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The sensitivity of intermediate energy K+ meson-induced elastic and inelastic differential cross
section predictions to nuclear structure effects in the nuclear interior is examined for Ca and Pb
targets. The observed sensitivity for K+ mesons is compared to that obtained with intermediate en-

ergy protons. In general, the K+ meson+ nucleus elastic and inelastic scattering differential cross
sections are an order of magnitude more sensitive to details of nucleon density distributions in the
nuclear interior than corresponding proton-nucleus cross sections at comparable incident momen-
tum. It is found that theoretical analyses of high quality K+ meson + nucleus data which extend to
3 fm momentum transfer could, in principle, provide new information regarding neutron ground
state and transition density distributions in the interiors of large nuclei.

INTRODUCTION

Studies of the structure of atomic nuclei by way of elec-
tromagnetic and hadronic probes have been actively pur-
sued for over 40 years. During this time a great deal of
reliable information regarding ground state densities, tran-
sition densities, single particle wave functions, etc., has
been compiled. in the literature. Accurate determinations
of nuclear charge distributions have been provided
through combined model-independent analyses of high
momentum transfer elastic and inelastic electron scatter-
ing differential cross section data' together with muon-
ic atom data. These results have imposed severe con-
straints on nuclear structure models' and have possibly
provided information about three-body forces and meson
exchange currents in nuclei. Analyses of intermediate
energy proton, pion, ' and alpha particle scattering
data" have in some cases yielded fairly accurate informa-
tion for neutron transition densities, and also for the rela
tive differences between neutron ground state density dis-
tributions of neighboring nuclei in the surface and tail re-
gions of the distribution. Determination of absolute neu-
tron densities in the surface region through analysis of
strong interaction projectile scattering data turns out to be
very difficult, because of the large and varied contribu-
tions to the hadron-nucleus scattering observables arising
from alternate treatments of medium effects, ' target nu-
cleon correlations, ' spin dependence of the hadron-
nucleon interaction, and relativistic dynamics. ' At-
tempts at careful examination of the behavior of the neu-
tron ground state and transition densities in the nuclear
interior have also been unsuccessful, owing to the very
large absorption experienced by the available intermediate
energy hadrons: protons, pions, and alpha particles.

Consideration of the K+ meson as a probe of the nu-
clear interior has been a topic of interest in recent
years, ' ' due to the fact that the K+ meson + nucleon
(K+N) effective interaction strength, as characterized by
the total cross section, is relatively weak. The K+N total
cross sections vary between 10 and 20 mb for incident mo-
menta below 1 GeV/c (Ref. 15) compared to -40 mb for

protons and -50—100 mb for pions in this same momen-
tum range. It is thus expected that K+ mesons will
have a significantly longer mean free path in nuclear
matter than protons, alpha particles, or pions at compar-
able energies. Furthermore, contributions to the K+
meson + nucleus (K+A) observables arising from multi-
ple scattering of the K+ meson from individual target nu-
cleons' should be reduced in importance compared to
that for other hadrons, thus simplifying the demands on
the theoretical model. Finally, K+ mesons are spinless,
eliminating problems such as those found in proper treat-
ments of the interaction between two nucleons in the
description of proton-nucleus scattering. ' Consequently,
analyses of K+A scattering data should provide greater
sensitivity to structure details in the nuclear interior and
possibly more accurate, absolute neutron density informa-
tion than has been obtained from other available hadronic
probes.

In this work, a quantitative comparison between the
sensitivities of K+A and proton-nucleus (pA) elastic and
inelastic scattering differential cross sections to perturba-
tions in the neutron ground state and transition densities
is provided. These results are used to specify the type and
quality of K+3 data needed in analyses aimed at deduc-
ing new and meaningful nuclear structure information.

In Sec. II the theoretical model used in this analysis is
briefly outlined. The relative sensitivity of K+A and pA
elastic and inelastic scattering cross sections to the ground
state and transition matter densities is discussed in Secs.
III and IV, respectively. A summary and conclusions are
given in Sec. V.

