PHYSICAL REVIEW C

VOLUME 19, NUMBER 4

Kaon inelastic scattering and charge exchange on nuclei

C. B. Dover '
Brookhaven National Laboratory, Upton, New York 11973

" G. E. Walker
_ Physics Department, Indiana University, Bloomington, Indiana 47401
(Received 26 October 1978)

We present the results of calculations of kaon inelastic and charge exchange reactions on nuclei, based on
the microscopic particle-hole shell model. Both K * and K ~ inelastic scattering on '’C are discussed for
incident momenta p,,, = 300 MeV/c and 800 MeV/c. In addition, we examine the charge exchange process
0Si(K ~,K °)*°Al at 300 MeV/c. We employ the distorted wave impulse approximation, using a transition
operator constructed from free space K *-nucleon amplitudes taken from analyses of two-body data. For the
off-shell extrapolation of the two-body ¢t matrix, required in the many-body problem, we use a separable
form factor obtained by solving the inverse scattering problem. The inelastic scattering results are found to
be insensitive to the presence of the off-shell form factor. We find that normal parity T = 0 and 1 states
dominate the nuclear response to both K+ and K ~. At 300 MeV/c, some qualitative differences in the
inelastic scattering predictions arise from choosing different elementary amplitudes from the literature. Thus
kaon-nucleus scattering may shed some light on ambiguities in the low energy free space interactions of
kaons. At 800 MeV/c, there is much less uncertainty in the two-body ¢ matrix, so we can focus our
attention on nuclear structure aspects. We compare the kaons with pions, electrons, protons, and o in terms
of their inelastic scattering and charge exchange properties. By emphasizing nuclear structure aspects such as
the excitation of high spin states and the splitting of the T, and T, components of giant resonances, we
show that kaons are very promising as a nuclear probe.
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NUCLEAR REACTIONS, NUCLEAR STRUCTURE !2C(K*, K#)12C* p,., ~ 300~800
eV/c; 8i(K=, B 9PAL*, p,.,. =300 MeV/c theoretical estimates based on DWIA
for kaon inelastic and charge exchange do/d Q; virtues of kaons as nuclear struc-

ture probe.

I. INTRODUCTION

One of the fundamental difficulties in the inter-
pretation of projectile-nucleus scattering is the
incomplete knowledge of the relevant nuclear
structure and also the projectile-target reaction
mechanism. Heretofore, the primary projectile
possessing a well understood reaction mechanism
has been the electron. For nuclear projectiles,
particularly hadrons such as the proton and pion,
there is hope that by using the new generation of
intense beam current medium energy machines,
such as the Clinton P. Anderson Meson Physics
Facility (LAMPF) and the Indiana University
Cyclotron Facility (IUCF), the appropriate reac-
tion mechanism will simplify and the usual ap-
proximations associated with practical applications
of multiple scattering theory, such as the impulse
approximation, ! will become adequate. Clearly
though, because of the uncertainties in the reaction
mechanism and the inherent limitations of each
particle for elucidating nuclear structure, there
is strong motivation to look for additional elemen-
tary nuclear probes. Such a probe would be es-
pecially welcomed if its interactions with target
nuclei could be studied at existing facilities. The
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purpose of this paper is to indicate that a study

of kagn-nucleus reactions would be an additional .
fruitful area of nuclear physics research. The
types of experiments we discuss could be perform-
ed, for example, at the AGS at Brookhaven Na-
tional Laboratory.

The K* and K~ differ significantly in their strong
interaction with the nucleus, unlike 7* and 7. This
difference is related to the fact that K* and K~ pos-
sess strangeness S, a conserved quantity in strong
interactions. We have S=+1 for K* and S=-1 for
K"; the only baryons with |S| =1 stable with re-
spect to strong interactions have S=~1 (A and Z).

In the energy interval 100 < T}3°< 500 MeV, the
K* —nucleon (K*N) interaction is relatively weak
(07=10 mb) and smoothly varying with energy.?
There are no open inelastic channels below pion
production threshold. The associated nuclear
mean free path, A= (po,)", is approximately 5-7
fm (see Fig. 1) so the K* is a weakly absorbed
projectile capable of probing the nuclear interior.
The K* is the only hadron exhibiting this property.
Thus the K* — nucleus interaction should be re-
latively easily understood and quantitatively re-
liable calculations should be possible.

In contrast, the K°N interaction is relatively
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FIG. 1. Mean free path A of various hadrons in nuclei
as a function of lab momentum p,,, . We use the nuclear
matter estimate A= (poyy)~1, where p=0.16 fm=? is the
density and o,y = (0,+0,)/2 is the average of elementary
hadron-proton and hadron-neutron cross sections o, and
o,. For incident protons (P), we use 04(b) =0,,~ 8.5/ Ty
(MeV), where T, is the lab kinetic energy. For anti-
protons (P), we use oy, ~ 0y —~opp and oy (mb) ~ 64.5
+39/pp (GeV). For K*, we took the amplitudes of
B. Martin (Ref. 18) to evaluate o4y, while for K=, we
applied the amplitudes of Gopal et al. (Ref. 15), We have
not Fermi-averaged any of the elementary cross sec-
tions, which would tend to smooth out the rapid energy
dependence of A for pions (r) and for K~ near 400 MeV/c
[the Y*(1520) resonance].

strong (0,2 30 mb for 100 s T'2°< 500 MeV) and
rapidly varying with energy.? The K°N interaction
is further complicated by the fact that there exist
several reaction channels, involving final state
hyperons, the A7 and Z7 channels, with negative
energy thresholds. Nevertheless, K~ nucleus
inelastic scattering and charge exchange are im-
portant objects of study, even if one does not have
great confidence in the accuracy of the theoretical
calculations. As we show in Sec. III, the spectrum
of excited states which dominate the nuclear re-
sponse to K~ displays some intriguing features.

In certain kinematical regions, one may also study
how the various Y * resonances associated with the
K°N interactions are modified in the many-body
environment. Of course, the K™ is uniquely suited
for the study of single strangeness exchange via

(K"7") and double strangeness exchange via (K°K*),
with associated single and double hypernucleus
formation, respectively.

