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The differential cross sections for K *d coherent, breakup, and charge-exchange scattering have been measured
at several momenta in the interval 250-600 MeV/c. The data have been fitted using a partial-wave analysis.
Assuming an s-wave description of I = 1 scattering and using data from the coherent and charge-exchange
channels, a description of I =0 K *-N scattering by a combination of s and p waves in a simple single-
scattering impulse model has ‘been attempted. The phase shifts obtained are unique up to the Fermi-Yang
ambiguity, which can be removed by using existing polarization results at 600 MeV/c.

I. INTRODUCTION

In recent years total and partial cross-section
measurements on the K *-nucleon system have
shown structure in both the isospin /=0 and /=1
channels.!”® Considerable interest has been fo-
cused on the question of whether this structure is
evidence of the existence of strangeness +1 reso-
nances. Such resonances would be exotic since
they cannot be represented by a simple three-
quark wave function.”

Both energy-dependent and energy-independent
phase-shift analyses have been performed by nu-
merous groups on the existing differential-cross-
section distributions.®”!* These analyses can be
greatly aided by accurate low-energy scattering
data, which provide anchor points for the low-
angular-momentum partial waves. To improve
knowledge of the K*-nucleon system in this low-
energy region, measurements of K*-p and K*-d
scattering were made at four momenta below
600 MeV/c. The results of the K*-p analysis
have previously been published.'?

In the low-energy region pion production is neg-
ligible, and only the following three K*-d reac-
tions need to be considered:

K* +d- K* +d (coherent) (1.1)

K* +d=-K* +p +n
(breakup without charge exchange) (1.2)

K* +d—-K°+p +p
(breakup with charge exchange). (1.3)
The last two will be referred to simply as breakup

and charge exchange, respectively.
II. EXPERIMENTAL METHOD

The experiment was performed at the Brook-
haven National Laboratory alternating gradient

synchrotron (AGS) using the low-energy separated
K beam'* at a transport momentum of 614 MeV/c.
Data was taken in the BNL-Columbia 30-in. bubble
chamber filled with deuterium, at four incident
momenta produced by placing varying lengths of
copper degrader just in front of the bubble cham-
ber. Sample distributions of beam momenta at
interaction vertices are shown in Fig. 1. The ex-
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FIG. 1. The distribution of beam momenta at the
charge-exchange interaction vertex. The mean momen-
tum is indicated for each data set.
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TABLE 1. Summary of K'd exposure.

Beam acceptance criteria

Beam

f

Momentum Beam dip

momentum ® (MeV/c) deg) Azimuth (deg)®

(MeV/c) Path length® Events/mb Min Max Min Max Min Max 7 count
587+12°  4.38+0.30x108 58.6 550 628 -4,5 3.4 101.6 115.3 555+38
587+12¢  2.05+0.27x10% 84.8 550 628 —4.5 3.4 101.6 115.3 260+30
470+12°%  5.02+0.28x10° 68.0 424 514 -6.8 5.8 100.8 127.2 79745
470+129  2.93+0.15x10° 130.3 440 570 11 11 81 115 463+23
342+15° 8.13+0.44x10° 106.1 286 386 -7.9 57 104.0 36.1 176995
342+159  2.64+0.12x10° 109.2 340 445 11 11 80 117 577 +25
252+£25° 8.19+0.45x10° 116.7 184 328 -9.4 7.6 109.7 141.8 2420125

2At central plane of bubble chamber.

bAnalyzed at IIT for charge-exchange scatters.
¢Analyzed at IIT for coherent and breakup scatters.
9Analyzed at Maryland for coherent and breakup scatters (all 's measured for these

samples).
¢See text, Sec. II C.

! These cuts made on results of geometric reconstruction, not on kinematically fitted results.
IIT cuts made at the central plane. Maryland cuts made at the entrance plane.

¢ Projected beam angle.

posure totaled about 214000 pictures distributed
over the four momenta 587, 470, 342, and 252
MeV/c.

There were approximately eleven beam tracks
per frame. A typical beam-kaon track (at 470
MeV/c) had a bubble density of about 10 bubbles
per cm. This choice of bubble density allowed
good visual ionization discrimination between K*
and 7* for all but the highest momentum covered
by the experiment. In that case, the beam pions,
which constitute about a 2.5% contaminant, were
eliminated to the level of <1% by the application
of the beam acceptance criteria summarized in
Table I. These criteria were applied at all mo-
menta, with the result that the purity of the beam
was independent of the scanning criteria.

A. Scan and measurement

Independent sets of scans were performed for
the different topologies: one set picked up charge-
exchange events [reaction (1.3)] and 3-prong K de-
cays (the latter used for normalization), while the
other was devoted to 2-prong K scatters [reactions
(1.1) and (1.2)] . Each set consisted of at least two
scans, with a portion of the film used for charge
exchange and normalization receiving a third scan.
The scanning efficiencies as determined by com-
paring multiple scans for the various topologies
are all >99%; systematic losses are discussed in
Sec. IID.

Measurements and remeasurements were per-
formed on standard film-plane and image-plane

machines. All data analysis was performed with a
standard chain'® !¢ of bubble-chamber-analysis
programs, TVGP, SQUAW, and ARROW, on Univac
1108 computers at Maryland and IIT using essen-
tially identical programs.

