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the scatterer, we have no appreciable geometrical bias.
We used for B the largest angle actually observed, 15
deg. We have not considered the proton form factor in
calculating these moments. In Table II, we compare

S_‘*f_)_ (@) — (D1*)— 32>+ 3(ps2)?
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these moments with the elementary-scattering distri-
bution moments calculated from the data, using ex-
pression (7) to calculate the effective number of colli-
sions. It gives 7=4.09X 108, Also, in Table II the ratios

@)
and

(16)

(@)~ (")

@ B ($2)— 15(@2*)(22)+ 3022 PP — (1%) + 15(1* )(¢h12) — 30(ps*)?

)

are compared with those calculated for the two ele-
mentary distributions. These quantities are independent
of the effective number of collisions.

Although some of the experimental uncertainties are
comparable to the magnitude of the measured quantity,
these errors are all much less than the moments pre-
dicted for a point-nucleus model. The experiment also
serves very well to illustrate how the theory of moment
propagation may be applied practically.

(p2)— (@1?)
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Elastic K+-Proton Scattering at 970, 1170, and 1970 MeV/c*
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Lawrence Radiation Laboratory, University of California, Berkeley, California
(Received 29 October 1962)

A liquid-hydrogen target surrounded by spark chambers was used to study K*-proton elastic scattering
at 970, 1170, and 1970 MeV/c incident K* momentum. In contrast with results at lower energies, the
angular distributions were not isotropic; the anisotropy increases with energy, while the elastic cross section
decreases. A number of phase-shift solutions using (a) Si/2, P12, and Pjy/; complex phase shifts; (b) real
S1/2, P12, and Pyz, and complex Dy/2 phase shifts; and (c) complex Si/2 and Dyys, and real Pyj2 and Pjyje
phase shifts have been found for the 970- and 1170-MeV/c data. The 1970-MeV /¢ distribution has been
fitted by an optical model. The data presented here have been included with other information on K-nucleon
scattering in a test of forward-scattering dispersion relations. The data are still insufficient to provide a
definitive test; however, an acceptable fit was found for T' (effective pole residue)= —0.140.3.

1. INTRODUCTION 15-in. Berkeley liquid-hydrogen bubble chamber (100

to 810 MeV/c).4
In the region above 810 MeV/c, the only data hitherto
available have been total K+-p and K+-n cross-section

REVIOUS experiments on the interaction of K+
mesons with nucleons include investigations at low
energies of the total and elastic cross sections by

means of emulsions (0 to 600 MeV/c),! counters (500 to
600 MeV/c),? the propane bubble chamber,® and the

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

t On leave from Rutherford High Energy Laboratory, Harwell,
England.
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Fi16. 1. Layout of K* beam apparatus.

(0.8 to 2.9 BeV/c)%; and Kycia ef al. (3 to 20
BeV/c).?

The measurement of differential cross sections at high
energies has been complicated by the small fluxes of
K+-particle beams, the difficulty of producing well-
separated high-energy K+ beams for bubble chambers,
and the severe competition of decay in flight with inter-
action in high-resolution counter experiments. The
present paper reports three measurements of elastic
K+-p scattering distributions at high energies by use
of spark chambers. The good resolution time (approxi-
mately 0.5 psec) of the spark chambers and the trigger-
ing system made possible the use of an electronically
separated K+ beam to obtain a high rate. An array of
spark chambers close to the hydrogen target was used
to obtain accurate angular information, large solid
angle, and to minimize complications due to decay in
flight. Two other experiments, one on total cross sec-
tion,® the other on rare-particle production,!® were
carried out in the same beam and have been reported.
Neither involved the use of the spark-chamber array.

2. EXPERIMENTAL DETAILS AND RESULTS
2.1 Beam Layout

The positively charged secondary beam was produced
from a 4- by %- by }-in. heavymet target placed in the
west straight section of the Bevatron. Particles which

Ljubimov, Ju. A. Matulenko, I. A. Savin, Ye. V. Smirnoff, V.
S. Stavinsky, Sui Yuin-Chan, and Shzan Nai-Sen, Joint Institute
for Nuclear Research, Dubna Report D 721, 1961 (unpublished).

8V. Cook, D. Keefe, L. T. Kerth, P. G. Murphy, W. A. Wenzel,
and T. Zipf, Phys. Rev. Letters 7, 182 (1961).

9 E. W. Jenkins, W. F. Baker, R. L. Cool, T. F. Kycia, R. H.
Phillips, and A. L. Read, Bull. Am. Phys. Soc. 6, 433 (1961).

1YV, Cook, D. Keefe, L. T. Kerth, P. G. Murphy, W. A. Wenzel,
and T. F. Zipf, Phys. Rev. 123, 655 (1961).

were produced as close as possible to the forward
direction (26 deg) and could still emerge without ob-
struction were selected in momentum by the beam-
transport system shown in Fig. 1. The final spatial
focus was also a momentum focus. The magnetic
quadrupole lens Q; produced a horizontal and vertical
image of the internal target close to the center of the
field lens Q.. The final quadrupole lens Q3 in turn
focused this image anastigmatically at the liquid-
hydrogen target. The dispersion of the first pair of
bending magnets M and M was such that the aperture
stop defined by Q. accepted particles with momenta
between +49, of the central momentum. The final
bending magnet M; served to redefine the momentum
and to remove the dispersion caused by M; and M.
The quadrupole field lens Q;, was used to obtain in-
creased flux and to improve the recombination of
momenta.

The exit window in the straight section of the Beva-
tron was 0.020 in. thick. Apart from the space needed
for counters, the beam channel was occupied by poly-
ethylene bags containing helium, in order to reduce loss
by multiple scattering.