Previous theoretical work®” has stressed the
utility of the K* for studying the nucleus. Earlier
studies of K* inelastic scattering have used the -
plane wave approximation or simple collective
models to study the prominent low-lying normal
parity, T =0 nuclear final states.>*7”

In this paper we study K* inelastic scattering
and charge exchange at p}*° =300 MeV/c (T3"=84
MeV) and 800 MeV/c (T32"=447 MeV). The pre-
dictions which we report are based on a fully
microscopic calculation in the distorted wave im-
pulse approximation, using a separable form for
the off -shell kaon-nucleon transition ¢ matrix.? We
include s, p, and d waves in the elementary ampli-
tude. Kaon distorted waves in the entrance and
exit channel are obtained from an optical potential
motivated by multiple scattering theory. The
Tamm-Dancoff approximation (TDA) has been
adopted to obtain the energies and wave functions
for the final particle-hole (p-h) states reached
via the kaon-nucleus reaction.

In Sec. II, we discuss the procedures adopted
to obtain the off-shell separable form for the
kaon-nucleon £ matrix. We have used standard
techniques, applied previously in nucleon and pion
physics, involving the solution of the inverse
scattering problem for separable potentials. Also
in Sec. II, we briefly outline the technique used to
obtain the formulas for calculating inelastic scat-
tering and charge exchange. The procedure follows
that adopted by Gupta and Walker® for studying
pion-nucleus reactions.

The results of the calculations and the impli-
cations for studying nuclear structure with kaons
are included in Sec. III. More specifically, we
have carried out calculations for 2C(K*, K* )**C*
at p}#®=300 MeV/c and 800 MeV/c. We compare
the results obtained with those predicted or ex-
perimentally obtained for electron, proton, and
pion probes. We also have considered the charge
exchange reaction 3°Si(K-, K°)*°Al* at 300 MeV/c.
The utility of such experiments when combined
with results of other probes is discussed in some
detail. We have also considered the sensitivity
of the results to the kaon-nucleon separable form
factor and to the choice of phase shift analysis
used in solving the inverse scattering problem.
As summarized in Sec. III we find, for example,
that at 300 MeV/c and at 800 MeV/c the results
are rather insensitive to the form factor. There
are situations, especially at 300 MeV/c, where
different analyses of the on-shell K* data result in
qualitatively different predictions for (K* nucleus)
inelastic scattering.
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II. PROCEDURE AND FORMULAS

A. The kaon-nucleon interaction

We have adopted a separable form for the KN
interaction so that the off-shell form of the two-
body ¢ matrix can be obtained by use of standard
techniques for solving the inverse scattering pro-
blem for a separable potential.'®!? Since the de-
tails have been the subject of considerable dis-
cussion in the literature we summarize briefly
here using the notation of Ref. 12. The two-body
center-of-mass (c.m.) on-shell ¢ matrix associated
with channel a={ljt} is written

E
L1E+E, 2oi7a ®giny (k), (1)

Tall, ki EG)) = - 34 5

where E, ,= (M}, c+ k)2, E(k)=E, +E,, and

Yo (R) =04 (k) - 1mla(k) (2)
The fully off-shell ¢ matrix needed for the in-
elastic scattering calculation is related to T,

(R, k; E(R)) via

. _Za(ky)gs (ky)
Ta(kvkz;E(k))‘ gi(k) 2

Tole, ks ER)). (3)
The form factors g, (k) can be obtained from the
phase shifts §, and inelasticities 7, at all energies
from the expression'®

2 ()= 2Bl By R) o ngw giny (), @)

k 2E,(R)E,(k)

where 0, =1 and A, () is the principal value in-
tegral

Aa(k)=—71;P f:dp”“(”)”Eg /i((lf)Ez(”). (5)

Equations (4) and (5) are appropriate if there are
no bound states in the two-body system and if

8, -0, n,-1for E~>. Since the phase shifts

are known only up to some finite energy, it is nec-
essary to join the existing phase shifts (in the
general energy region where the { matrix will be
used) onto some smooth cutoff form forp=p, If
F (p) is defined as

F(p)E'la P<Po
F(p)EAz/[A2+(p'po)2]a PZPO (6)

then for p = p,, adopting the set of K*N amplitudes
in Ref. 13 and 14, here denoted BGRT(i)D, we de-
fine

ip)=1+[np)-1]F @), (7a)
§()=50,)F ). : (Th)

For the K*N form factors, we have used

¢ L <

B S
: S Re S, ST o 04

L o <
- - ~ S
otaL-" <Re B, T0 r Re SVZ/« Tl Jo3s
e \\
L =, 7 Fkt FORM Fl)lCTORS glp) ~~P3
oI- . BGRT (&) D
/// - Re %,2 \\ - -025
s /7 N Re R ——m—===== -
£ o006/~ NA T 1122~ 02 €
7 N e )
r——mPy, Re Pajay _om-==71]
002 0 r // - -0l
B // -7
o7 —0.05
-002F Im SI/2 _ .
L mPp 77 o

/2 g

ST T
-006 . Im3e  Jo0s
200 400 600 800 \OOO 200 400 SOO 800 1000

Rap (Mev/c) Plap (MeV/c)

FIG. 2. Form factors g(p) as a function at lab momen-
tum py,, for the K*N system in isospin 0 (left-hand side)
and isospin one (right-hand side). We plot the real
(dashed lines) and imaginary (solid lines) parts of g(p),
as defined by Eqs. (4) and (5), for s and p waves. We
have used the BGRT K*N amplitudes of Refs. (13) and
(14).

$6=0.5 GeV/c (c.m.), A=1 GeV/c. (8)

The resulting form factors are shown in Fig. 2.
The form factors g(p) are slowly varying functions
of p as one would expect from a short range inter-
action. Therefore one does not expect that the
off-shell behavior will play a crucial role in in-
elastic scattering,

For the K°N interaction we have used the phase
shift solution of Gopal et al.'® In this case we de-
fine

i) =1+[nk,) - 1IF ), (9a)
5() =6 )F ), (9b)
with

$,=0.8 GeV/c (c.m.), A=1 GeV/c. (10)