B. Parameters of the experiment

The liquid-deuterium density was determined by
measuring the range of pu* produced by stopping
n* via the decay n* - p* +v. The 7* decays were
obtained from a sample of 7 decays (K* —-a* +7*
+77) at all momenta. The mean p* range was
found to be 0.934+ 0.005 cm, which implied a deu-
terium density pp=0.139+ 0.001 g/cm®. The cen-
tral magnetic field was 12.75+ 0.13 kG, based on
magnet-current readings during the run. This is
in reasonable agreement with an independent de-
termination of the magnetic field based on kine-
matic fitting.™!®

C. Path length

The K* path length was determined for each of
the different momentum intervals from the number
of observed 7 decays at that momentum. The path
length in centimeters is given by

L =(p/M)XctxN,/B ,

where p and M are the momentum and the mass of
the decaying K* expressed in MeV/c and MeV/c?,
respectively, ¢t =370.8+ 0.8 cm is the K* life-
time,'® N, is the number of 7 decays, and B
=0.0559+ 0.0003 is the T-decay branching ratio.'®
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The K* path length and the total number of 7 de-
cays for each momentum interval and topology are
listed in Table I.

D. Data-sample selection criteria and corrections
1. Charge-exchange sample

The charge-exchange data sample was obtained
from events fitting reaction (1.3). The scanning
criteria required the identification of an incoming
K*, one or two outgoing (proton) tracks from the
primary vertex, and a “V” within about 30 cm of
this vertex. Only those charge-exchange events
in which a K%t decayed into a charged-pion pair
were recorded in this category. The known bran-
ching ratio for this K° decay mode (0.3439
£ 0.0026)'° was then used to determine the total
number of K° produced in each angular region.
Only those events with K° length less than 20.00
cm and projected K°length greater than 0.25 cm
were included in the final charge-exchange sam-
ple. Events fulfilling these criteria were, in gen-
eral, well constrained. Each event was weighted
by the inverse of the probability that a K° with the
momentum observed would have decayed within
the length interval given above, to correct for
events excluded by the cuts.

Overall corrections were also made for scanning
losses (<1% at all momenta) and for the loss of
events which, although passing geometric cuts and
positively identified as charge-exchange scatters,
failed to produce good kinematic fits to this hypo-
thesis (about 7% of the events). The correction
factor for these lost events was obtained by calcu-
lating the ratio of the total number of events to the
total number of well-fitted events (~1.07). A test
of azimuthal symmetry in all relevant distributions
failed to reveal any statistically significant devia-
tions from isotropy. Therefore, no additional geo-
metric weights have been applied to the charge-
exchange sample.

Our measured K° lifetime is (0.90+ 0.03) X 107*°
sec, which agrees with the accepted value of
(0.882+ 0.008) X 10~ sec.'®

2. Coherent and breakup sample

The coherent and breakup sample was obtained
from events fitting either reaction (1.1) or reac-
tion (1.2), or both. The scanning criteria for
these events required the identification of all 2-
prong events with no associated “V”’; there were
no minimum or maximum length restrictions on
any of the tracks, nor was the outgoing proton
(deuteron) required to stop in the chamber. Mea-
surements were made of all events which could
have been consistent with coherent or breakup

scattering. Most kinematic ambiguities in these
events could be resolved by a visual check of the
relative ionizations of the tracks; the major ex-
ceptions were events with good fits to both co-
herent and breakup scattering.

There are several sources of difficulty in sep-
arating coherent and breakup scattering events.
First, with the exception of high-momentum-
transfer events in which the recoil length exceeds
25 cm, both proton and deuteron tracks are satu-
rated and cannot be distinguished by ionization.

In addition, most events which have kinematic fits
to the coherent hypothesis also have fits to the
breakup reaction. In the case of such ambiguous
fits, one generally favors the coherent fits be-
cause they are far better constrained: 4 (or 3)
constraints compared to 1 (or 0), where the num-
bers in parentheses apply if one of the measurable
quantities of the event is undetermined (e.g., the
momentum of one outgoing track, as with a sec-
ondary scatter close to the primary vertex). A
study of the confidence-level distributions for co-
herent, breakup, and 7-decay fits at 342 and 470
MeV/c showed a large excess of low-confidence-
level events only in the coherent sample, indicat-
ing a possible contamination in this sample owing
to the presence of misidentified breakup scatters.
An examination of coherent and breakup fits to
large-momentum transfer events at 470 MeV/c,
where protons and deuterons could be distinguish-
ed, supported the interpretation that the low-con-
fidence-level fits in the coherent sample were in-
deed due to a contamination of breakup events.
Therefore, a =2% confidence-level fit for the co-
herent-scatter sample was required at 342 and
470 MeV/c. The events which were eliminated
(8% of the coherent events at 342 MeV/c and 6% at
470 MeV/c) were transferred to the breakup-scat-
ter sample. At 587 MeV/c no such effect was
noted.

We have made further tests to determine whether
the coherent-scatter sample contains any addition-
al contamination due to breakup scatters. Any
breakup events which are contaminants to the co-
herent sample fall in a restricted region of the to-
tal phase space available to the breakup events.