The hydrogen target was 48 in. long and 6 in. in
diameter, with 0.005-in. stainless steel walls. The
vacuum vessel surrounding the hydrogen vessel had
#-in. aluminum walls, a Mylar entrance window 0.020 in.
thick, and an exit hemispherical window of aluminum
% in. thick.

2.2 Electronic Equipment

Particles of the correct momentum were detected by
the four beam scintillation counters B;, B,, Bs, and B.
The pairs Bi, Bs, and Bs, B, were used to select the
appropriate time of flight, and were connected in sepa-
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rate coincidence circuits. The methane-gas Cerenkov
counters C; and C, have been fully described pre-
viously,!! and have an optical system which detects
separately the Cerenkov light from K mesons and =
mesons of the same momentum. Because of the design
upper limit on pressure (2000 psi), this mode of opera-
tion is possible only for momenta above 1.3 BeV/c, for
which K mesons produce sufficient Cerenkov radiation.
Below 1.3 BeV/c the counters were used purely in anti-
coincidence to reject = mesons. Thus, at 970 and 1170
MeV/c, = mesons were rejected by anticoincidence and
protons by time of flight. At 1970 MeV/c, in addition
to the = anticoincidence and the time-of-flight selection,
K-meson identification in the appropriate channels in
both Cerenkov counters was required. The contamina-
tion in all the K* beams discussed here was less than
0.19,. Figure 2 shows the fluxes of protons, kaons, and
pions as functions of momentum for an internal proton-
beam energy of 5.54-0.5 BeV. In producing a high-flux
K-meson beam (approximately 300 per pulse) the
accidental rate due to the several hundred thousand
accompanying particles poses certain problems. In
an experiment using a similar beam with K~ mesons,!?
attention was drawn to the fact that the accidental rate
due to 7~ mesons was reduced by at least two orders of
magnitude, because the anticoincidence pulse was
longer by a substantial factor than the resolving time
of the fast K-coincidence circuits. The case of the posi-
tive beam discussed here was more complicated. The
7t mesons were rejected by anticoincidence signals from
C; and C,. However, the protons were not detected by
these counters, so elimination of proton accidentals
was more difficult. As can be seen from Fig. 2, the
number of protons in the beam exceeded the number of
#* at all but the lowest momentum. As a general solu-
tion, independent of the nature of the accidental parti-
cle, a special stretching and adding circuit was used to
reject from consideration any K* meson if another
particle passed through the system closer in time than
=450 nsec. Each pulse from a 5- by 5- by }-in. beam
scintillator 4; (see Fig. 1) was shaped by a delay-line
stretcher to produce a 50-nsec rectangular pulse. Thus,
if two particles passed through A; within 50 nsec of
each other, the region of overlap of the stretched pulses
gave a signal of twice the normal height. A discriminator
set to select such double-event signals provided the
required anticoincidence signal.

2.3 Hodoscope Equipment

The hodoscope system for momentum and velocity
analysis shown in Fig. 3(a) recorded K+*-p elastic scat-
tering close to the forward direction. Except for a slight

11 B. Cork, D. Keefe, and W. A. Wenzel, in Proceedings of Inter-

national Conference on Instrumentation for High Energy Physics,
Bergl‘e}eley, 1960 (Interscience Publishers, Inc., New York, 1961),

p. 84.
12 V. Cook, Bruce Cork, T. F. Hoang, D. Keefe, L. T. Kerth,
W. A. Wenzel, and T. F. Zipf, Phys. Rev. 123, 320 (1961).
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deducg the approximate production rates. The production angle
was 26°.

change in the geometrical configuration, the arrange-
ment is identical with that used in the K—-p scattering
experiment by Cook et al.? The hodoscope scintillation
counters in Hy, Hs, and H; are all 8 in. high, 3 in. wide,
and } in. thick. The elements in H, and H, are over-
lapped to yield 1-in. horizontal resolution. The pressure
in the sulfur-hexafluoride-gas Cerenkov counter (verti-
cal aperture of 10 in., horizontal aperture of 48 in.) was
set just below the threshold pressure required to count
the K mesons in the beam. The signal from this counter
was placed in anticoincidence to reject any forward =’s,
w’s, or electrons from K mesons decaying in the hydro-
gen target, or between the target and the last hodoscope.
The pulses from each of the hodoscope elements were
placed in coincidence in independent two-channel diode
circuits with a “K gate” pulse, and the outputs of these
were displayed in time sequence on a recording oscillo-
scope.

The pole faces and inner surfaces of the copper coils
of the analyzing magnet were lined with anticoincidence
scintillation counters (§ in. thick) to reject particles
that struck the magnet and scattered into the final
hodoscope array. Although such events could have been
rejected after scanning by the constraints on the Hj,
H,, and H; coordinate positions, they would have pro-
duced a rather large number of spurious triggers.

From the coordinates of the scattered particle at the
three positions Hy, Hs, and H;, the momentum, angle
of scattering, and origin of any scattered particle were
determined. Background contamination was removed
by running with the hydrogen target alternately full and
empty, then making a suitable subtraction. The hodo-
scope system measured the differential cross section for
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F16. 3. (a) Plan view of apparatus used to detect scattered
particles; (b) Elevation view of spark-chamber setup.

angles in the region 6,=4 to 13 deg, corresponding
to ..~ 8 to 25 deg.