Again we find that the form factors are smoothly
varying. When first encountered, this may seem
surprising since the K°N system is really part of
a multichannel problem. For the case of the 7N
problem, when an important open channel was
available, a modified treatment of the problem
was necessary*® in order to obtain smoothly vary-
ing form factors. The difference here may be
that the Y* resonances are generally quite inelas-
tic, and a number.of them are only weakly coupled
to the KN channel.!” This is in contrast to the
A(1236), which is an elastic resonance coupled
only to the 7N system. The coupling of the KN
channel to 7A and 75 proceeds via K *(890) ex-
change. Such a short range coupling potential is
in contrast to the 7N - pN coupling, for instance,
which proceeds by long range pion exchange. In
any case, the choice of K°N form factor has little
influence on our inelastic scattering results, as
we indicate later.
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There are several approximations that we
adopt in the next section, when the elementary
amplitudes are used in the many-body problem.
We have calculated cross sections in the kaon-
nucleus lab system. Starting with amplitudes in
the two-body c.m. system, we first transform to
the two-body lab system. We now assume that the
remaining A -1 spectator nucleons are also at rest
in the lab; the two-body and many-body lab systems
then are the same. Thus only lab energies and lab
two-body amplitudes enter our calculation. We
have also consistently used two-body lab ampli-
tudes in our construction of the kaon optical po-
tential. An alternative procedure is to work in
the kaon-nucleus c.m. system. An angle trans-
formation!® is then necessary to transform from
two-body to many-body c.m. systems. This trans-
formation must also be applied consistently to
the construction of the optical potential. For off-
shell amplitudes, this transformation is not
unique, but one version of it has been found to
produce significant effects at large angles in
medium energy pion-nucleus scattering, !* where
the elementary p-wave interaction dominates. For
K* —nucleus scattering, on the other hand, the
s-wave interaction dominates completely for p,,,
< 500 MeV/c and remains the most- important

Foy(05:) = Zfdpdp’dkl,. Ak, @y (&}, K,, .., ;. Ky)

J=1

partial wave up to about 800 MeV/c. Thus the
angle transformation should not affect the results
very much in the region below 800 MeV/c and for
the region of small angles of interest here (later
we show that even for high spin states, the in-
elastic cross sections at 800 MeV/c.peak inside
S1ap~30).

B. Kaon-nucleus inelastic scattering and charge exchange

The procedure adopted here follows that used
in Ref. 9. The distorted wave impulse approxima-
tion (DWIA), the separable kaon-nucleon off-shell
t matrix discussed in Sec. IIA and the TDA for
the nuclear final particle-hole states have been
employed. The lab differential cross section for
inelastic scattering from an initial state a to a
final nuclear state b is given by

‘jiizb %u[Fba(Pf’Pf)lz 11)
where Ex(p, ;)= (Mg +p, ; )2 p, and p, being the
initial and final kaon lab momenta, respectively.
Assuming the transition operator can be written
as a sum of single kaon-nucleon lab amplitudes
fg, normalized so that (do/dQ) = |fE |2, we can
erte F,, in momentum space as

x X;: If(p)"yp’)fE{(f"I’p)XE I‘(f)i"f))éa(l;u‘ﬁza T{:f:E _-f)'*'-f)’v "'EA)‘) (12)

where xg i (fo, ) is the initial (final) kaon distorted wave including the isospin variable I; (I;) and the
nuclear many body states are denoted by ®. Making use of the fact that f’i is a single nucleon operator,
and assuming that the ground state of the target nucleus is a closed shell and the excited nuclear states
are p-h states treated in the TDA approximation, we can reduce Eq. (12) to

Inl z -
2 ainff, (
Tor Iy Ips dn Jzhr dzpr tzhe tep

1YW (o i = G o | s T ) (—1)1 2t n

X (3t, ‘12‘— thBZTT fdpdp dk ¢pr (kl)XEflf(pf’ )

X fu(®, DXz, 1,1, )Py, &y =D +D7). (13)

In Eq. (13), the a’:’z are the pure particle-hole
admixture amplitudes in the TDA configuration
mixed p-h state of spinJ and the ¢, (k) are the
Fourier transforms of the single nucleon orbltals
(@=lyjafpalea)s ¢(k) @n)3/2f ey 7 ¢>G‘, drj We
have made a partial wave decomposition of the
momentum space kaon distorted waves. As in
Ref. 9, we have expanded the configuration space
kaon wave functions, xfE(p,., 7,) in terms of spher-
ical Bessel functions j,(%,7,) where the &, have
been chosen so that j,(k,7,) vanishes at the radius

-

R=12 fm. After taking the Fourier transform,
one obtains

)= @t b1)gz 0l =) (14)

Finally using standard techniques for angular
momentum recoupling, and assuming a separable
form for the elementary transition operator, one
can write the square of the transition amplitude
for going from a closed shell ground state to a
configuration mixed p-h state of spin J as®

xlE(piy k
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IFJO(PhPi)IZ
1 1,1 JJ 2
—— aspih My o= 5
2(211)412, It,x%,h pih 'ﬁlhlﬁ"hl » (15)
where
Mi5E 1y =Z %y G 1, @BYWN +N), (15a)

l 11 Aaa oaaa
o= l l3 b 4 la l’slq(z‘alb l’lﬂp]’hJ)llzila-M(_ )l ,
000 \00O (15b)

B= (")mb < d la lb) Y'bmb(QPj) Y;k (Q#;) ’

_Jz -m, my, o
(15¢)
v= [ 7ar Ry 0OR, )i, G Vi ) (154)
0
N=(=)yni/? J 1 L? L by I\ Vb s (YL
00 0/ \0 0 O [j, I, J\ ([t 15 1,
< (gt B (15e)
T
7\ooo/\00 0
£ % jp l lq la
X lh % jh l la lb
J1J QWUJJ
32 ()b (cz*izswﬁ?:i) : (151)

where i=11, 1, 1,,1,,1,,n,n’, m,, my} and [ =21+ 1.
In Eqs. (15a)-(15f) the factor 8 contains the an-
gular dependence and y contains the radial overlap
integrals. The particle and hole radial functions
R(r) are normalized so that [ ¥*R®(v)dr=1. The
factors N and N contain the nonspin-flip (AS = 0)
and spin-flip (AS=1) contributions, respectively.
The transition amplitudes A, B, C,D are given by

AR =L+ 3+ L+ 1) (A + 3FL), (16a)
BRFN UL )+ @+ 1) (R =fL), (16b)
CAS =[1(+ 1)) 2 (F9, — FO. + 3F L, = 3f1), (16¢c)
DA+ R (S =+ = f ) - (16d)

The quantities f{, are off-shell lab K *N amplitudes
for isospin I and J =1+ 3. We obtain these from

the corresponding on-shell c.m. amplitudes f;;%™
via

I I
1 _Diap g“](kF' )27, (Ry) Le.m.
fl* I gu(k)]z Ix ’ (17)
where p,,, and k are the two-body lab and c.m.
incident momenta, related by p,,,/k =[1+m%/m?