In particular, since one expects true coherent
scatters to have breakup fits with final-state nu-
cleons that are approximately collinear and have
low relative momentum, one also expects that
false coherent events (from the breakup sample)
will have these same properties. With this feature
expected, we studied the distribution of the invari-
ant mass of the p-n system, the collinearity of the
final-state nucleons, the relative p-» momentum,
and the transverse-momentum imbalance. We
found!® that the best measure of the contamination
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FIG. 2. Distribution of the normalized relative proton-neutron momentum (P,,=|5-1|/|B|) for all events with fits

to the breakup hypothesis.

could be obtained by using the normalized p-n rel-
ative momentum, defined by P,,=|p-1l/|p|. If a
stopping deuteron is m.sinterpreted as a proton,

it is assigned a momentum equal to 0.6 times the
deuteron value. The (collinear) neutron must have
the rest of the deuteron moment, 0.4 4, leading to
a prediction of P,,,=% for true elastic events (or
slightly larger if the proton and neutron are not
exactly collinear). For nonstopping tracks, of
course, the proton will be assigned a value of mo-
mentum closer to that of the deuteron, with the
neutron having correspondingly less momentum;
for these events P,, will be closer to unity.

The P,, distributions are shown in Fig. 2; the
elastic peak occurs at P,, =0.36. The small clus-
ter of events at zero primarily corresponds to
events in which the dueteron momentum had been
lost; if the K* was well measured in such cases,
the breakup solution often shared the deuteron mo-
mentum equally between the two nucleons. As
noted above the prediction of P,,~ 3 for true elas-
tics requires well-measured tracks, which im-
plies that the deuteron momentum must have been
determined from a range measurement; for other
events, the value of P,, is less well determined.
This accounts for most of the elastics with P,,
>0.17.

By making extrapolations from the breakup dis-
tribution into the coherent peak one can obtain
estimates of the breakup contamination in the co-
herent sample. The elastic sample has on the
average no contamination but has an error of 5%
at 342 MeV/c, % at 470 MeV/c, and 9% at 587
MeV/c.

TABLE II. Laboratory coherent differential-cross-
section data. These differential cross sections do not
include the overall normalization error, which is +5%
at 342 and 470 MeV/c, and +10% at 587 MeV/c.

No. of Correction

cosé interval events factor do/dQ (mb/srad)
587 MeV/c
(-1.0,-0.4) 9 1.0 0.028+0.003
(0.4, +0.25) 6 1.0 0.018+0.006
(0.25,0.5) 7 1.0 0.054+£0.017
(0.5,0.75) 17 1.0 0.13+0.03
(0.75, 0.85) 18 1.0 0.36+0.09
(0.85,0.90) 18 1.0 0.69+0.18
(0.9, 0.95) 28 1.43+0.08 1.54+0.30
470 MeV/c
(-1.0,-0.7) 7 1.0 0.031+0.012
(=0.7,-0.4) 19 1.0 0.083+0.019
(-=0.4,-0.2) 10 1.0 0.066+0.021
(-=0.2,0.0) 10 1.0 0.066+0.021
(0.0,0.2) 14 1.0 0.092+0.024
(0.2,0.4) 256 1.0 0.16+0.03
(0.4,0.6) 38 1.0 0.25+0.04
(0.6,0.8) 93 1.16+0.04 0.71+£0.08
(0.8,0.9) 114 1.24+0.06 1.86+0.20
(0.9, 0.95) 71 1.50+0.12 2.80+0.40
342 MeV/c
(=1.0,-0.7) 22 1.0 0.11+0.02
(-0.7,-0.4) 29 1.0 0.14 £0.03
(-0.4,-0.2) 22 1.0 0.16+0.03
(-=0.2,0.0) 29 1.0 0.21+0.04
(0.0,0.2) 32 1.0 0.23+0.04
(0.2,0.4) 58 1.0 0.42+0.06
(0.4,0.6) 93 1.0 0.68+0.07
(0.6,0.8) 159 1.0 1.16+0.09
(0.8,0.9) 113 1.24+0.06 2.05+0.22
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Of those events eventually identified as breakup
scatters, about 7.5% (at each momentum) produced
good charge-exchange fits which could not be ex-
cluded even by ionization checks. However, most
of these involved steep outgoing tracks, so that
a K* track would appear as saturated as a proton
track. By using the azimuthal symmetry of both
breakup and charge-exchange scattering about the
beam direction, one can study the events with less
steep scattering planes to determine the probability
that an event with the observed scattering angle
would be a charge-exchange scatter. From this we
estimate an upper limit on the charge-exchange
contamination in any portion of the breakup angular
distribution to be ~2%.