2.4 Hodoscope Results

About 10000 oscilloscope sweeps were obtained at
each of the primary momenta. Electronic pickup from
the spark-chamber trigger pulses caused about one-half
the total number of traces, and these were easily rejected
by inspection. About two-thirds of the remaining traces
fitted the elastic-scattering criteria. That is, the co-
ordinates of the particle measured at H;, H,, and H;
[sce Fig. 3(a)] were consistent with a scattering vertex

COOK, KEEFE, KERTH, MURPHY, WENZEL,
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in the hydrogen target and a momentum within about
10%, of that expected for an elastically scattered K
particle. In a momentum-distribution plot these events
stood out in a strong peak above a broad background.
Most of the background events were due to decays in
flight between H and H;. However, despite the accept-
able kinematical fit, a ‘“target full’” minus “target
empty’”’ subtraction was necessary, since there were some
acceptable elastic-scattering events in the ‘“target
empty” runs. Almost all of these arose from scattering
in the aluminum end window of the target. The ratio
of the numbers of scatters per incident K meson in the
full and empty runs was approximately five to one. In
the final analysis, the forward-scattering measurements
were based on approximately 140 events at 970 MeV/c,
270 events at 1170 MeV/¢, and 750 events at 1970
MeV/e.

It is important to notice that, in contrast to the
previous application!? of this equipment to measure
K—p diffraction scattering, only the sum of the forward
(fe.n.~0 deg) and backward (fe.m.~180 deg) cross
sections could be determined in the case of a positive
K-meson beam. (The recoil proton from a K* meson
scattered backwards bends in the same direction and
approximately the same amount in the analyzing field
as a K+ meson scattered in the forward direction.) Thus,
the rate in the hodoscope experiment determined

do ) do
A—(601F = 0)+B—(61ar"=1),
aQ a9

where A and B depend on the relative efficiencies for
detecting K mesons and protons. We found that we
could accurately calculate the attenuation factors due
to the interaction or scattering of the K+ mesons and
protons in the hydrogen target and aluminum vacuum
vessel, and the loss of the K+ mesons due to decay in
flight. The partition between forward and backward
scattering was determined by extrapolation of the spark-
chamber data in the backward direction to determine
the average value of do/dQ near 6,....K=180 deg. The
errors arising from this extrapolation and from the sub-
traction were small compared with the statistical errors,
and are included in the uncertainties quoted later.

2.5 Spark-Chamber Equipment

Figures 3(a) and 3(b) show the arrangement of the
three rectangular parallel-plate spark chambers used
to measure do/dQ at large angles (fo....>30 deg).
The hollow plates in each chamber were 10 in. wide by
28 in. long, and were made by stretching aluminum
0.003-in. foil over a picture frame of 1-in.-diam alumi-
num pipe.

The outer electrodes were 0.012-in. aluminum sheet
fastened to a flat frame. The five hollow plates and two
outer sheets were mounted so as to provide six parallel
gaps each of §-in. spacing.
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TaBLE I. Summary of the recorded spark-chamber data.

Momentum
(MeV/c) 970 1170 1970
Target Full Empty Full Empty Full Empty
No. of pictures 3706 284 5766 447 11783 1456
No. of K+(109) 0.796 0.161 1.133 0.360 2.582 0.593
No. of elastic K*-p 1261 0 1699 0 1593 1

scatters accepted

Two 90-deg stereo views of each chamber were ob-
tained by tilted mirrors as shown. To obtain unobscured
views throughout the full depth of every gap a Lucite
field lens (f=15 ft) was used and the camera placed at
its focus [see Fig. 3(b)]. One surface of the lens was
plane; the other was hyperboloidal to eliminate spherical
aberration. An illuminated Lucite reference grid, ruled
in 1-in. squares, covered the plan view of the hydrogen
target. The film was advanced by one frame between
Bevatron pulses; a maximum of one picture was taken
per pulse. Each picture included an image of remotely
located scalers [see Fig. 3(b)] which recorded the num-
ber of K+ mesons appropriate for normalization.

At the beginning of each Bevatron pulse an ‘“‘on”
gate was started, which permitted a scaler to record the
number of K+ mesons entering the hydrogen target and
enabled operation of the spark-chamber trigger circuit.
When an interaction occurred, a spark-chamber trigger
was generated and the gate was turned off. For the re-
mainder of that pulse the scaler and the spark-chamber
trigger circuit were thus gated off, so that the scaler
gave the correct normalization for the calculation of the
cross section. However, as a check, the total number of
K™ mesons and the total number of interactions occur-
ring per pulse were recorded on separate scalers that
did not involve the “off” gate feature. Since the recording
oscilloscope could photograph many traces per pulse, all
K* mesons were accepted as possible scattering candi-
dates in the hodoscope system. The signal indicating an
interaction in the hydrogen target was provided by a
coincidence between the group of scintillators to the
left of the target, Si, and the group to the right, Sg
[Fig. 3(a)].

The spark chambers were evacuated initially and
filled with argon at atmospheric pressure. The high-
voltage pulse of 20 kV was derived from two 5949
hydrogen thyratrons with a pre-stage comprising an
EFP60 secondary emission tube and a 6130 thyratron.
A small dc clearing field was applied to the electrodes
to sweep out the ions formed by the passage of particles
in the main beam. The magnitude (40 V) and sign
(opposite to the high-voltage pulse) were chosen to
minimize the number of accidental tracks without any
significant loss in sparking efficiency per gap. The resolu-
tion time of the chambers under these conditions was
about 500 nsec. The length of this time is dominated by
the interval required to complete the electronic logic
needed to generate a trigger pulse (300 nsec).
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In scanning for elastic scattering events, two classes
of events could be distinguished: those where one
particle entered the left-hand chamber, and the other
the right-hand chamber; and those where one particle
entered the forward chamber. In the first case, the
end-mirror views provided a beam’s-eye view and the
constraint of coplanarity reduced to the requirement
that the images be closely collinear [compare Figs. 4(a)
and 4(b)]; it was thus possible by inspection to reject
noncoplanar events rapidly. In the second case [cf.
Fig. 4(c)] no such simple criterion was possible, and
the correlation of all sets of images had to be made
before deciding whether the event was coplanar.

