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Kaon-nucleus scattering
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Recent kaon-nucleon phase shift parametrizations are used to investigate the energy dependence of kaon-
nucleus scattering. When nucleon motion is included the differential and total cross sections are found to
vary smoothly with energy. The consequences for isobar dynamics are discussed.

NUCLEAR REACTIONS C(X~, K~) C t, Ez= 100—1000 MeV; role of
nucleon motion and kaon distortions; 0(8) for various ZV amplitudes.

I. INTRODUCTION

The subject of kaon-nucleus scattering is a
timely one in view of the interest in developing
intense kaon beams, ' and because of recent exper-
iments on elastic and inelastic scattering of K'
mesons from "C and "Ca nuclei. ' In this paper,
a distorted wave impulse approximation (DWIA)
approach to kaon scattering is presented, which
is kept simple to enable ready extraction of the
main features of kaon probes, and to gauge the
need for full treatments of the many-body dynam-
ics. Several such DWIA studies have already been
made. '4 Our work serves largely to confirm those
contributions, but also differs from earlier works
by using two recent analyses of the E -nucleon
basic amplitudes, "which are then used to indi-
cate the sensitivity of E -nucleon results to that
input information. In addition we emphasize the
influence of nucleon motion on the myriad of nar-
row, often overlapping E -nucleon hyperon reso-
nances. That aspect is studied by constructing
optical potentials and examining their energy de-
pendence as obtained from the basic kaon ampli-
tudes. Finally these parameter free optical poten-
tials are used to obtain E' and K elastic and in-
elastic cross sections for "C and "Ca which are
then compared to the recent Carnegie-Mellon
Univer sity data. '

et al. ' included elastic scattering, charge and
strangeness exchange, and polarization informa-
tion, while the more recent Alston-Garnjost et al. '
amplitudes made use of improved charge exchange
data. These two amplitude sets are quite simi-
lar in the important partial waves (S, I', and D)
and lead to similar but not identical K N total
cross sections, as shown in Fig. 1. The broad
drop in cross section from zero to 700 MeV/c
is a dominating feature of the interaction and is a
result of subthreshold structure such as the 8-
wave A(1450) which has long been known to dom-
inate the kaonic atom dynamics.

The differences between the phase shift para-
metrizations of Refs. 5 and 6 are shown in the
Argand diagrams of Fig. 2. The existence of res-
onances was ascertained by these authors from
rapid counterclockwise variations of the ampli-
tudes with energy, which are fit by resonance
forms with proper threshold, penetration, and
background behavior. That arduous task yields
the spectrum of Fl~ states displayed in Fig. 3. The
major features are the subthreshold resonances,
the strong D wave A(1520) -with a width of 15 MeV,
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II. HYPERON RESONANCES IN NUCLEI

We begin by discussing the basic K -nucleon
amplitudes, which display a rich resonance struc-
ture. These amplitudes will later be used to con-
struct our optical potentials.

A. Hyperon resonances

For kinetic energies between 200 MeV and l.

GeV, the E N scattering amplitudes are as reli-
able as any two-body amplitudes within this energy
range. The experimental data available to Gopal
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FIG. 1. Kaon-nucleon cross sections calculated from
the amplitude parametrization of Ref. 5 (solid) and Ref.
6 (dashed).
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FIG. 2. Kaon-nucleon amplitudes of Ref. 5 (solid) and
Ref. 6 (dashed).

a group of overlapping A and Z resonances near
850 MeV/c with an average energy width of 90
MeV, and a region of broad resonances beyond
1200 Me V/c. From Fig. 8, the major differences
between the two parametrizations is apparently
that Gopal et al. see two resonances in the P01
channel at 1573 and 1853 MeV, while Alston-
Qarnjost et al. see only a single weak, extremely
broad resonance centered at 1703 MeV. Never-
theless the extracted phase shifts do not differ
significantly at any of these three energies and
although the P-wave amplitudes have an erratic
energy dependence, probably due to a P01 reso-
nance, those resonance parameters are too sen-
sitive to the details of analysis to be considered
well determined.

Starting with the amplitudes of Ref. 5 or 6, the
standard methods of multiple scattering theory
may be used to infer the properties of the kaon-
nuclear interaction, which then forms the starting
point of an investigation of hyperon resonance-
nuclear dynamics. An interesting question is
whether the differences in these amplitudes affect
the kaon-nucleus results.
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B. Nucleon motion effects

It is clear that nucleon motion must appreciably
modulate the effects of a resonance as narrow as
the A(1520). For purposes of estimating that mod-
ulation we begin by using simple multiple scatter-
ing theory, which requires us to consider the K—
nucleus t matrix in the appropriate reference
frame.