II. THEORETICAL MODEL

The nonrelativistic multiple scattering optical potential
formalism of Kerman, McManus, and Thaler (KMT)
(Ref. 13) forms the theoretical basis for the analysis
presented here. In this approach the t matrix for elastic
hadron-nucleus scattering, T00, is expressed in terms of
the optical potential according to
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where

(A —1)

and

T' = U'"' U "'PGPT'

(la)

(lb)

K+A scattering, unlike the situation in the pion-nucleus
system. ' Because of this, local, first-order optical po-
tentials are adequate for the description of K+A scatter-

ing, at least in the context of the sensitivity study carried
out here.

For the pA and K+3 calculations, the optical potential
in momentum space is approximated as

(lc) U 'i"(k,k') =(2 —1)t(q)p(q), (5)

Here A is the number of target nucleons, G is the
projectile-nucleus many-body propagator, P projects the
ground state of the target nucleus, E'+' is the projectile
energy in the projectile-nucleus center-of-momentum
(c.m. ) system, X is the kinetic energy operator, and Hz is
the full nuclear Hamiltonian. The optical potential for
elastic scattering is given by

U'~'=Uoo+ g Uo, )
~~p E'+ —e~ —I( —U~~

Uao (2)

where e~ is the excitation energy of the intermediate nu-

clear excited state a with wave function
~ P ) (

~
Po)

denotes the nuclear ground state), and the effective in-

teraction matrix elements, U p, are given by

U p
——(A —l)(gati ~

r
~ $ ) . (3)

In Eq. (3), r is the effective projectile-target nucleon in-

teraction operator given by

a= v+ vGA~, (4)

where v is an isospin averaged projectile-target nucleon in-
teraction potential and the antisymmetrization operator,
A, allows only physical states of the target nucleus as in-

termediate scattering states.
Experience with intermediate energy proton-nucleus op-

tical potentials indicates that the free proton-nucleon (pN)
scattering t matrix provides an accurate approximation
for r (Ref. 8). This so-called "impulse approximation"
(IA), (Ref. 13) together with local, first-order optical po-
tentials [i.e., those in which the second term in Eq. (2) is
neglected] provide fairly good descriptions of pA elastic
scattering differential cross section data for the cases con-
sidered here.

The K+N scattering t matrix is characterized by a
smooth and gentle variation with energy and momentum
transfer; ' no resonance structure appears, unlike the
case for pions ' and K (Ref. 15). This feature implies
that nonlocality and off-shell effects should be minimal in
K+A reactions as well. ' In addition, the relative weak-
ness of the K+N interaction results in a further reduction
of second-order optical potential effects. ' Furthermore,
there is no true absorption mechanism' associated with

I

where t(q) is the on-shell, free projectile-target nucleon t
matrix, p(q) is the one-body target density form factor,
and q=k —k' is the momentum transfer. According to
nonrelativistic multiple scattering theory' the projectile-
target nucleon t matrix in Eq. (5) must be evaluated in the
projectile-nucleus c.m. system. This can be achieved by
exploiting the Manlier relation for invariant t matrices,
given by'

t(q) = t,„, , „(q) .
p +SN

In this expression t,„,b,d„(q) represents the projectile-
target nucleon t matrix in the projectile-nucleon c.m.
frame; e&(eN) and E&(EsN) are the projectile (target nu-

cleon) total relativistic energies in the projectile-nucleon
and projectile-nucleus c.m. systems, respectively. - The
two-body t matrix is related to the two-body scattering
amplitude, F(q) [e.g. , F(q) =f(q)+g(q)a"n for the K+N
system], by the prescription, ' '

t,„,b,d„(q) = 2'(Pic ) [(e—~+EN)/(ez eN)]

XF(q) .