2.6 Spark-Chamber Results

Table I summarizes the quantities of spark-chamber
photographs taken at the three momenta, the quantities
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TasLe II. Differential cross sections in K*-p c.m. system, measured with the spark-chamber apparatus.
Momentum (MeV/c)
970 1170 1970
do do do
— (mb/sr) — (mb/sr) — (mb/sr)
cosf* aQ Agcor® cosd* aQ AGcorr® cosf* aQ Agcort®
0.760.06 1.07£0.18 0.53 0.782-0.08 1.89+0.24 1.09 0.92:4-0.02 1.52 +0.21 0.69
0.6 +0.10 0.84+0.09 0.22 0.650.05 1.26+0.14 0.32 0.85+0.05 1.84 +0.15 0.39
04 +0.10 1.154:0.11 0.27 0.55+0.05 1.19+4:0.12 0.33 0.754:0.05 147 +0.14 0.31
0.15+0.15 0.75+0.07 0.17 0.45+0.05 0.95+0.10 0.21 0.65+0.05 1.04 +0.11 0.22
—-0.1 30.10 0.57+0.06 0.13 0.35+0.05 1.04+0.10 0.30 0.55+0.05 0.49 +0.06 0.09
—0.3 +0.10 0.67+40.08 0.17 0.1540.15 0.61+0.05 0.14 0.454-0.05 0.44 +0.06 0.08
—0.5 +0.10 0.76+0.10 0.22 —0.0540.05 0.42:40.05 0.09 0.35+0.05 0.32 +0.05 0.06
—-0.7 £0.10  0.67:£0.09 021 —0.154+0.05  0.35+0.05  0.08 0.25+0.05  0.27 +0.04 0.05
—0.88+0.08  0.61+0.11  0.27 —0.25:£0.05  0.33+0.05 0.08 0.10+£0.10  0.12 +0.06 0.02
—0.3540.05 0.36-£0.06 0.08 —0.05+0.05 0.061+0.023 0.011
—045:£005  0.43+007  0.12 —0.154£0.05  0.083+0.028  0.016
—0.554+0.05  0.24+0.05  0.07 —0.25+£0.05  0.056+0.021  0.011
—0.654+0.05 041007 0.13 —0.35+0.05  0.029:0.014  0.006
—0.75+£0.05 036006 0.11 —0.454+0.05  0.048:£0.016  0.011
—0.8540.05 0.4340.07 0.14 —0.55+0.05 0.054-+0.016 0.013
—093+0.03  0.73+0.17  0.28 —0.6540.05  0.064+0.017  0.015
—0.75+0.05 0.062+4-0.017 0.016
—0.85+0.05  0.081+0.019  0.021
—0.94£0.04  0.043+0.021  0.013

s The listed cross sections include this correction, which is the sum of the corrections for stopping proton loss, proton interaction, and K decay and

interaction.

eventually selected as elastic scattering events, and the
corresponding quantities of K+ mesons entering the
hydrogen target within the “on” gate time. All events
with two outgoing tracks were measured if the pro-
jected opening angle was greater than 70 deg (the mini-
mum projected opening angle for an elastic scattering
was greater than 80 deg). The angles of the two tracks
with respect to the fiducial grid lines were measured in
both stereo views on the projection scanning table. The
typical uncertainty in measurement was between 0.5
and 1 deg. The scanners recorded the angles and the
coordinates of the vertex directly on IBM punched
cards. An IBM 650 was used to compute the space
angles and compare them with the expected values for
elastic scattering. The program contained no kinemati-
cal fitting routine, but was simply used to obtain a
print out of the deviation of each event from (a) co-
planarity, and (b) elastic kinematics. The expectation
values of these deviations were dependent on scattering
angle, being worst for scatterings close to the forward
and backward directions. Both distributions were
simultaneously sharply peaked about zero, and a
realistic cutoff was easy to apply; the errors in the
number of accepted elastic-scattering events arising
from uncertainty in the cutoff was at most 59, for c.m.
scattering angles close to 0 and 180 deg, and 29, for
the bulk of the events. These errors were included in
the final uncertainty estimates but in reality were
almost negligible compared with the statistical errors.

Because the vertex of each event could be located
accurately, events originating in the liquid hydrogen
were easily discernible and, as Table I makes clear,
there was little need to take alternate full and empty
target data. The events rejected as nonelastic comprised

inelastic interactions in the hydrogen and interactions
in the aluminum vacuum vessel. The relatively small
solid angle subtended by the spark chambers did not
make it worthwhile to attempt an analysis of the
inelastic K*-p interactions.

Certain corrections, amounting typically to less than
109%, were applied. These included corrections for
events lost or rejected either because the K meson
decayed in flight before passing through the spark
chamber or because the proton or K+ interacted in the
hydrogen or vacuum vessel. Apart from the high angular
resolution obtained, a major advantage of using spark
chambers as detectors in close proximity to the hydro-
gen target was the reduction of the decay-in-flight
correction from a large factor to a reasonably small
correction.

3. ANALYSIS AND DISCUSSION OF RESULTS

Tables IT and III show a list of the final corrected
differential cross sections obtained, together with the
magnitudes of the corrections that have been added to
the observed numbers. The errors shown include the
effects due to statistical fluctuations and uncertainties
in the corrections. These results and the hodoscope
results are shown in Figs. 5(a), 5(b), and 5(c). The total
elastic cross sections, shown in Table IV, were obtained
by integrating beneath the experimental curves. The
variation of ¢, and o7 with energy is shown in Fig. 6.