Consider the kaon to have laboratory four-mo-
mentum (k, &u) and an individual nucleon in the
nucleus to have a momentum four-vector (p, K).
%e assume g is on shell: g' =p'+M„'. A boost
velocity p =(k+p)/(K +&@) is used to transform to
the kaon-nucleon center-of-momentum (c.m. )
frame, in which the particle four-momenta are
(K, fo) and (-K, K). Within this c.m. frame, the
free scattering matrix is

f(g q 4l +K ) =Q t ((hl +K )P ) (K ' K ) q

1405 r l.4-

--0 4

--0.2. 0

where q =~ —7'. For a bound-nucleon the "in-
the-medium" scattering matrix is required, and
we approximate it by averaging over the energy
dependent factors in (1):

I I I 6

I I 90
1 (Q~ (0) = Q(f(((d +K))P)(K'K ) .

l~0
(2)

Sol 02J 0 2J I 2J Dl 2J

FIG. 3. Deduced F*resonances ofRef. 5 (top) and Ref. 6

(bottom). Vertical lines represent resonance widths.

Here we average over the possible values of the
nucleon momentum vector pas determined by the
nuclear momentum density p(p):
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Finally, the optical parameters are defined by

16'' A —1 (g+x) 16m' A —1

K A. K A.

We do not claim rigor for this procedure, only
easy computability, our aim being to identify the
general effects of nucleon motion. Impulse ap-
proximation optical parameters are defined by
substituting f, for r, in (4).

Any treatment of nucleon motion significantly
more accurate than the above approach is likely
to involve the integration of nucleon momentum
wave functions over (off -shell) kaonic amplitudes,
a procedure which has become common in pion
physics. This type of treatment usually leads to
a momentum-space optical potential. However,
the associated wave equation is more difficult to
solve for kaons than for the lighter mass pions.
Our experience has been that existing momentum
space computer programs, because of the way
they extract double-Bessel transforms of nuclear
densities, are not yet suitable for kaon-nucleus
reaction studies. For this reason, only coordinate
space results are presented in this paper.

Figure 4 shows the energy variation of the b, 's
calculated with the amplitudes of Ref. 5. Note
that the scales for b„b» and b, differ. It is b,
which dominates (due to the subthreshold hand
Z resonances), even over the isolated DOS(1520).
The nucleon motion averaged curves are drastical-

The p(p) was taken from simple harmonic oscil-
lator distributions Z l(t) (P) P. Using these r ma. —

trices an approximate transformation to the (2+1)-
body center of momentum is obtained from the
equation

X/2

z (a+i) Ie&»
p p

where the barred ciuantities refer to the (A +1)
c.m. and the unbarred quantities to a two-body
system defined by nucleon momentum p = —k/A. ,
with the above energies on shell. At this stage,
for simplicity, we ignore the l-mixing effects of
the "angle transformation" and use the forward
scattering formula
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FIG. 4. Optical parameters in the impulse approxima-
tion (solid) and after Fermi averaging (dashed). The
basic amplitudes are those of Ref. 5. Arrows indicate
resonance positions.
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where

b =Z, b, .
(5)

The second potential model has been described
by Kisslinger' and is based on a strongly momen-
tum dependent form factor including up to l =2
kaon-nucleon effects

2gU(, MtD'=)('f)~(~) +f),'V p V+b,'V'P,

where the (b,')'s are linear combinations of the
b, 's as discussed in Ref. 7. All partial waves
higher than the second have been incorporated in
b,'. The above models permit us to use the coor-
dinate space computer code PIRE. '4 However the
actual off-shell behavior. of the KN form factor is
not well known and stronger nonlocalities than
those considered here might be necessary for high-
er accuracy.

Figure 5 shows theA" "C elastic and inelastic cross
sections deduced by Fermi averaging the para-
meters of Ref. 5 for the two types of optical poten-
tial. The results are in good quantitative agree-
ment with the preliminary data of Ref. 2. Although

ly smoother. The 1520 is practically wiped out and
replaced by a much smoother energy dependence.
The other significant features are broad bumps in
b)„and b2 caused mainly by the 850 MeV/c group
of resonances and the elimination of resonance
absorption in t)U near 800 MeV/c.

Kaon-nucleon form factor effects are expected
to be small and we study the role of such effects
by adopting two different potential models. The
8-wave model U,pg ls determined by ignoring
the momentum dependence of the form factor, so
that the optical potential is of the form

22U', '=$ 'p(y),
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behavior of the reaction cross section, a behavior
also exhibited by pions.

The overall variation of the elastic differential
cross section for E "C is given in Fig. 7 for lab-
oratory energies from 118 to 718 MeV. The vari-

le
ation of 0 8 with T«~ is unremarkable the s
p e diffractive behavior indicates a smooth vari-
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FIG. 5. (a) 800 M /( ) eV/c K C elastic cross sections in
the SWmmodel using Fermi averaged parameters of Ref. 5
(solid) and Ref. 6 (dashed) and in the MD model (dotted).
The differences between Ref. 5 and Ref . 6 parameters
in the MD model are not visible on the 1 h

MeV/c K C* (4.44) cross sections calculated with

P2= 0.56. SW calculation is solid; MD dashed. The dif-
ferences between the two amplitude sets are not visible
on the scale shown.

the projectile energy is in a region of ov 1

resonances, the simple optical models out-
lineined above reproduce most details of the observed
(preliminary) angular distributions. Similar re-
marks apply to the 'Ca cross sections, not shown.