However, since 1-prong coherent and breakup
scatters were not identified in our scans, the
small-angle-scatter regions of these latter distri-
butions were excluded from the analysis. In con-
trast, the final sample of charge-exchange events
includes the entire range of scattering angles.
Cuts were made at K* scattering-angle cosines in
the laboratory system of 0.90 for the 342-MeV/c
sample and 0.95 for the other two momenta. A
one-parameter model, based on the assumption
that scanning losses were due primarily to small
projected scattering angles, was then used to cor-
rect the remaining distributions for such losses.
These corrections were important only for the co-
herent sample in restricted regions of the labora-
tory scattering angle: cosf>0.8 at 342 MeV/c
(19%), cos6>0.6 at 470 MeV/c (18%), and cosé
>0.9 at 597 MeV/c (10%), where the figures in

do®| _ [j 2[4 2 (4 a +a, | 2,
|, K{ Ss <2> +Sq <2>] a,+a¢,+—"—*12 +§S”
da® a, +a, |? b, +b,|?
D |ty =[:|a1 +a,,12+-—*—-—-9-2 +b,|%+ —‘L—-—Qz L6
c.m.
do* |ax‘ao 2. 2]|b,=b, * *
a7 | U2 3175 [I,(6%) =J,(67M)] +
K" Ncm,

ER et al.

parentheses are the overall percentage correc-
tions.

III. RESULTS AND ANALYSIS OF DATA

A. Differential cross sections

Calculations of the differential cross sections
for reactions (1.1), (1.2), and (1.3) are summar-
ized in Tables II-IV and plotted in Figs. 3-5.
Note that the coherent and breakup data are pre-
sented in the laboratory frame and that the charge-
exchange data are given in the K*-nucleon c.m.
(center-of-mass system, where the nucleon is
treated as being initially at rest in the lab). Fig-
ure 6 presents the coherent differential cross
sections as a function of the square of the four-
momentum transfer ¢; for comparison, data from
other experiments at nearby energies have also
been included.?0~22

B. Impulse-approximation model

The theoretical treatment used to analyze the
K*-d reactions in terms of K-nucleon phase shifts
is essentially that of Stenger,!® except that in ana-
lyzing the coherent scattering, where the form of
the deuteron wave function is particularly import-
ant, we have computed the deuteron form factor
from the Reid hard-core wave function, including
the d wave.?® The single-scattering impulse-ap-
proximation (SSLA) expressions for the various
differential cross sections are as follows, in the
reference frames indicated:

(9o 252 [ @1

9 +2Ref (250, va) + 0 1(ﬁi“;‘—”?i)],fo(e 9,
(3.2)

b g em +y0%) (3.3)

where the superscripts ¢, b, and x refer to coherent, Breakup, and charge exchange and the various quan-

tities are as follows.

Form factors of deuteron (spherical, quadropole, and magnetic) for coherent scattering.

a, Coulomb amplitude
a;,b; Non-spin-flip and spin-flip nuclear amplitudes for isospin I in K*-Nc.m.
Ss:Sq5Sy
If there were no deuteron d wave, we would have Sg =0 and S, =Sg
q Magnitude of momentum transfer q =k, - kK
IO’ JO

“Inelastic form factors” for scattering from a deuteron in the initial state to a plane-wave
final state
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K Kinematic factor, including the flux factor and the Jacobian for the transformation from

K*-Nc.m. to the laboratory, which reduces to

¥ dk _ sky
vy, dE; wowE E ’

where

ko, kB initial and final momenta of K* in the lab

E; total energy of K*-d final state in the lab

v, velocity of incident K* in the lab

wy, w initial and final lab energy of K*

E,,E initial and final lab energy of “stuck nucleon”

Sgy  Square of total energy in K*-Nc.m.

The coherent form factors computed from the
Reid wave functions are shown in Fig. 7 together
with those obtained from the Hulthén?* wave func-
tion (s wave only) and the s-wave part of the Mor-
avscik-Gartenhaus®® wave function. The inelastic
form factors I, and J, were computed from the s-
wave part of the Moravscik-Gartenhaus function?®
(Fig. 8).

In the derivation of the expressions for the dif-
ferential cross sections given above, one encount-
ers integrals of K*-nucleon matrix elements over
the Fermi-momentum distribution of the nucleons
within the deuteron. The form-factor approxima-
tion rests on the observation that the scattering
amplitudes and kinematic factors vary only slightly
over the range of these integrals, and can thus be
removed from the integrands and evaluated at a
typical nucleon momentum; the remaining inte-
grals are then the form factors. Past analyses
have used zero for the typical nucleon momentum.
In analyzing the coherent scattering, we attempted
to evaluate the matrix elements and kinematic fac-
tors at a point which is closer to the peak of the
integrand (overlap of two deuteron wave functions
with different momenta). In particular, we re-
quired that momentum be conserved throughout,
and that the momentum of the spectator nucleon
not change. Thus, both nucleons of the deuteron
are in motion prior to the scattering, with initial
momentum linked to the scattering angle of the K.
The above condition does not uniquely determine
the initial nucleon motion; taking the direction of
this motion to lie along the momentum-transfer
vector maximizes the overlap integral. Figure 9
shows the effects of this description.

C. Energy-independent phase-shift analysis

The data were analyzed using a partial-wave ex-
pansion.?” The isospin amplitudes of Egs. (3.1),

1205

TABLE III. Laboratory breakup differential-cross-
section data. These differential cross sections do not
include the overall normalization error, which is 5%
at 342 and 479 MeV/c, and +10% at 587 MeV/c.