3.1 The 970- and 1170-MeV/c Data

Stubbs et al.* have measured the differential cross
section for K+-p at 810 MeV/c, and have found an
almost isotropic distribution. The simplest hypothesis
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TasLe II1. Differential cross sections in the c.m. system, measured with the hodoscope apparatus.

1970 MeV/c 1170 MeV/c 970 MeV/c
do do do
— (mb/sr) — (mb/sr) — (mb/sr)
& Ne da 6 Ne X " Ne P
8.1 153438 5.21+1.29 942 150+41 3.36:0.92 1548 92430 2.40+0.78
10.7 117430 4.36+1.12 2045 120421 2.36+0.45
13.3 119423 3.944-0.80
15.8 80+17 2.62+0.56
18.3 81414 2.62+0.45
20.7 62+14 2.084-0.47
23.1 57+14 1.94+0.48
25.4 4848 2.08:+:0.41
27.7 3947 2414043
29.8 2346 2.754+0.72

s The net number of elastic scatters after the full-empty subtraction.

is that S-wave scattering dominates (solution A4 of
reference 3), but these authors also find satisfactory
fits with a dominant P2 solution (solution B: Minami
transform of A) or a combination of Pys and Psp
amplitudes (solution C: Fermi-Yang ambiguity corre-
sponding to solution B). Other measurements at lower
momental™* are consistent with the hypothesis that the
scattering is pure S wave. Our observed distributions at
970 and 1170 MeV/c show that the elastic-scattering

the spin of K* (mass 888 MeV) is one, absorption due
to the second process should occur in the Dy or Sy
channels; hence the choice of this set.

The scattering cross section equation used in fitting
the 970- and 1170-MeV/¢ data (including both Coulomb
and nuclear effects) was written:

do/d=| 4|2+ | B|?sin%.

cross section is still large at all angles, but that the The nonflip amplitude is

departure from isotropy becomes increasingly marked X

with rising energy. __ " . -
Because of the large inelastic cross section it is neces- 4 2 sin2(8/2) exp[—in In sin(6/2)]

sary that at least one of the phase shifts be complex.

It is obvious that the almost pure S-wave behavior
up to 810 MeV/c does not continue up to 970 MeV/c,
hence the following choice of sets of phase shifts was
made:

Set (a): Si2, P, and Pgjp phase shifts, all complex:
This assumed that only the next higher waves Py, and
P3;, would be needed. Thus, there were six parameters
to be fitted to the data.

Set (b): Syj2, Pyje, and Pgpe all real; Dgjz complex: If
one assumes that pion production proceeds mainly
through the reaction

K+p— K+N*— K+N-+tn
(threshold px=880 MeV/c),

at 970 MeV/c, where the final KN* system is largely
in an S-wave state, then the absorption should be con-
fined to the D3 state. Thus, the choice of solution of
this type, albeit with only five parameters compared to
the six of set (@), would be expected to provide a good fit.

Set (c): Py, Pse real; Sys, Dje complex: At 1170
MeV/c, pion production can occur through the reactions

+ (8/2i){mo exp(2iae)+[2n:+ exp(Riait)
411 exp(24a;~)— 3 exp(2i¢1) ] cosd
+[3nst exp (2iast)+ 29:~ exp (2ias™)
—S5 exp(2i$2) 15 (3 cos?6—1)},
and the spin-flip amplitude is
AnC sinf
“2sim(e/2)

A
+;{ [m* exp(2iai*) —n1i~ exp(2iar)—$nC]
7

+[ns* exp(2ias™) —n:~ exp(2éas~)— EnCI3 cosb},
where A=the particle wavelength in the c.m. system,

TasBLE IV. Elastic (s,) and total (o7) cross sections for K*-p.

M
eV/c 800 970 1170 1970 Ref,
K+P - K+N* - K+N+1’ eference
and oe (mb) 12.240.4 .. ‘e e Stubbs et al.s
K+ K*+N K+ N+ ces 10.2+1.5 10.7#1.1 5.6+0.4 This experiment
— — - or (mb) 13.220.5 cee cee ~++  Stubbs et
4 130409 154406 18.140.6 169404 Cook s:'az‘.'é'.

(threshold px=1060 MeV/c).
If we assume that the final states are mainly S-wave and

» Reference 4.
b Reference 8.
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(mb/sr)

6=scattering angle in the c.m. system, and n=e¢?/
#ic(Bk)1sb. The complex phase shifts have been written,

de/dQ (mb/sr)
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F16. 5. (a) Angular dis-
tribution at 970 MeV/c.
The symbols 4 * refer to the
phase-shift sets given in
Table V, Set (a). The dotted
curve was drawn for solu-
tion A~ of Set (b) given in
Table V. (b) Angular dis-
tribution at 1170 MeV/c.
The symbols A* refer to
phase-shift solutions given
in Table VI, Set (a). (c)
Angular distribution at 1970
MeV/c. The dotted curve is
drawn for case (i) and the
solid curve for case (ii). The
parameters are given in
Table VII.

The quantity C is the result of a first-order relativistic
correction to the Coulomb scattering amplitude!?:

C= surBxBr+ Gur—1)Br°

1+BxBp

13F. T. Solmitz, Phys. Rev. 94, 1799 (1954).
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TABLE V. Phase-shift solutions found at 970 MeV/c.