+2(m% +p%,)" ?/my]" 2 and the form factors g7, (p)
=g.(p) are obtained from Eq. (4). The off-shell
momenta &, and k, are defined by Eq. (14). It
would be more consistent to employ lab form
factors g(p) obtained from the appropriate lab
phase shifts. However, the off-shell extrapolation

. does not influence our results much in any case.

The c.m. partial wave amplitudes f 2¢™ are re-
lated to the two-body c.m. cross section (do/dQ) gy
by

dO‘/dQ= [fc.m. [2 ,

Foom :Z[(h DFE™ ™, (18)

X 1
cem. _ = ¥, :
s k el sinyy, ,

where v,, is given by Eq. (2). In order to use
Eq. (15) for kaon charge exchange (K-, K°), we
simply set A=C=0, since AT =1, and multiply
the cross section by a factor of two.

It is particularly instructive to focus attention
onA, B, C, and D in Eq. (15). By examining
these terms (which are classified by their spin
and isospin flip properties; as examples, A flips
neither spin or isospin and D flips both) one can
easily predict the spin and isospin character of
the strongly excited nuclear final states obtained
in kaon inelastic scattering and charge exchange.
Terms A-D are studied in detail as a function of
energy for both K* and K~ in the next section.

The optical potentials adopted for calculating
kaon distorted waves were obtained by using
standard approximations in conjunction with mult-
iple scattering theory. A modified version of the
program PIRK? was used for the actual distorted
wave calculations. For the 300 MeV/c kaon dis-
torted waves on '2C, *°Si, and 3°Al, a Kisslinger?
form for the optical potential V(») was chosen,

—2E,V(7) =plzab bop('r) -b,V- p('r)V s (19)

where p(7) is normalized to the total number of
nucleons A, and b, and b, are in units of fm® and
are related to the spin-isospin averaged s and p-
wave kaon-nucleon scattering amplitudes by

4T,
Prabr =470 1 =20 1) 20
where

1
7S, — 2755 +NFEE)
(23, W -2)3), (1)
with
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Zy= Z @I+ 1)@+ 1)fheem ppfbeem ],

I=0,1
Zp= 20 L@+ 1) fom g foeme ]
I=0, 1

For K'N, we also use Egs. (21) and (22), but with
N replaced by Z and vice versa. For K*+'%C,
using the amplitudes of Martin et al.,® we obtain

bo=—2.04 +0.62i

(22)

}for Prap=300 MeV/c

b,= 0.14+0.0467 (23)
and

b,=—0.26+0.20¢

for p,,, =800 MeV/c,

b = 0.077+0.144 (24)
while in contrast, using the K'N amplitudes of
BGRT(i)D of Ref. 13, one obtains

by=-1.99+0.56¢

for pip =300 MeV/c

b,= 0.19+0.058% (25)
and

b,=—0.26+0.17¢

for p;,,=800 MeV/c.
b,= 0.10+0.19¢ (26)

For K™ +'2C at p;,, =300 MeV/c, using the ampli-
tudes of Gopal et al.,'® the results are

bo= 1.41+3.86i,
(217)
b, =—0.088 +0.42i
and for *°Si(K~, K°)*Al, using the amplitudes of
Ref. 15, we have

b,= 1.44+3.80i for K~ at 300 MeV/c,

by= 2.11+6.11 for K° at 275 MeV/c, (28)

b, =~0.12+0.43i for K~ at 300 MeV/c,

b,=~0.20+0.55¢ for K° at 275 MeV/c.

Near 800 MeV/c, the K°N amplitudes are rapidly
varying and d waves are non-negligible. It is thus
necessary to Fermi-average the amplitudes of
Ref. 15. We use a local optical potential of the
form

= 2ExV(r) =plan bop () , (29)

where for K~ +'2C at 800 MeV/c, the Fermi-aver-
aged total amplitude is

bo=0.51+0.87i fm®. ~(30)

We have used both harmonic oscillator (modified
Gaussian) and Saxon-Woods form factors for the

ground state density, p(»), appearing in the elastic
scattering optical potential. For the results pre-
sented in this paper we have used the following
densities for the K*+**C calculations at 300 MeV/c:

o
P(V)=(1_+E(—£-T)Ta‘),

(31)
a=0.56 fm, R =1.722 fm.
For the *°Si and *°Al densities, we took
o) =py/(1+e'm-R)/a), (32)

a=0.52 fm, R=3.18 fm.

In conjunction with the 800 MeV/c calculations,
we have used the *C density

p('r)=po<1 (Z3;2)72> /" R-1.68 fm. (33)

The p-h wave functions were obtained using the
Tamm-Dancoff approximation and a Serber-Yukawa
residual interaction that has been previously
utilized to obtain wave functions for studying in-
elastic electron, ?* pion,® and proton®*-nucleus
scattering. Harmonic oscillator orbitals were
used for the single nucleon wave functions with
oscillator parameters, b= (i/mw)*/2=1.64 fm for
12C and 1.8 fm for %°Al. For '2C, the single part-
icle and hole energies are those utilized in Ref. 22.

r '2C, we include 2s-1d and 1p, ,, particle shells
and 1s,,, and 1p,,, hole shells. After configuration
mixing, a low lying J=1", T=S=0 essentially
spurious state was eliminated from further con-
sideration.

We assumed that the *°Si ground state consists
of two 2s,,, neutrons, coupled toJ=0, T=1, out-
side of a doubly closed 1d;,, core. The T=2, T,
= -2 final states reached via the reaction %°Si(K",
K°)®Al are assumed to consist of 1dg,,, 1p;,,
and 1p,,, proton holes and 1d,,,, 2p-1f neutron
particles. The single neutron particle energies
were obtained by using *'Si, ;, —m, - *Si,,,, = -6.59
MeV (Ref. 24) for the 1d,,, single particle energy,
as well as the excitation energy difference between
the 1d,,, level and the 1f-2p single neutron levels
for 28 as listed in Ref. 22 and originally taken
from Ref. 25. Thus the most unbound single
particle level considered was the 1f;,, which was
taken to have a single particle energy of 2.31 MeV.
The proton-hole configuration energies were ob-
tained by using *Al, ,, +m,—*°Si,; ;, =13.51 MeV
for the 1d;,, proton hole energy and the binding en-
ergydifference betweenthe 1d;,, level and the deeper
bound 1p,,, and 1p, ,, levels for ?®Si as listed in
Ref. 22 and obtained originally from Ref. 26. The
admixture amplitudes and energies for the 2C and
30A1 wave functions are available from the authors
upon request., The excitation energies listed for
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30A] in the next section are relative to the ground
state of 3°Si. The lowest state, calculated to be
a 3*, has been set equal to the *°Al, , - *°Si, ,.
experimental energy difference of 8.54 MeV.?*
This necessitated lowering all of the calculated
excitation energies for 3°Al by 0.6 MeV.