Figure 6 shows c„(K "C) deduced from the
8-wave model, in the impulse approximation and
compared to the data of Bugg et al. ' The increase
of the total cro e o cross section at low energies arises
from the imaginary part of the optical potential.
The open channels at zero energy result in a 1/v
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Fn. 7. ~ "C differential cross sections for the S-
wave, impulse approximation model, using parameters
of Bef. 5.
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No dramaticaiono '
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effects associated with sudden inincreases
in absorption are seen. The c ing..e corres on ing
sorption coefficients q7

= )S ( are displayed in Fig.
8, which demonstrate the smooth evolution of a-
sorption with energy.

To detect the effects of underlying K N reso-
nances, one needs to scrutinize closely the ener-
gy d I S I. Absorption para-

rs for K "C scattering in the vicinity of themeters for
for the two potentialA(1520) are shown in Fig. 9 for t e o p

t es, wi an'th and without Fermi averaging. A reso-
en in 5 I for the MD form, Eq.

(6) and in all low l for the SW, Eq. 5, u es
effects are considerably modif' yified b nucleon

It is this level of detail that will be re-motion. I is is
ance in nucleiquired to learn about the D03 resonance

that both nucleon motion and formand it is clear tha o
11 f reso-factor effec s neeff t eed to be included carefu y i r

be ex-nance-nuc ear yn1 d amical information is to e ex-
tracted.
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III E+-NUCLEAR INTERACTION

A. Status of E+N phase shifts

There are several recent parammetr izations of
tt '" and the existence of new-E'-nucleon scattering ' an

er data will hopefully lead to others in the near
ell '~ In the energyfuture. For a review, see Kelly. e

region li e y o'k 1 t be available to medium energy
r h sics these amplitudes do not yet have

i h exists between dif:—the degree of agreement which exis s e
f rent KN phase shift sets.eren

rk in this area has concentrated on the
n E'N reso-ossibil ty of resonant structure. Any r

tic" in the sense that it could
els of ha-e fh d-not exist in standard three-quark mo e f h

Such resonances have not been unam iguous-rons. uc reson
'n the Amdt'd tified a typical candidate being ely iden i ie,

c with a widthe al "P13 structure near 1 GeV c wi
of 100 MeV/c and a large inelasticity. Direct
effects on nuclear scattering and reaction cross

hi h energysections of any such weak, broad, 'g

resonance are unlikely to be observed.

B. E+-nucleus scattering

1 '4 else-This opict has been covered extensive y
where and we imi ou1 it ourselves. to the following
observa ions.t' Lowest order multiple scat ering
theory gives a qualitatively reliable mode .

10 we show the 800 MeV/c E'"C angula~Fig. we
distributions cal.culated with this mode .
Martin amplitudes in particular g'ive an acceptable
description of the data of Re .ef. 2 and we hope that
the a reement improves with the gnext ener atione agre

K'N hase shifts. With better pha se shifts itof p a
tions to the mod-ill be ossible to explore correction

el at lower energies. In particu
or E' mesons there is no annihilation channel

would make any evidence for signific ant deviations
from e mf th model calculations at low energies in-
triguing. uc eS h ffects are expected in som
ories. "

IV. CONCLUSION

Although the E N system is characterized by a
e KA. interaction hasrich resonance structure, e in er

onl a slow energy epend pendence. The modulationonly a
ue to the resonancesin the energy dependence is due o e

eing either extremely narrow andnd therefore
r else beingaffected by nucleon motion, or el gstrongly a ec e

broad but overlapping so that even in e imp
approxima ion et' th optical potential shows no rapid
energy varia ion.t The extraction of resonance-
nuclear dynamics is eth refore quite complicated.
To accomp is u1' h s ch an extraction with any reli-

f accuracy in eb'1 t equires a high degree of
KN formtreatment of both nucleon motion and E N

factor effects. T is isTh 's a very difficult task and
ofeven if it were oned the dynamical information o

interest would reside in fine details of angular
distr ibutions.

Qn the other n, iha d th s slow energy dependence
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of the optical potential has welcome consequences
for nuclear structure investigations. The kaon
distortions needed for hypernuclear physics are
easily obtained with good accuracy. The inelastic
and charge exchange reactions discussed in Ref.
4 are expected to have an energy variation which
genuinely reflects the properties of nuclear states.
Qther applications, such as use of the strong low
energy isovector character of the K N amplitudes
to examine neutron distributions, are conceivable

without the complexities of a multi-channel anal-
ysis.
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