Set (a)

8o n0 &~ m” ot m* D(f) P(x?)
A~ -—38%1 1.0 -—-10x*1 1.0 3+4 06 —0.10::0.03 0.14
At 39+1 1.0 -—16x1 0.9 1+3 0.7 +0.09:0.03 0.07
B~ 30+1 04 -—38+2 0.8 —4+2 10 -0.124004 0.15
B* —=32+1 0.5 39+3 0.7 5+2 1.0 +40.1240.04 0.07
c- 941 0.7 15+7 1.0 -29+2 08 —0.124004 0.13
C* —14%1 0.7 -—14x7 1.0 29+2 0.8 +40.10+0.03 0.06
D~ 3+1 08 —43+3 0.9 719 08 -0.1030.03 0.11
E- -—-20+9 1.0 3949 0.7 —10+1 0.8 —0.10240.03 0.12
Set (b)

8o &~ &1t 8~ 7 D(f) P(x®
A- —=2943 2042 942 4+1 06 -0.131+0.05 0.35
At 3143 1842 —-74+2 —4+1 0.5 +40.164+0.05 0.13
B~ —-3+6 1242 =262 544 06 —0.20=:0.05 0.41
B+ 8+3 —10+3 2641 —4+1 0.6 +0.26=+0.06 0.22
c- 2143 —21%2 -3+2 -—22+44 0.6 -—0.2040.05 0.39
Cr 2244 2341 442 23+3 06 +0.2410.06 0.14

where Bk and Bp are the c.m. velocities of the K and
proton, and pp is the proton magnetic moment in
nuclear magnetons.

The ¢; are the differences between the nonrelativistic
Coulomb phase shifts of order / and order /=0:

= }_L. tan=(n/k).

k=1

A least-squares fitting computer program was used
to find sets of phase shifts (n,a) that provided good
fits to the measured angular distributions and total
cross sections. Starting from a randomly chosen set of
(m,@) pairs in the intervals 0<7<1 and 90 deg <a <90
deg, the computer program searched for minima in the
x? surface defined by

o= [%(e»— (1+e>d;;xp(oi)]2 /@y

th__ . exp]2 2
IL[(TT i ] Jl' (i) ’
(AO‘T)2

Ae
where Ae is the uncertainty in the normalization e, of
the experimental differential cross section, and Af is
the experimental uncertainty in (do/d<) exp(6;).

About 100 different starting points were chosen at
each momentum. Those minima for which P (x?)>0.05
were considered as acceptable and are listed in Tables V
and VI. The real part of the forward-scattering ampli-
tude calculated for each solution is also given in these
tables.

The acceptable phase-shift solutions that were found
for each of the sets (a), (), and (c) are given in Tables V
and VI. There is a small chance that other solutions
having P(x?) 2 0.05 exist; all of the solutions given were
found several times, starting from different initial sets
of phase shifts. The main features of these solutions
may be summarized as follows:

(i) Independent of which class of solutions is pre-
ferred, the data at both 970 and 1170 MeV/c favor
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FiG. 6. The K*-p total, elastic, and inelastic cross sections in the
momentum range Pi,=0 to 2 BeV/c. The curves drawn through
the measured cross sections are not derived from a theoretical
model.

constructive nuclear-Coulomb interference. This implies
a repulsive K+-p force, in agreement with observations
at lower momenta.

(ii) Although the various solutions in each of the sets
(a), (b), and (c) predict quite different phase shifts,
they lead to a more or less stable estimate of the magni-
tude of the real part of the forward-scattering amplitude.

(ili) The phase shift set (b), which has one less param-
eter to be determined than set (a), provides better fits
to the 970-MeV/c data than set (¢). This can be inter-
preted as evidence in favor of the hypothesis that
N*(3/2,3/2) production is the dominant inelastic
process in K+-p scattering at 970 MeV/c.

(iv) Solutions for the 1170-MeV/c data were found
for all three of the phase-shift sets. Thus we are able
to say only that our results are consistent with K*

TABLE VI. Phase-shift solutions found at 1170 MeV/c.

Set (a)

S0 70 & m o m* D(f) PO
A~ -=33+2 10 -10+6 0.8 4+1 0.2 -0.194+0.09 0.22
At 43+2 0.8 5+1 0.6 —9+5 04 +0.08+0.08 0.07
B- 74+1 02 -—30x3 06 —14+3 0.8 —0.194+0.09 0.21
Cc- -3+1 02 —64+4 03 —15+1 09 -0.20+0.09 0.22
[ong 1245 0.2 55+4 0.6 11+2 0.8 +0.22+0.10 0.08
D~ —-94+1 0.3 1+£5 1.0 -39+1 0.5 -0.1840.10 0.21
D+ 13+1 04 -14+3 1.0 43+2 04 +40.17+0.10 0.10
Set (b)

&0 - ot 82~ n2” D(f) P(x?)
A~ —264+7 —28+1 445 —7+£5 03 —0.26=+0.05 0.25
At 234 2941 —134 11+9 0.2 +40.284+0.06 0.05
B~ —114+9 -—28+2 1+6 —=31+9 02 -—0.2540.09 0.24
B+ 62 3446 63 2249 0.2 +0.30+0.09 0.06
Set ()

S0 no &~ % 32~ n2” D(f) Px?)
A~ —=32+10 0.6 6+2 —2543 1043 0.6 —0.2040.08 0.15
B~ —11+10 0.2 —38+8 —2+4 147 0.6 -—0.19+0.09 0.27
B* 3110 0.1 36+6 —1+3 243 0.5 +40.21+0.10 0.12
c- 2+4 0.8 -30+S 2+3 -—-30+2 03 -—0.2040.07 0.28
D~ —414+10 0.5 —2942 6+2 —-5+3 05 -—0.18+0.08 0.27
D+ 2010 0.7 3241 —441 3+1 03 +40.19+0.10 0.13
E- —13+2 03 2943 —9+2 1242 04 -0.2130.08 0.12
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TaBLE VII. Best values found for the optical-model parameters used in fitting the angular distribution at 1970 MeV/c.