III. RESULTS AND DISCUSSION

As mentioned in the previous section, the fun-
ctions AR7%0, BLr:l, CAa%%,.and DRFI, given by
Eqs. (16a)-(16d), are very useful for predicting
the spin and isospin structure of the final states
strongly excited via a single nucleon transition
operator operating on the ground state wave func-
tion. In the special case where the nuclear ground
state has J=L =S=T=0, as in an N =Z double
major closed shell nucleus, the subscripts and
superscripts on A-D immediately yield the spin
and isospin of the final nuclear excited state
reached by that particular part of the transition
operator.

In Figs. 3 and 4, we show the functions |4 |2

1.0

BGRT(i)C

MARTIN 1Al

k¥ INELASTIC i
L=0

(fm?2)

" BGRT(i)D

0.0l

i | 1 1L
500 700 900
P . (MeV/)
lab

FIG. 3. The inelastic scattering functions 14352012 and
IB2%.2{ I corresponding to the s-wave part of the K*N
amplitude. We use the definitions of Egs. (16a) and (16b),
with the two body c.m. amplitudes f #1*™, replacing the
lab amplitudes for convenience. Three models for the
elementary interaction, labeled MARTIN (Ref. 18), BGRT
(Z)C [soln C of Ref. 13 for isospin zero, soln () of Ref.
14 for isospin one] and BGRT (i) D (soln D of Ref. 13
for I =0) are shown. No off-shell form factors are in-
cluded here or in Figs. 4 and 5, i.e., g(p)=1.

1
300

— |D|? for 1=0 and 1 for several different choices
of the elementary K*N amplitudes. First consider
the situation near 300 MeV/c. In this region the
|A |2, =0 term completely dominates. While the
different solutions yield significant differences,
for example, in the ratios of the I=1 |B|? to |D|?,
all agree that the nonspin flip, nonisospin flip
term |A|? should dominate. Thus T =0 normal
parity states would be predicted to dominate the
K*+'2C inelastic scattering at 300 MeV/c.

In Fig. 5, the functions |A |® to |[D|* are shown
for 7=0, 1, 2 for the K"N amplitudes of Gopal
et al.’® Once again in the region near 300 MeV/c,
the I =0 nonspin nonisospin flip term |A |* domi-
nates. Thus, from these considerations, one
would predict that near p}&®=300 MeV/c, the K*
and K~ inelastic spectrum on **C would look quite
similar, with normal parity T =0 states being
most strongly excited for all values of momentum
transfer.

If we consider K~ charge exchange, then the
terms |A|* and |C|* vanish and thus it is of in-
terest to investigate the relative size of |B|? and
|D|? near 300 MeV/c. From Figs. 3 and 4, one
finds that the =0, |B|? term dominates, with the
1=1, |B|? term being the next most important.
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00l L=l
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T
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0.00I

1 1 1
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FIG. 4. The inelastic scattering functions 14252912,

IBREZPI1E, ICA$24 12, and IDA§Z] 12 corresponding to the
p-wave part of the K*N amplitude. The solid curves cor-
respond to model BGRT (i) D of Refs. 13, 14 while the
dashed curves follow from the amplitudes of Martin (Ref.
18).

|
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FIG. 5. The inelastic scattering functions |14 |2, |BI?,

IC 1%, and |D|? of Eqs. (16a)—(16d) for the s,p and d waves of

the K~N system, using the amplitudes of Gopal et al. (Ref. 15). The amplitudes have not been Fermi-averaged; this
would tend to wash out some of the rapid energy dependences, for instance the peak near the ¥*(1520) resonance at 400

MeV/c in L=2,

Since the IB |2 term dominates, one predicts that
the normal parity (AS =0) excited states of 3°Al
will dominate the reaction 3°Si(K~, K°)*°Al near
300 MeV/c for all values of momentum transfer.
We shall discuss the 800 MeV/c predictions later
in this section.

Before presenting the actual inelastic scattering
and charge exchange results it may be useful to

review briefly the kinds of states seen or predicted

for inelastic scattering of medium energy elec-
trons, pions, and protons.

For electrons at small angles and small mom-
entum transfers, the normal parity T =0 states
(with the important exception of the T=1 giant
dipole and dipole spin-flip resonances) dominate
the spectrum.’” At large momentum transfers
(which implies large angles here) the transverse
form factor, which is dominated by the isovector
magnetic moment, is the most important part of
the inelastic electron scattering cross section,
so that T =1 non-normal parity states are most
strongly excited.?? Since one is working at large
momentum transfer, the states are of relatively
high spin, for example a 47, T =0 state dominates
the *2C(e, e’)**C* spectrum.?®

Pion inelastic scattering results are sparse.
However, the preliminary results are in agree-
ment with predictions.?*° Here we discuss only
the predictions. Near the (3, 3) resonance, one
finds that at low excitation energy the normal
parity T =0 “collective” states are predicted® to
be strongly excited. However, above 10 MeV
nuclear excitation, there is a strong preference
for T =0 non-normal parity states to be excited
(again with the exception of the giant dipole re-
sonance).® In particular in (7, 77) on *2C and '°O
one predicts®®? that in the region of momentum
transfer ~250-350 MeV/c, a high spin non-normal

parity (4-, T =0) state dominates the spectrum in
contrast to the T =1 states for the electron. It
can be easily shown, by examining the symmetries
of the vector addition coefficients in Eq. (15), that
neither the pion nor the kaon can excite 0- states
ina parity conserving process starting from a 0*
ground state. Detection of the excitation of such
states via mesons (perhaps by looking at their
subsequent ¥ decay in favorable cases) could pro-
vide useful information on parity violating pro-
cesses in medium energy meson-nucleus in-
elastic scattering. Finally, for the pion, Gupta
and Walker® have shown that the importance of
spin-flip nonisospin-flip pion inelastic excitations
can be understood by looking at the [B|?, |C |?,
and |D|? terms for pions and noting that the (j=%,
t=2) partial wave dominates intermediate energy
pion-nucleon scattering.