The explicit K+A nonrelativistic optical potential is ob-
tained by combining the above expressions for t(q) and
summing over target nucleon spins. In coordinate space
the local K+A optical potential therefore becomes ' '

(A 1) (Pic) (eK+eN)
U'~'(r) =-

~+K+SN

X g f dq q'j, (qr)f; (q)p;(q),
t=p, n

where e~ and EK are the kaon total relativistic energies in
the K+N and K+A c.m. systems, respectively, i denotes
target neutrons or protons, and f; (q) is the spin-
independent K+N scattering amplitude. The first-order,
spin-dependent pA optical potential is given in Refs. 8,
13, and 24. Both the K+A and pA elastic scattering ob-
servables are obtained by solving the Schrodinger equation
with relativistic kinematics (RSE) and the above K+A
and pA optical potentials. The radial part is given by '

I(&+1)
p

2

2p

(Pic )
[U'~'(r)+ Uc,„i(r)]+k~ giJ(r) =0,

where p@ =E&Erl(E&+.Er), Er is the target nucleus
total relativistic energy in the projectile-target c.m. sys-
tem, k~ is the projectile-target c.m. wave number, and
Uc,„i(r) is the Coulomb potential. The elastic scattering

I

observables are obtained by the usual asymptotic match-
ing conditions.

The K+N scattering amplitudes were generated using
the I =0, I, and 2 phase shifts of Martin and typical
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a.(r) l th...,=S»(r)
I ~...~+[a.(r) —S,(r) jDME, (10)

where p„(r)
~ ~, ,~

is the experimental proton density and
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FICi. 1. First-order KMT-IA predictions compared with elas-
tic differential cross section data for 442 MeV K+ + Ca. The
dashed curve corresponds to Martin K+N amplitudes whereas
t + ——t + (Amdt, solution CMK) is assumed in obtaining theK+n K+p
solid curve.

I I I

tabulated phase shift values for the small, higher partial
waves through 1 =4 (Refs. 22, 26, and 27). The SP82 en-
ergy independent nucleon-nucleon (NN) phase shift solu-
tion of Amdt et al. provided the pN scattering ampli-
tudes.

The proton densities for Ca and Pb were obtained
from the model-independent charge densities of Refs. 3
and 4, respectively, by unfolding the single proton charge
form factor and correcting for contributions to the charge
density arising from the electric form factor of the neu-
tron and nucleon magnetic moments. ' The various
forms assumed for the ground state neutron densities are
given below and in Sec. III.

The inelastic transition angular distributions were cal-
culated using the distorted-wave Born approximation
(DWBA) formalism ' with collective model transition po-
tentials (see Sec. IV). These calculations were performed
using a modified version of the DWBA code vENUs.
Deformed spin-orbit coupling was included in the (p,p')
calculations.

The KMT-IA model discussed above was applied to
442 MeV K++" Ca elastic scattering; the comparison
with data, shown in Fig. 1, is fair. The calculated angu-
lar distribution is about 40% and 20%%uo low at the first
minimum and maximum, respectively. The Ca neutron
density assumed in this calculation was

the quantities in square brackets correspond to the density
matrix expansion (DME) densities of Ref. 34.

It is customary in meson-nucleus physics to solve an
approximate form of the Klein-Gordon equation (KGE)
(Refs. 9 and 10) to generate meson-nucleus observables. It
is appropriate therefore to compare our KMT-IA results
with corresponding predictions based on the KGE. Two
qualifying remarks need to be made before discussing
these comparisons. First, most practical applications of
the KGE involve two approximations. These approxima-
tions are the following: (1) terms involving the nuclear
potential squared are omitted and (2) the asymptotic wave
functions are matched to nonrelativistic Coulomb wave
functions. These approximations result in a radial KGE
which, in fact, has the same form as the radial
Schrodinger equation, Eq. (9), except that p~ is replaced
by EK. The appearance of EK rather than p@ in the ra-
dial KGE follows directly from the use of a relativistic
equation of motion which is, necessarily, a one-body equa-
tion for the projectile. The KGE fails to account for the
recoil of the target nucleus. Since Ez ~p, c the differen-
tial cross section predictions for the KGE are larger in
magnitude than those of the RSE, even when identical op-
tical potentials are used. For 442 MeV K+ + Ca elastic
scattering this increase is 17%%uo at the first minimum at 17'
c.m. The shapes of the KGE and RSE predictions are
essentially the same. The second remark concerns the
form of the optical potential. In most meson-nucleus
scattering models the Kisslinger off-shell form is assumed
for the l =1 meson-nucleon partial wave amplitude. '
Since the I = 1 K+N phase shifts do not dominate the full
K+N amplitudes, ' the local, KMT optical potential
calculations agree very-well with nonlocal, Kisslinger op-
tical potential results ' when the same K+N phase shifts
and nuclear densities are used. The results in Fig. 1 are
also in reasonable agreement with the momentum space,
KGE predictions obtained by Marlow et a/. , which use
slightly different nuclear densities. Finally, it is worth
noting that many formulations' ' of the meson-nucleus
optical potential given in the literature and widely used
for pion and kaon elastic scattering cross section calcula-
tions are inconsistent with Eqs. (6)—(8), failing to distin-
guish, for instance, between meson-nucleon and meson-
nucleus frames of reference.