Case Remarks {22 oo (mb) |D(F)| P()
@ All points for which 0.55:£0.15 3.60.2 0.20-:0.06 0.35
cos6*>0.85, excluding
spark-chamber point at
cosg*=0.92
(pthi2 or (mb) or (mb) |D(F)| P(x?)
(ii) Excluding spark chamber 0.47-+0.04 3.26+0.22 0.04-+0.22 0.10+0.11 0.15
point at cos§*=0.92

and/or N* production being the dominant inelastic
process at 1170 MeV/c.

(v) All of the solutions found at both momenta imply
that the S-wave phase shift is decreasing with increasing
energy and the P-wave and/or D-wave phase shifts are
increasing with energy.

3.2 The 1970-MeV/c Data

The 1970-MeV/c data are strongly suggestive of a
predominant diffraction peak with a very small re-
siduum of isotropic scattering (approx 0.05 mb/sr). An
expansion of the angular distribution at 1970 MeV/c as
a polynomial in cos6* showed that terms up to order 8
were needed. As an alternative to a phase-shift analysis
(which would require the inclusion of at least G waves),
an optical-model approach was made in two ways by
using a ‘“‘grey” refracting-disk model:

(i) 1—a=(4+iB) exp(—p*/2a%),
(ii) 1—a=A exp(—p*/2a?)+iB exp(—p*/26%),

where ¢ is the transmitted amplitude, and p is the radial
coordinate measured from the center of the disk. The
first choice was satisfactory in fitting the diffraction
peak for K—-p scattering at the same momentum,? and
was used in the present case to fit only the data
cosf* 2 0.85. The second form allows the imaginary and
real parts of the scattering amplitude to have different
“radii,” and assumes that the Gaussian shape is an
appropriate description for both. This model, thus,
assumes that the diffraction peak is due to a rather
large absorbing disk, and that the isotropic large-angle
scattering arises from a central core. This form was used
to fit the complete angular distribution.

In this model the elastic differential scattering ampli-
tude is given by

@)=ik [ (1—a)Jo(gn)ods,

where k=particle wave number in the c.m. system,
¢=2ksin(6/2), and Jo(ge) = the zeroth-order Bessel func-
tion of the first kind.

(1;‘43.) Fernbach, R. Serber, and T. B. Taylor, Phys. Rev. 75, 1352

The elastic differential cross section is given by
(i) do/dQ=k2A%ate P *=goe 9,
(i) do/dQ="Fk2A%a‘e 9"+ k2BBte "
=16+ gre 9,
The total cross section for case (ii) is
gr=4rAal

We define the rms radius of the interaction (p?)¥/2 by
analogy with the case of scattering from a “grey” re-
fracting disk with a sharp boundary at radius R. In
that case:

do/dQ=const(1—%¢?R?*+- - -)

=const(1—3¢%(p%)+- - -).

Expanding the expressions for do/dQ in the present
instance, we find for the coefficient of the (—3¢? term:

Case (i) {p?)=202,
Case (ii) {p?)=2(4%5+ B*8%)/(4%*+ B6Y).

The best values found for the parameters are shown
in Table VIL. The magnitude of the real part of the
forward-scattering amplitude thus derived is shown in
Table VII for the two cases.

The values for the radius of the “diffracting disk” in
either case (i) or (ii) appear to be smaller than the
radius found for 2.0-BeV/¢c K—-p scattering,? viz.,
0.79:£0.04 F.

4. FORWARD-SCATTERING DISPERSION
RELATIONS

Using the new data reported here, we have examined
the forward-scattering K-p dispersion relations to see
(a) how well all the existing information can be de-
scribed by these relations, and (b) how well the sign and
magnitude of the hyperon pole term can now be esti-
mated. The value of the pole term depends on the parity
and coupling constants of the K¥ N systems. The basic
dispersion relation for the real part of the forward-
scattering amplitude may be written

D(w)=[T/(0zw) ]+ f(dw)+C, (1)
with

e e g

. w—w 1), wtow
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TABLE VIII. Values of D(w) and f(w) for
K*-p (w>1) and K—-p (w<1).

P © D(1/M) f(w) Reference
5202 1.46 —1.204-0.42 +0.20 Kycia et al.b
810 1.92 —0.80+0.23 40.28  Stubbs et al.c
970 2.22 —0.46-0.19 +0.26 This experiment
11708 2.56 —0.944+044  +0.05  This experiment
1970 4.10 +1.2404 —-0.71 This experiment
1970 —410  +3.3+0.6 +1.00  Cook et al.d

513 —1.46 +0.59-+0.96 +0.79 Tripp et al.¢

4348 —133  0+05 +0.72  Tripp et al.e

3922 —1.28 0+0.6 +0.87 Tripp et al.c

387  —127  £1.51+040 +086  Tripp ef a.e

350 —123  +0.80+056 +0.84 Tripp et al.c

203 —116 +1.12+047 +100 Tripp ef ale

2122 —1.09 —0.3+1.1 +0.65 Humphrey et al.f
138 —1.04 +0.65+1.70 —-0.34 Humphrey et al.f

» These values were used to determine the parameters ' and D(wo).
b Reference 2.

¢ Reference 4.

d Reference 12.

e Reference 18.

t Reference 20.

The residue I' is assumed to arise from an “effective”
pole, situated at “average” energy ®=0.32M . Early
efforts!?:1% to evaluate this term gave inconclusive re-
sults. Both singly and doubly subtracted relations were
used by these authors. Although these analyses were in-
conclusive, most of the authors found greater consistency
with the data for negative values of I'. It was assumed
that the effective pole represented the effects of the
adjacent = and A poles. It is now known that the
interpretation of the effective pole is complicated by
the ¥,* resonance (and possibly other Zr or Ar
resonances).