There has been considerable theoretical and
experimental work on medium energy inelastic
proton scattering. As with other probes, at low
excitation energy and low momentum transfer,
normal parity T =0 states dominate the excitation
spectrum. However, at higher momentum trans-
fer (2300 MeV/c) and between 10-20 MeV ex-
citation in **C and *°0, a non-normal parity 4-,

T =1 state is most strongly excited via the direct
term in the transition matrix.?® This is the same
state seen in inelastic electron scattering at high
momentum transfer. In general, in both inelastic
electron scattering and for the direct term in in-
elastic proton scattering, one predicts correctly®
that high spin non-normal parity “stretched” con-
figurations dominate at large momentum transfer.
The exchange term in inelastic proton scattering
results in the excitation of high spin 7' =0 normal
and non-normal parity states in‘such light nuclei
as %0 and ?°Si.?®* These transitions may be less
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FIG. 6. Differential lab cross sections for K* inelas-
tic scattering on 12C at pyp = 300 MeV/c, for various
choices of lab angle 8. The excitation energy E is mea-
sured with respect to the ground state of 2C. The dashed
lines correspond to isospin zero (T'=0) final states, while
the solid lines are for T=1 states. The final states are
configuration-mixed particle-hole states of negative par-
ity, as described in the text. Final states with very
small cross sections are not plotted. The cross sec-
tions for several strong states have been multiplied by
numerical factors of % to 4y as indicated. We have used
the K*N amplitudes BGRT (i)D of Refs. 13, 14. The bar
graphs plotted here represent the cross sections to di-
agonalized particle-hole states; we have omitted the
widths and energy shifts of these states which arise
from nucleon emission or from mixing with more com-
plicated states (2p-2h).

reliably predicted using standard theoretical
techniques.

With this brief summary, we now turn to the
actual *C(K*, K*')'**C* theoretical calculations for
P1a=300 MeV/c. The results are shown for
several angles in Fig. 6, using the BGRT(:)D
amplitudes for the elementary K*N interaction.

In this and following calculations the reader should
bear in mind that there are many p-h odd parity
states in the excitation energy interval considered
(and we have calculated the inelastic scattering
cross section for each of them) but only those
states shown in the figures have appreciable in-
elastic cross section. As suggested by examining
Figs. 3 and 4, T =0 normal parity states (17, 37),
dominate the spectrum shown with high spin (37)
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FIG. 7. Differential lab cross sections for K * inelas-
tic scattering on 12C at py,, =300 MeV/c. The kinematics
and final states are the same as Fig. 6, except that we
use the K*N amplitudes of Martin (Ref. 18). No off-shell
form factor was included here [g(p) =1], or in any of the
other calculations in this paper which employ the Martin
amplitude for K*N.

states being relatively more important at higher
momentum transfers. The two exceptions to this
rule are the giant dipole 17, T =1 state between
23 and 24 MeV and a 3", T =0 state near 25 MeV.
We note that the excitation spectrum for the same
reaction using the Martin amplitudes with form
factors g(p) =1 predicts the same states to be
strongly excited. This is shown in Fig. 7. The
main difference between the two sets of amplitudes
occurs in the pfedictions for the T=0, 1 highspin
non-normal parity states as shown in Fig. 8. The
Martin (BGRT) amplitudes result in more than an

.order of magnitude enhancement of the 47, T=0

(T'=1) state over the T=1 (T =0) state. Although
the difference in the prediction for these states

is dramatic, relative to other states, the 4 states
are not supposed to be strongly excited so that
seeing them in inelastic scattering may be difficult.
One way to identify the 4" state in the neighborhood
of 19 MeV is to study (K*,K°) on '2C where only

T =1 states can be excited. In the event the 47,

T = 0 state is appreciably excited, as predicted

by the Martin amplitudes, the peak near 19 MeV
in the region of 60° should be significantly de-
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FIG. 8. Angular distributions for the K* inelastic ex-
citation at 300 MeV/c of the 4=, T=0 and 1 states at 19
and 20 MeV in 12C, respectively. In our model, these
states are pure d;,, p3/,"! particle-hole configurations.
The dashed and solid curves refer to the T=0 and 1 final
states, respectively. The K~ amplitudes are from Ref.
15; the K* amplitudes are either from Ref. 18, labeled
MARTIN: or solution (i)D of Refs. 13,14, labeled BGRT.
Note the large difference between the predictions of
BGRT and MARTIN amplitudes for excitation of the 4~
states with K*,

creased in the charge exchange reaction (relative
to other T'=1 complex peaks such as that associat-
ed with the 17, T =1 dipole state).

The effect of setting the form factor g(p) equal
to one is usually quite small. A representative
result is shown in Fig. 9. In general, the cross
sections change by less than 50%, so that, for
example, the difference in the predictions for
non-normal parity states for the different phase
shift solutions, BGRT({)D and Martin, is an order
of magnitude greater than that due to form factor
effects.

The result that normal parity 7'=0 states domin-
ate the spectrum for K* inelastic scattering over
a wide region of momentum transfer is very im-
portant for nuclear structure studies, especially
because the K* nucleus interaction is weak and
slowly varying with energy and thus the reaction
mechanism should be reliably understood. For
low excitation energy the K* results should be
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FIG. 9. Effect of the off-shell extrapolation of the K*N
amplitude on differential cross sections for the 4=, T=0
state in 12C at 300 MeV/c. The solid curve represents a
calculation which includes the exact off-shell form factor
g(p) of Egs. (3) and (4). The dashed curve corresponds
to the approximation g(p) =1 i.e., replacing the off-shell
amplitude by its on-shell version [BGRT (@)D of Refs. 13,
14]. The small changes shown here also are character-
istic of other final states.

compared with those obtained using the other
reliable probe, the electron, for such states as
the 2*, T=0 and 3-, T =0 states below 10 MeV in
12C. Previously, it has been necessary to at least
use the RPA to get satisfactory agreement between
theory and experiment for electroexcitation of
these states. The same wave functions which
yield excellent results for electroexcitation should
also yield very good results for K* inelastic scat-
tering. If this is not the case, then something may
be wrong with our understanding of the reaction
mechanism for one or both of these “reliable”
probes. It is important to bear in mind that, es-
pecially at larger momentum transfers, the elec-
tromagnetic interaction can be significantly cloud-
ed by the potential importance of exchange cur-
rents.*

At higher excitation energy, the T'=0 normal
parity states excited by the K* should be compared
to the excitation spectrum resulting from o par-.
ticle inelastic scattering. While the a particle
also excites T =0 normal parity states, it is not
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clear the extent to which such states are pre-
dominately p-h or single nucleon excitations. Such
comparisons would be useful in determining
whether states excited by the o particle are pre-
dominantly cluster excitations or p-h.