No. of Correction

cosf interval events factor do/dQ (mb/srad)
587 MeV/c
(~1.0,-0.7) 28 1.0 0.17£0.03
(-0.7,-0.4) 37 1.0 0.47+0.08
(-0.4,-0.2) 37 1.0 0.71+0.11
(-0.2,0.0) 36 1.0 0.69+0.11
(0.0,0.2) 48 1.0 0.92+0.13
(0.2,0.4) 82 1.0 1.57+0.17
(0.4,0.6) 106 i.0 2.03+0.20
(0.6,0.8) 148 1.0 2.84+0.23
(0.8,0.9) 83 1.0 3.18+0.35
(0.9, 0.95) 34 1.3+0.06 1.69+0.29
470 MeV/c
(-1.0,-0.7) 51 1.0 0.22+0.03
(-0.7,-0.4) 115 1.0 0.50+0.05
(-0.4,-0.2) 110 1.0 0.72+0.07
(=0.2,0.0) 119 1.0 0.78+0.07
(0.0,0.2) 147 1.0 0.97+0.08
(0.2,0.4) 195 1.0 1.28+0.09
(0.4, 0.6) 244 1.0 1.60+0.10
(0.6,0.8) 336 1.0 2.21+0.12
(0.8,0.9) 142 1.0 1.87+0.16
(0.9, 0.95) 54 1.29+0.06 1.83+0.25
342 MeV/c
(-1.0,-0.7) 48 1.0 0.23+0.03
(-=0.7,-0.4) 87 1.0 0.42+0.05
(-0.4,-0.2) 97 1.0 0.71+£0.07
(-=0.2,0.0) 106 1.0 0.77+0.08
(0.0,0.2) 114 1.0 0.83+0.08
(0.2,0.4) 182 1.0 1.33+0.10
(0.4, 0.6) 196 1.0 1.43+0.10
(0.6,0.8) 222 1.0 1.62+0.11
(0.8,0.9) 87 1.0 1.26+0.14
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TABLE IV. Charge-exchange differential-cross-section data in the K'N center of mass
(assuming a stationary target nucleon).

cosf No. of Correction
interval events factor da/dQ (mb/srad) Ttotay (Mb)
587 MeV/c
{(-1.0,-0.8) 10 1.52+0.18 0.24+£0.07
(-0.8,-0.6) 12 1.62+0.24 0.35+£0.09
(~0.6,-0.4) 10 1.47+0.17 0.61+0.13
(-0.4,-0.2) 25 1.37+0.15 0.46+0.10
{(=0.2,0.0) 35 1.32+0.15 0.59+£0.12
(0.0,0.2) 42 1.26+0.14 0.69+0.13
(0.2, 0.4) 36 1.24+0.14 0.59+0.12
(0.4,0.6) 45 1.22+0.13 0.71+0.13
(0.6,0.8) 31 1.21+£0.13 0.48+0.10
(0.8,1.0) 23 1.20£0.13 0.34+0.08 6.36 +0.56
470 MeV/c
(—=1.0,-0.8) 5 1.60+0.19 0.09+0.04
(-0.8,-0.6) 14 1.42+0.17 0.23+0.07
(-0.6,-0.4) 20 1.29+0.14 0.30+0.08
(-0.4,-0.2) 22 1.37+0.15 0.35+0.08
(-0.2,0.0) 36 1.21+£0.13 0.51+0.10
(0.0,0.2) 32 1.21+£0.13 0.45+0.09
(0.2,0.4) 30 1.17+0.13 0.41+0.09
(0.4,0.6) 29 1.15+0.13 0.39+0.08
(0.6,0.8) 36 1.14+0.13 0.48+0.10
(0.8,1.0) 12 1.15+0.13 0.16+0.05 4.27+0.36
342 MeV/c
(-0.1,-0.8) 8 1.62+0.19 0.10+0.04
(-0.8,-0.6) 9 1.53+£0.18 0.10+0.04
(-0.6,-0.4) 14 2.71+0.19 0.28+0.14
(-0.4,-0.2) 25 1.46+0.17 0.27+0.06
(-0.2,0.0) 31 1.37+0.16 0.32+0.07
(0.0,0.2) 30 1.30+0.14 0.29+0.06
(0.2,0.4) 25 1.24+0.14 0.23+0.05
(0.4, 0.6) 36 1.21+£0.13 0.32+0.06
(0.6, 0.8) 33 1.18+0.13 0.29+0.06
(0.8,1.0) 13 1.16+0.13 0.11+0.03 2.93+0.24
252 MeV/c
(=1.0,-0.8) 3 0.42+0.09 0.05+£0.03
(-0.8,-0.6) 5 0.48+0.08 0.08+0.04
(—0.6,-0.4) 11 0.55+0.07 0.19+0.06
(-0.4,-0.2) 15 0.64+0.08 0.17+0.05
(-0.2,0.0) 22 0.63+0.08 0.26+0.06
(0.0,0.2) 19 0.71+£0.08 0.20+0.05
(0.2,0.4) 18 0.75+0.08 0.17+0.04
(0.4, 0.6) 19 0.67+0.12 0.21+£0.06
(0.6,0.8) 24 0.79+0.09 0.22+0.05
(0.8, 1.0) 5 0.80+0.09 0.05+0.02 1.99+0.18
(3.2), and (3.3) can be expanded in a series of 1 1 e"‘f* s'mé,'* ’

partial waves:

ar (cosG)=Z t+Dal,
1=0

by (cosd) = |al, —al.
1=0

+la!_|P, (cosf) ,

Pj (cos6) ,

where the +, — subscripts on the partial-wave
amplitudes a and phase shifts 6 refer toJ =1+ %,
and k_,, is the wave number corresponding to the
K*-Nc.m. momentum. At these energies, the
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FIG. 3. Observed K*d coherent differential cross sections in the laboratory frame. The solid line is the combined
fit to both coherent and charge-exchange data. The dashed line is a fit to this data only. Not all data which appear in
the plots have been included in the fits. (See Tables VI and VII.)