Our approach has been to try to fit all the available
K*-pand K~-p data. We have chosen a subtracted form:

1 1
D@»—ﬂm+¢@o=vwo+rQ:7—_+ ),<n

which eliminates the unknown constant C and ensures
convergence of the subtracted integrals (subject to
certain conditions on the asymptotic behavior of the
total K*-p and K—-p cross sections'®). The parameter
wo can be chosen arbitrarily (we have taken wo=+1,
i.e., zero kinetic energy in the K+-p system); then the
equation contains only two free parameters Do= D(wy),
and I'. The integrals in f(w) were evaluated as follows.
Between w'=1 and 40, a smooth curve was drawn
through the values of 4* deduced from total cross-
section measurements.=9:12:17.18 This smooth curve was

1 P, T. Matthews and A. Salam, Phys. Rev. 110, 569 (1958);
C. Goebel, ibid. 110, 572 (1958); K. Igi, Progr. Theoret. Phys.
(Kyoto) 19, 238 (1958) ; R. Karplus, L. T. Kerth, and T. F. Kycia,
Phys. Rev. Letters 2, 510 (1959).

16 D. Amati, M. Fierz, and V. Glaser, Phys. Rev. Letters 4, 89
(1960) ; S. Weinberg, Phys. 124, 2049 (1961).

175. Goldhaber, W. Chinowsky, G. Goldhaber, W. Lee, T.
O’Halloran, T. F. Stubbs, G. M. Pjerrou, D. H. Stork, and H. K.
Ticho, Phys. Rev. Letters 9, 135 (1962).

18 0. Chamberlain, K. M. Crowe, D. Keefe, L. T. Kerth, A.
Lemonick, Tin Maung, and T. F. Zipf, Phys. Rev. 125, 1696
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continued into the unphysical region (v’ between wsr
and 1) by using the Dalitz and Tuan S-wave zero-
effective-range analysis!® with the scattering lengths
given recently by Humphrey and Ross.?® (The effective
pole residue deduced from this analysis was insensitive
to which of the two Humphrey-Ross solutions was
used.) The integrals were then evaluated numerically.
For the region w’>40, we have used the results of
Udgaonkar’s?! investigation of the asymptotic behavior
of high-energy cross sections. The high-energy contribu-
tion to f(w)— f(we) can be written

1 = (P—wld)w (A—+47)
I(w)—1I(wo)=— dw’
(@)= I (w0) ﬁowuwwuw>

™

1/“ ((.-J—cv.)o)(m'z-f-(.oc.oo)(A"——A‘L)A7 )

do’,  (3)
- 0 (wm__ 2) (wtz_woz)

where we assume

A+ At - (w/47)(F+Guw*™Y),
and
A=— A+ — (H/4m)ob,
as w(~k) —>w.
The constants and the exponents were estimated from
the data of references 6 and 9 for w=> 10, and the follow-
ing values were used:

F=23(1/Mx?),
G=30(1/Mx?),
H=30(1/Mx?),

a=0.3 to 1.0 (the results were insensitive to the value
of a in this range),

8=0.25.

In the energy region of interest in this analysis, the
values of I(w)—I(wo) turned out to be small and rela-
tively insensitive to reasonable choices of F, G, H,
a, and B.

The values of D(w) used and the corresponding
integrals f(w) are shown in Table VIIL.

It is convenient to consider Eq. (2) as representing
a two-parameter family of straight lines:

y=T(x—x0)+ Do, 4)

where x=1/(@+w). The data given in the third column
of Table VIII can be fitted with a straight line. The
slope of this line determines the pole term T, and the
intercept at x=ux, gives the value of Do. The experi-
mental data and the best straight line fit (dashed line)
are shown in Fig. 7. The solid curve is a plot of y vs x

(1962) ; M. Ferro-Luzzi, R. D. Tripp, and M. B. Watson, Phys.
Rev. Letters 8, 28 (1962).
( 19 R) H. Dalitz and S. F. Tuan, Ann. Phys. (N. Y.) 10, 307
1960).
( ’"V&)’. E. Humphrey and R. R. Ross, Phys. Rev. 127, 1305
1962).
2 B. M. Udgaonkar, Phys. Rev. Letters 8, 142 (1962).
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Fi1G. 7. The function y defined in Sec. 4 is plotted against x. The
data given in Table VIII are used to calculate the values of y that
are plotted as points. The solid curve is the value of y if the real
part of the forward-scattering amplitude is zero for all energies.

for D(w)=0 for all w. Contours of constant x* are
illustrated in Fig. 8 as a function of T' and D,, where
[Z(w)—yw) ]
=2 —,
i [elw)]
where Z(w;)=D(w;)— f(w:)+ f(wo), and e(w;) is the
error in Z(w;).

We have used only those values of D(—w) for which
the sign of D(—w) has been given in determining the
values of I' and D, that best describe the experimental
data. The results are

I'=—0.1240.32,
D0= 0.9:&0.2(1/MK))
P(x?)=0.70.
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I16. 8. Contours of constant x2 as functions of the two parameters
to be determined by the fitting procedure.

Apart from one point (at x=—0.2), which is between
2 and 3 standard deviations away, Fig. 7 shows that
reasonable linear fits can be made to the data. However,
the data are still much too poor (particularly at low
energies for K—-p scattering) to be able to establish
definitely the sign of the pole term. It is interesting to
note that if the sign of some of the low-energy K~ points
could be established, the value of the slope of the
straight line, and thus the pole residue, could be much
better determined.
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