As a final further example, since 7 =0 normal
parity states are expected to dominate the spect-
rum, one would expect the K* to be an ideal probe
for investigating the location and spreading of
isoscalar giant monopole or quadrupole reson-
ances. Again, if one considers (K*,K°), then all
T =0 states would disappear from the nuclear
response. K' charge exchange is also an interest-
ing possibility for studies of analog states. We
have not actually calculated the appropriate 2°,

T = 0 spectrum between 10 and 30 MeV excitation
in this paper because of difficulties associated
with spurious state 2p-2h excitations. Earlier
simplified calculations have predicted that 2*,

T =0 excitations between 15-22 MeV would be
important at medium momentum transfers.

The results of the 300 MeV/c *2C(K~, K™ )*2C*
calculations are shown in Fig. 10. The excitation
spectrum is very similar to that predicted for
(K*,K*") with normal parity 1° and 3~ states being
dominant. In one sense this is fortunate because,
as mentioned above, one should understand the
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FIG. 10. Differential lab cross sections for K~ inelas-
tic scattering on 12C at p,,, =300 MeV/c. The K~N am-
plitudes are taken from Gopal et al. (Ref. 15). The no-
tation is the same as in Fig. 6.

nuclear spectroscopy of such states very well
from electron and K* inelastic scattering. Thus
one will be learning about the reaction mechanism
from K- inelastic scattering in this lab momentum
range. For example, to what extent is a detailed
coupled channels (and Fermi-averaged) treatment
of the two-body interaction necessary to correctly
predict the inelastic scattering? Once this situa-
tion has been clarified, one can use K~ charge
exchange to study states not easily seen with other
elementary probes. Of course, as for (K*,K°) on
T = 0 targets, one can eliminate all 7=0 excita~-
tions by studying (K~,K°). However, it would be
more interesting to study (K‘,E") on T#0 targets.
In particular, if one starts with a T =-T, neutron
excess target and uses the (K-, K°) reaction, then
the only final states that can be reached are those
states with T,=— (T, +1). These isospin stretched
states aré important for several reasons. For
example, one can study the isospin splitting of the
T, and T, giant dipole resonances as well as that
of stretched angular momentum configurations. As
a specific case, we consider 3°Si(K~, K°)**Al. The
results of the calculations for pX, =300 MeV/c
are shown in Figs. 11 and 12. By examining Fig.
11, we see that normal parity states completely
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FIG. 11. Differential lab cross sections at selected
angles for the charge exchange reaction 39Si(K -, K?)30A1
at p,, =300 MeV/c, leading to various diagonalized par-
ticle-hole states of 3°Al. The notation is the same as in
Fig. 6. )
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FIG. 12. Angular distributions for the excitation of
several of the final states which dominate the
35i(K-,K 9)30A1 reaction at 300 MeV/c.

dominate the spectrum with high spin states being
relatively more important at high momentum
transfer as expected. Since the final states all
have T,=-2, only T =2 final states are excited.
The angular distributions plotted for strongly
excited states, shown in Fig. 12, are character-
istically different for different spins. When one
considers isospin-flip dipole transitions from

T #0 nuclei, one excites both the T, and T, com-
ponents of the giant dipole resonance. It is of
interest to study their splitting as a function of

A and Z, and also to determine the degree of con-
centration of dipole strength. Of course, unless
charge exchange is utilized it is difficult to demon-
strate that one has actually located the T, strength.
Previously the (r,p) reaction, muon capture, ** and
(7", 7°) charge exchange® have been suggested as
useful experiments for studying the T, dipole
strength. The (K-, K°) process has an advantage
over muon capture in that for the latter reaction
one can only study the T, final state via its decay
by nucleon or photon emission. In the case of

(7, 7°), the difficulties associated with the decay
of m° into photons makes energy resolution of less
than a couple of MeV difficult. Using time of
flight techniques one should be able to obtain
energy resolution of a few hundred kilovolts in
(X",K°). Our calculations indicate that approxi-
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FIG. 13. Differential lab cross sections at selected
angles for K* inelastic scattering on 12C at 800 MeV/c,
using the BGRT (})D amplitudes of Refs. 13, 14. The no-
tation is the same as in Fig. 6.

mately 70% of the total T, dipole strength should
be concentrated in the 1° state strongly excited at
16.3 MeV excitation. Similar studies involving
octupole states are also suggested.

There are several ways to construct p-h T'=1
states with given spin and single nucleon orbitals
that have different parity than the ground state.

. Of course, if one starts withaT=1, T,=-1 g.s.

and goes.to a T =2, T,=-2 p-h state, the con-
struction is unique. However, as an example,
there are two ways of forming a T=1, T,=~1 p-h
state. One could start withaT=1, T ,=-1 g.s.
such as *°Si and carry out nonisospin-flip inelastic
scattering leading to T=1, T,=-1 p-h states.
However, another way to constructa 7=1, T ,=-1
final state would be to start with °Si and allow for
T' =1, T,=0 transitions, constructing the final
total isospin so that T ;=7,,=~-1. These different
T,=1, T, =-1 states with identical single nucleon
orbital occupation probabilities would have differ-
ent excitation energies and would have (in the
simplest models) relative cross sections given
by the ratios |A/B|? discussed earlier for either
K* or K~ inelastic scattering. We suggest the
study of such states by carrying out inelastic scat-
tering on T # 0 targets using medium energy kaons.
Before leaving the 300 MeV K~ predictions we
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FIG. 14. Angular distributions for K* inelastic scat-
tering on *2C at 800 MeV/c. The curves refer to the
BGRT (i) D amplitudes of Refs. 13, 14 unless labeled oth-
erwise. The curves for 4, T=0 and 1 refer to the Mar-
tin amplitude (Ref. 18), and use g(p) =1 for the off-shell
form factor; the results for the 1=, T=1 state at 23.1
MeV using the Martin amplitude are also shown. The
dashed curves use the BGRT ({)D amplitude (13,14), but,
with g(») =1; the solid curves use the exact g(p). As in
Fig. 9 at 300 MeV/c, the cross sections at 800 MeV/c
are seen to be only slightly influenced by off-shell ex-
trapolation of the elementary amplitude [g(p) =1]. The
4=, T =0 curve for amplitude BGRT ({) D is not plotted,
but is practically indistinguishable from the 4=, T=1
curve shown for BGRT. This should be contrasted with
Fig. 8 at 300 MeV/c.