phase shifts can be regarded as real. In this ana-
lysis the I=1 scattering was considered to be
purely s-wave at all momenta studied.?® The val-
ues of the I=1 phase shifts are listed in Table V.
In our analysis these phase shifts were not varied,
since their errors are very small compared to the
final I=0 phase-shift errors.

D. Results of the phase-shift analysis

The phase-shift analysis has been carried out
for charge-exchange and coherent scattering. Fits

to the data were attempted for each reaction sep-
arately, and for the two combined. The results of
the analysis are presented in Tables VI and VII.
Reid hard-core form factors were used for the co-
herent scattering with both stationary- and mov-
ing-nucleon kinematics. The Gartenhaus form
factor (very similar to the Reid hard-core) with
stationary nucleon was used for the charge-ex-
change cross-section analyses.?® In addition,
Table VII contains the results of a fit at 470
MeV/c, using Hulthén wave functions throughout
to illustrate the sensitivity of the phase-shift so-

100 — . . ——— . T o , . —
F F 1r 4+t
™ L 342 MeV/c 11 470 MeV/c —4—_'_* L 587 MeV/c —+
3 L+ — + t
€ — + —
E |.Oj —+ —] - - = ,__'_ + —:
T f ++ 10 il ++ ]
b [ 1 L + 4 L ]
3 L
S in 1P+ _
L 1 i 1 1 1 1 B B 2 1 1 1 1 1 L
oG 0 -0 0 10 -10 0 10
cos 8 cos 6 cos 8

FIG. 4. Plot of observed breakup differential cross sections in the laboratory frame.
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1 1 1 1 1 1 1 1 L 1 1 1 1
O'O—ll — o] l + -l 0 +]
cos 6 * cos 6 *

FIG. 5. Observed K*d charge-exchange differential cross sections in the K* -nucleon center-of-mass frame. The
solid line is the combined fit to both coherent and charge-exchange data. The dashed line is a fit to this data only.

lutions to the assumed deuteron wave function. It
is impossible to distinguish between the different
descriptions on the basis of this data alone. No
reasonable model can reproduce the structure ob-
served in the tail of the 470-MeV/c coherent dis-
tribution shown in Fig. 3. Only coherent scattering
with [¢|<0.4 (GeV/c)? has been included in the fits.
(This affects only the 470 and 587 MeV/c data.) In
the charge-exchange analysis, the Hulthén and
Gartenhaus form factors, assuming a stationary
struck nucleon, give similar results. Most fits
were performed with only s and p waves, since
preliminary trials had shown no convincing need
for d waves in the =0 amplitudes. At each mo-
mentum two solutions were found, corresponding
to the Fermi-Yang ambiguity, i.e., (045 =564 ermi
==(0g3 =0 ox)\(m.g .

It will be seen that the phase shifts obtained from
the coherent analysis alone are generally much
larger than those from either the charge-exchange
or the combined fits. One can see from Eq. (3.1)

and Figs. 7 and 9 that the shape of the coherent
angular distribution is dominated by the deuteron
form factor and the =1 component in the coherent
scattering; thus a sizeable change in the I=0
phase shifts is required to significantly affect the
differential cross section, and large phase shifts
can therefore be obtained. The phase shifts from
the combined fits are more tightly constrained
and are in better agreement with other experi-
ments.'”?* Figures 3-5 display plots of the data
and fits to the coherent and charge-exchange dif-
ferential scattering cross section for each reac-
tion separately and for the combined fit. The
phase-shift solutions were obtained from a min-
imization procedure which has been described
elsewhere.®

E. Comparison of the phase-shift analysis with other experiments

The I=0 phase-shift solutions from other ana-
lyses are presented in Table VII along with our
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FIG. 6. A plot of the elastic do/dt as measured in this
experiment. Data from other experiments at slightly
higher momenta are also shown.
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101 S WAVE
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[
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. 2 .3 4 .5
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FIG. 7. Deuteron coherent form factors computed
from different wave functions as indicated. The factor
(Ss2+5¢h enters into the non-spin-flip contribution to
the differential cross section. For the models with no
deuteron d wave Sq=0. Definitions of form factors are
in Ref. 30.