The underestimate of the data beyond 15' obtained with
the first-order KMT-IA calculation might be due to
inadequate K+N amplitudes, or the effects of higher-
order corrections due to the nuclear medium and target
nucleon correlations, or off-shell effects, or to some type
of relativistic correction. ' Because of the current paucity
of K+N data' ' ' it would seem likely that an alter-
nate set of K+N amplitudes could be found which
remains consistent with the limited K+N data, but which
results in better agreement between KMT-IA predictions
and the data. Using flexible parametrizations, it was
found that the forward angle spin-independent K+N am-
plitudes [it is this particular K+N amplitude which
governs the K+A predictions as seen in Eq. (8)j were
tightly constrained by the K+N total cross section mea-
surements and forward angle differential cross section
data. No significant improvement in the KMT-IA pre-
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dictions of the 442 MeV K++ Ca data was obtained
with any of a variety of alternative K+N amplitudes, con-
sistent with available data. It has also been estimated that
second-order correlation contributions are fairly small for
this case. ' Nonlocal optical potential calculations by
Siegel, Kaufmann, and Gibbs demonstrate that the cal-
culated K+3 cross section at forward angles can be in-
creased sufficiently to fit the data by introducing a cutoff
in the off-shell portion of the K+N t matrix. Thus it is
not clear at present whether the inadequacy of the KMT-
IA model is due to inaccurate K+N data, off-shell depen-
dencies of the K+N t matrix, or perhaps some hitherto
uninvestigated effect, associated for instance with relativ-
istic dynamics.

It is, however, possible to fit these K+/I data using a
phenomenological, local folding model. For example, the
solid curve in Fig. 1 corresponds to setting t + ——t +K+n K+p
where the CMK phase shift solution of Amdt was used
for t + . This calculation agrees with the data at eachK+p
point; however, in reality t + &t +, so that the calcula-K+p K+n'
tion has no microscopic interpretation.

Our primary goal in this work was to investigate the
sensitivity to neutron densities over a wide range of
momentum transfer. It is important, therefore, to use a
realistic K+N effective interaction, deferring for 'now any
further consideration of the above theoretical questions.
It is reasonable to expect that the, KMT-IA model will ac-
curately predict the changes in the angular distributions
resulting from perturbations in the densities, even though
the absolute predictions are not perfect. For this reason
the K+X scattering amplitudes of Martin are used,
despite their possible deficiencies with respect to the
predicted K+2 observables, rather than adjusted
phenomenological effective interactions which are incon-
sistent with K+N data. It is interesting to note however
that the sensitivity results discussed below are not signifi-
cantly altered if the calculations are repeated using
t + t + (see Ref——. 37).
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FIG. 2. KMT reference calculations for K+ (solid curve) and
proton (dot-dashed curve) induced elastic scattering from Ca
at the lower energies using the two-parameter Fermi density.