note, that as in the case of K* inelastic scattering,
the dominance of normal parity excited states can
be immediately understood from Fig. 5. This
figure shows that near 300 MeV/c the term |A |2
dominates for inelastic scattering whereas for
charge-exchange (where A=C =0) the term |B|?
dominates. Note that the rapid change in the

L =2 K- amplitudes near 400 MeV/c [due to the
Y*(1520)] make simple predictions for the K~ at
low energies more speculative than for the K* (in
addition to the coupled-channel problems associat-
ed with subthreshold open channels).

The first elastic and inelastic scattering experi-
ments planned®® at the Brookhaven AGS will be for
pl2*~800 MeV/c, so predictions in the higher mo-
mentum region are particularly timely. In addi-
tion, as discussed below, there appears to be less
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cluding s, p, and d-wave K"N amplitudes according to
Gopal et al. (Ref. 15). The dashed curve results from
using the Kisslinger form for V(»), as per Eq. (19), with
only s and p waves.

reason to doubt the theoretical predictions at these
higher energies, since the elementary amplitudes
are better known. The main difficulty encountered
by the authors was the computational problem
associated with carrying out detailed microscopic
‘calculations employing many partial waves. Sig-
nificant modifications were required in the code
used by Gupta and Walker® to study 180 MeV pion
inelastic scattering.

Because much of the discussion is similar to
that for 300 MeV/c, we proceed to discuss the
800 MeV/c predictions in a somewhat more con-
densed form. :

Figures 3 and 4 indicate that near 800 MeV/c the
term |A|? dominates, so one expects T =0 normal
parity states to dominate for K* inelastic scatter-
ing (except in those cases such as T =1 dipole and
octupole resonances where nuclear structure ef-
fects concentrate transition strength). Figure 12
shows the results for the *C(K *, K *")*2C* reaction
for 800 MeV/c, demonstrating the prominence of
the normal parity states. In addition, the spin-
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FIG. 16. Differential lab cross sections for K~ inelas-
tic scattering on 12 at 800 MeV/c. We use the K™N am-
plitudes of Ref 15. The notation follows that of Fig. 6.

flip terms |B|? and |D |2 with Martin and BGRT
(i)D amplitudes do not differ nearly as significantly
as they do at 300 MeV/c. Hence, one would ex-
pect the predictions arising from using the two
different amplitudes to be much closer than the
dramatic differences shown in Fig. 8. In fact, as
illustrated in Fig. 13, the predictions for the
angular distributions of selected states are quali-
tatively similar when using the two sets of ele-
mentary amplitudes. Since the same kinds of
states are generally predicted to dominate at 800
MeV/c as at 300 MeV/c, we refer the reader to
the earlier part of this section for putting K* in-
elastic scattering in perspective with respect to
its uniqueness and complementarity in conjunction
with other medium energy probes of nuclear
structure. As shown in Fig. 14, the effect of set-
ting g(p)=1 is negligible, owing to the slow varia-
tion of g(p) in momentum space.

In order to calculate K~ inelastic scattering at
800 MeV/c, it is necessary to include L=2 K°N
amplitudes in the optical potential for obtaining
the distorted waves. In addition, some of the L
=2 amplitudes are not slowly varying as a function
of momentum so that Fermi-averaging of the
amplitudes used in the elastic scattering optical
potential was performed (as discussed in the pre-

10.0 T —T T T
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800 MeV/c

T T

Lilll
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FIG. 17. Angular distributions for K~ inelastic scat-
tering on 12C at 800 MeV/c. We plot the states of each
spin which are most strongly excited; the excitation en-
ergies are included in parentheses. 2~ states are only
weakly excited at this energy.

vious sections). The difference between including
the L =2 terms in the simple “pt”’ approximation
of Eq. (29), and using only the L=0 and L=1
amplitudes in Eq. (19) is shown in Fig. 15. The
difference is seen to be substantial.

The results for the *C(K -, K™ )'2C* inelastic
scattering at 800 MeV/c are shown in Fig. 16,
with characteristic angular distributions for se-
lected strongly excited states shown in Fig. 17.
As in the 300 MeV/c case, normal parity states
dominate the spectrum. This is expected from
examination of the important elementary ampli-
tudes near 800 MeV/c as shown in Fig. 5, where
the |A|? term dominates. We note that for (K-, K°)
charge exchange (where |A |2 and |C|? are set
equal to zero) the |B|? term dominates and thus
one would predict that, qualitatively, normal
parity-isospin flip states would completely domi-
nate the spectrum. Thus the 800 MeV/c K* -nu-
clear response function is predicted to be quali-
tatively very similar to that predicted for 300
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MeV/c, with less ambiguity at the higher energies
due to uncertainties in the elementary amplitudes.
In conclusion, for kaon inelastic scattering and

charge exchange, normal parity states dominate
the spectrum with high spin octupole states being
relatively more important at high momentum
transfer. The K* and electron inelastic scattering
results should be compared for the same strongly
excited states because both are thought to have
easily understandable reaction mechanisms (which
is the first thing one should check) and thus nu-
clear wave functions yielding excellent agreement
‘for one probe should also yield high quality re-
sults for the other. The K* results should also be
compared with o particle inelastic scattering as
discussed in the text. The K~ inelastic scattering
should first be compared with the electron and K*
results to test the validity of the assumed K~ reac-
tion mechanism. Then the K~ charge exchange
appears to be expecially useful for studying the
isospin splitting and structure of excited or analog

states of T # 0 nuclei.

Of course, elastic, inelastic, and charge ex-
change scattering of kaons from nuclei constitute
only a modest part of the potential utility of
medium energy kaon-nucleus reactions for study-
ing nuclear structure. The present authors feel
that deep inelastic (quasieleastic) scattering,
(K*,K*p) knockout reactions, (K-, K*) double
strangeness exchange, and the (K-, 77) reaction
offer other new exciting areas of theoretical and
experimental investigation.
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