252 MeV/c

.OF s zzzzom====
" —————————————
0 1 1 m?\l
-1.0 -0.6 -0.2 0.2 0.6 1.0
cos 8%

FIG. 8. Form factors I°(6*) and Jo(6*) vs cos6* cal-
culated using the Hulthén wave function. The dashed
curves at each momentum are the same form factors
calculated using the Moravscik-Gartenhaus wave func-
tion.

solutions. The BGRT!! class A, C, and D solu-
tions are from an energy-dependent analysis which
did not actually include any experimental data be-
low 600 MeV/c; however, the results are com-
patible with those they obtained from an energy-
independent analysis including the data of Stenger!®
and Lee.?® The values shown in the table were
interpolated from the published amplitudes. The
analysis by Stenger'® included both his own data
(the sum of the coherent and breakup reactions)
and that of Lee®® (charge-exchange); the scattering
data at 330 MeV/c and 388 MeV/c were combined
at a nominal 350 MeV/c. Even with d waves,
Stenger did not have solutions at this momentum
with confidence level greater than 1%, the x? being

TABLE V. Isospin I=1 s-wave phase shifts.

K* lab
momentum (MeV/c) 8,
252 —15.0°+0.4°
342 —~19.5°+£0.4°
470 —26.8°+£0.6°
587 —33.4°£0.8°
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TABLE VI. Phase-shift solutions for individual reactions.

Momentum (GeV/c)

50 (deg)

8y (deg)

(Fermi-Yang)

So3 (deg)
(Fermi-Yang)

Confidence
level

(c080)min

(a) Coherent scattering
(1) Reid hard-core form factors, moving nucleon

342

470

587

341

470

587

~3+5

-19£7

7T+11

—9+4
51+10
6+16
51+12
13+15
3114

34+6
8+4
399
18+12
306
2214

0.73

0.63

0.88

(2) Reid hard-core form factors, stationary nucleon

6+5

-8+7

19+19

—17+3
52+9
—8+13
61+13
22+33
32+12

316
4+4
40+11
1211
24+ 14
17+12

(b) Charge-exchange scattering (Gartenhaus form factors)

252

342

470

587

5+9

-6+11

-2%5

13+8

10+8
—5%3
1610
—8+3
23+5
—12+3
27+9
—14+5

—1x1
T+4
~2x1
106
-3+2
14+3
—-3+2
16+5

0.70

0.65

0.88

0.63

0.70

0.27

-1.0

-0.4

TABLE VII. Phase-shift results for combined fit to coherent and charge-exchange scattering.

81 (deg)
(Fermi-Yang)

S¢3 (deg) Confidence

Momentum (GeV/c) & (deg) (Fermi-Yang) level (cOSO)min

(a) With Reid hard-core, moving nucleon for coherent, Gartenhaus for charge exchange

342

470

587

—-10+2

—14+4

167

—6%1
201
—-15+2
32+3
—12+5
24+8

14+1
1+1
19+2
—-2+2
155
-3£2

0.10

0.08

0.73

-1.0

-0.4

0.25

(b) With Reid hard-core, stationary nucleon for coherent, Gartenhaus for charge exchange

342

470

587

(c) With Hulthen, stationary nucleon for coherent, Hulthén for charge exchange

342

470

587

—6+2

—10£3

177

2+2

23

T+6

-Tx1
18+2
—14+2
30+3
—-11£5
23+8

-4+3
9+3
—-13+2
+20+4
—17+3
34+6

12+1
01
18+2
—3+2
14+5
—-2£2

6£2
—1£1
11+2
—4+1
204
—3+2

0.47

0.33

0.72

0.8

0.54

0.63

-1.0

~0.4

0.25

-1.0

0.25




15 LOW-MOMENTUM K*d SCATTERING 1211
TABLE VII. I=0 phase-shift solutions from previous experiments.
Solution
Analysis No. s D1 P3 ds ds
342 MeV/c
BGRT? A 7° -3.8° 3.8° 0° 0°
C 2° 9.2° -1.6° 0.8° 0°
D 2.9° 10.3° -1.6° 0.2° 0°
Stenger et al.® spi 3.8°+1.2° 2.5°+14.9° 3.1°+7.6°
sp2 3.8°+1.2° 3.2°+15.2° 2.7°+7.5°
spdi 2.3°+2.1° —-1.3°+2.0° 7.2°+£2.3° 0.8°x1.1° _3°%1°
spd2 2.3°+2.1° 9.8°+3.5° 1.5°+£1.2° -3.7°+1.6° 0.1°+0.8°
This expt. combined ® 1 -9.7°+1.8° -5.9°+1.3° 13.6°+1.0°
2 —-9.7°+1.8° 20.3°+1.3° 0.8°+0.9°
470 MeV/c
BGRT A 15.1° -6.3° 7.2° —1° -1°
C -3.2° 18.4° =3.1° 2° 0°
D =7.7° 19.1° 3.1° 2° 0°
Stenger et al.® spi 5.5°+2.7° ~10.6°%9.1° 9.2°+5,2°
sp2 5.5°+2.7° 16.4°+-9.7° —-3.4°+6.2°
spdi 5.9°+3.2° -5.6°+£3.9° 13.0°+3.0° ~1.5°£2.3° ~T7.14°%?
spd2 5.9°+3.2° 19.3°+5.0° 0.8°+2.3° —-8.2°+3.0° -2.7°%7?
This expt. combined © 1 —13.6°+3.5° —14,5°+2.3° 19.4°+1.8°
2 ~13.6°+£3.5° 32.0°+2.6° —1.9°+1.6°
587 MeV/c
BGRT? A 22.6° ~7.9° 9.5° -1.6° -3.2°
C -5.6° 25.6° -3.9° 4.3° ~5.0°
D -10.6° 25.7° -4.4° 4.3° 0°
Ray et al.d 6.0°+7.6° 30.3°+6.4° -2.7°+£3.2°
Stenger et al.P spi 10.7°+11.5° -18.0°£5.3° 14.5°+ 12.6°
sp2 10.7°+11.5° 27.4°+12.7° -5.7°+£3.8°
spdi 6.6°+4.9° 7.5°£12.3° 21.0°+3.9° 1.8°+5.3° 7.5°+6
spd2 6.7°+4.9° 3.2°+8.0° 1.4°+£6.2° 7.8°+£9.2° _3.0°%?
This expt. combined © i 15.5°+7.0° -12.2°+4.5° 14.8°+4.8°
2 15.5°+7.0° 24.4°+8.2° -2.6°+1.8°

