion-theory rela-
tions have been discussed in the literature. "'""

—2.5—

0

FIG. 6. A plot of k cot6i vs k, where 6& is the s-wave
phase shift and k is the center-of-mass wave number.
The curve is the effective-range fit k cot 6 = a + (~0/2)k,
with a = —0.314 F and ro ——0.36 F.

behavior of the s-wave phase shift is fitted very
well by the effective-range approximation with a
nonzero effective range. We do not find any statis-
tically significant evidence that P waves are nec-
essary in the description of the I=1 system below
600 MeV/c.

We find that there is no evidence in our data to
indicate positive s-wave phase shifts as suggested
by Carreras and Donnachie" on the basis of their
K'P phase-shift analysis. They obtain two solu-
tions which involve positive s-wave phase shifts.
Solution I is characterized as having a positive s-
wave phase shift below 2 GeV/c. The other class
of solution, Solution II, has a negative s-wave
phase shift below 700 MeV/c and a positive s-wave
phase shift above 700 MeV/c. We have tested these
solutions as a possible description of our data at
351, 475, and 588 MeV/c. We find that the confi-
dence levels are very low, P(y')«0. 01, for Solu-
tion I at these momenta and for Solution II at 351
and 475 MeV/c. At 588 MeV/c Solution II corre-
sponds to the Minami ambiguity.

Figure 7 compares our K'P total nuclear cross
section measurements from Table IV with previ-
ously published measurements. The plotted curve
is the cross section given by our effective-range

IV. CONCLUSIONS TABLE V. s-wave effective-range analyses of low-
energy K+p scattering.

The measurements described in the preceding
sections of the elastic scattering cross sections
below 600 MeV/c including the Coulomb interfer-
ence region have allowed a definite determination
of the sign of the low-energy s-wave phase shifts.
Our data strongly support the conclusions of Gold-
haber et al. and others" that a monotonically in-
creasing negative s-wave phase shift is the cor-
rect solution for the low-energy K'P system. The

a
(10 '3 cm)

0

(10 '3 cm)

-0.345 + 0.004
-0.314~ 0.007

—0.33 + 0.01
—0.29+ 0.015

0 (fixed)
0.36 ~ 0.07

0 (fixed)
0.5+ 0.15

-0.2981 + 0.0016 0.434 + 0.014

& (x')

1.8x 10 5

0.52

0.01
0.85

Reference

This experiment
Thi s exp eri men t

Ref. 1
Ref. 1

Refs. 17,18
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~ I0- GOLDHABER et al. I962
o BUGG et ai. 1968

BO'At'EN et aI. I970
ADAMS et al. I975

o CARROI L |.'t cil l975
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200 500 AOO 500
K+ LAB MOMENTUM (MeV/cj

600 700

FIG. 7. The E p total cross section. The other experiments are from Refs. 17, 18, and 22-25. The curve is Our
s-wave effective-range fit.

analysis with negative s-wave phase shifts. Our
results agree with the previous bubble-chamber
experiment of Qoldhaber et al. ' and some recent
counter experiments. """

The inelastic cross section at 588 MeV/c is clos-
er to the inelastic threshold than any other result.
It is too large to be explained by a simple Breit-
Wigner extrapolation of the X*(890) from higher
energies.

When this work was essentially completed, we
received a preprint of similar work by Cameron

et a/. 26 Their results are in good agreement with
ours.
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