2Interpolated from amplitudes listed in Ref. 11.
Pyalues for 342 MeV/c are Stenger’s (Ref. 10) 350-MeV/c results; those for 470 MeV/c are scaled down from his
530-MeV/c phase shifts. Stenger had no solutions at 350 MeV/c with confidence level >1%.

®No d waves were included since the data could be fitted extremely well without them.

dSee Ref. 22.

dominated by the low forward bin. His solutions
for 520 MeV/c were scaled down to yield the ones
shown in the table. Finally, our solutions are
presented from the energy-independent fits to our
combined data. (See Fig. 10.)

It will be noticed that the phase shifts are mostly
small, with the exceptions of the p,, phase shifts
in the Yang-type solutions, and the s-wave part of
the BGRT A solution; and even these are far smal-
ler than the p-wave phase shifts found in the co-
herent scattering analysis of Table VI.

A comparison of our solutions 1 and 2 at 587

MeV/c with the phase-shift analysis, based on
polarization information of Ray et al.,?? indicates
that the Fermi-Yang ambiguity (solutions 1 and 2)
is resolved in favor of solution 2. Our best de-
scription of =0 K +N scattering below 600 MeV/c
is therefore given by our solution 2 in Table VIIL*°

IV. SUMMARY AND CONCLUSION

In the analysis of the K* reactions we use the
results of our recent K*p scattering experiment!®
which indicate that, for the I=1 amplitude, only
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FIG. 9. Kinematic effects of the moving-nucleon des-
cription of coherent scattering (see text), as a function
of the K* lab scattering angle. (a) Initial lab momentum
of the struck nucleon in this model; direction is opposite
that of the momentum-transfer vector. (b) The kinema-
tic factors in the elastic differential-cross-section ex-
pression which depend on the description used for the
nucleon motion.

the lowest partial wave is required to fit the data.
With this starting point, a consistent description
of K*d charge-exchange and coherent scattering
at three momenta below 600 MeV/c, and of the
charge-exchange scattering at 252 MeV/c, is ob-
tained by including only s and p waves in the I=0
amplitude. Using the single-scattering impulse
approximation, two solutions, the Fermi-Yang
set, were found in each momentum interval.
These results are in disagreement with Ray
et al.,”* who require s, p, and d waves in the I=0
amplitude or s and p waves in both I=0 and I=1
amplitudes to fit his data which, however, include
polarization data favoring the Yang solution. These
results are also in disagreement with Stenger,*®
who fit the charge-exchange data of Lee®® in con-
junction with his own data on coherent and breakup
reactions and found that d waves were necessary

20 T T T T T T

BGRT-C {

172

20° o ]
] e
o BGRT-C T ]
———
| | | | | |
(o] 100 200 300 400 500 600 700
MeV/c

FIG. 10. Momentum dependence of combined phase-
shift solutions from this experiment (circles). The
BGRT phase-shift solutions and the data of Ref. 22
(triangles) are included for comparison.

at 530 and 330 MeV/c. On the other hand, Sten-
ger’s s- and p-wave-only solutions at these mo-
menta, while giving poor values of x? for his data,
agree for the most part with our solutions.

The data of this experiment could be adequately
fitted with a model in which the form factors were
all calculated using Hulth&n wave functions. In our
final analysis, we used a more realistic set of
form factors, based on the Moravcsik-Gartenhaus
and Reid hard-core deuteron wave functions.?® In
order to obtain satisfactory fits to the data it was
necessary to eliminate the large-angle scattering
[It]>0.4 (GeV/c)?] at the higher momenta.

It is possible that the leveling off of the differ-
ential cross sections beyond 90° is evidence that
double scattering is becoming important relative
to single scattering.3! This would indicate that the
use of, say, the Hulthen form factor, with its
large contribution in the backward region, com-
pensates for the omission of double-scattering
terms in the model and thus “accidentally” pro-
duces phase shifts in agreement with the data.
With the limited coherent-scattering data of this
experiment, however, the evidence for the neces-
sity of double-scattering terms is by no means
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established.

In this experiment the coherent and breakup re-
actions have been separated for the first time in
this energy region, and the differential cross sec-
tions for these processes determined. While the
total non-charge-exchange cross section is ap-
proximately constant over the momentum range
included in this analysis, the ratio of coherent to
breakup cross sections is rapidly decreasing.
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