The neutron densities were then varied by adding either
a Gaussian bump (s&&0) in the interior, surface, or tail
regions of the neutron density or by adding a damped jo
(2&0) wiggle in the interior. The normalization constant
po was readjusted in each case. Four such calculations
were carried out for both the K+3 and pA reactions, at
both energies, for Ca and Pb. The resulting angular
distributions form the basis for our sensitivity study. The

III. ELASTIC SCATTERING RESULTS

The following cases were considered in this sensitivity
study: K++ Ca and Pb at 442 and 991 MeV; and
p+4oCa and 2o8Pb at 297 and 800 MeV. The lower
(higher) energy reactions correspond to a c.m. momentum
of 3.9 fm ' (7 fm '). The neutron densities were
parametrized as

1 d(l' pp )

=pa ~„~/ ++e o jo(
(

1+e(r —c)/z

—d&(r —rI )
2

+s&e

0~~
Cl

CO

M
fh0

where c and z were selected (with A =s~ ——0) to most
nearly reproduce the theoretical neutron density of Eq.
(10) in the surface region. Calculations with /I =s~ ——0
provided the standard differential cross sections for each
case; the resulting angular distributions are shown in Figs.
2—5.

0 5 10 15 20 25 30 35 40 45 50
Center of mass angle (deg)

FIG. 3. Same as Fig. 2, except for Pb at the lower energies.
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FIG. 4. Same as Fig. 2, except for Ca at the higher ener-

gies.

0 5 10 15 20 25
Center of mass angle (deg)

FIQ 5 Same as Fig 2 except for 208Pb at the higher ener-
gies.

values of si and 3 were fixed at 10% of the unperturbed
density at the point of application (except for Pb, where
a 30% Gaussian bump was applied in the interior). The
complete set of parameters describing p„(r) in Eq. (11)
used in these calculations is given in Table I. The corre-
sponding neutron densities are shown in Fig. 6. The
changes in the interior neutron densities affected by these
perturbations were chosen to be comparable in magnitude
to the uncertainties in p„(r) deduced in analyses of 800
MeV pA elastic scattering data.

A comparison of the changes in the predicted differen-
tial cross sections between the pA and K+3 cases at com-
parable c.m. momentum can give insight regarding the
relative sensitivity of these two probes to the interior, sur-
face, and tail regions of the neutron density. The calcula-
tions including jo(cur) provide information concerning
sensitivity to a specific Fourier component of the interior

neutron density.
Results of the calculations are presented in Figs. 7—10

in the form I [do (with perturbation) —do. (no
perturbation)]/do (no perturbation) I & 100%. The large
percentage changes which occur in the pA cases near the
diffractive minima (indicated by arrows) are relatively in-
consequential and are merely a reflection of the steepness
of the pA differential cross sections at these points. It is
important to note that these changes near the diffractive
minima are very small in magnitude. Little if any nuclear
structure information of the type being considered here
would be affected by careful theoretical descriptions of
the deep diffractive minima in the pA angular distribu-
tions. These remarks apply in part to the K+3 cross sec-
tions also; however, the K+3 angular distributions tend to
be relatively smooth and lack the deep diffractive minima
found in the pA angular distributions, because of the rela-

TABLE I. Neutron model density parameters.

Nucleus

Ca

Case

Standard
Interior
Surface

Tail
Jo

C

(fm)

3.451
3.451
3.451
3.451
3.451

z
(fm)

0.534
0.534
0.534
0.534
0.534

0.0
0.0
0.0
0.0
O. l

do
(frn )

0.25

I'0

(fm)

0.0

(fm ')

2.0

$1

0.0
0.1

0.05
0.01
0.0

di
(fm )

1.0
1.0
1.0

I i

(fm)

0.0
3.451
4.621

208pb Standard
Interior
Surface

Tail
JQ

6.631
6.631
6.631
6.631
6.631

0.658
0.658
0.658
0.658
0.658

0.0
0.0
0.0
0.0
0.3 0.18 0.0 2.0

0.0
0.3
0.05
0.01
0.0

1.0
1.0
1.0

0.0
6.631
8.077
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FIG. 6. Neutron mode1 densities for Ca and Pb assumed
in the sensitivity studies (see the text and Table I).

SURF.

tively weak K+3 interaction. Consequently, meaningful
sensitivity to the densities exists throughout the angular
range depicted by the solid curves in Figs. 7—10 (except
near the few indicated minima) . .

The results demonstrate that the calculated K+3 cross
sections are, in general, about an order of magnitude more
sensitive to interior density perturbations than are inter-
mediate energy protons, provided the K+ angular distri-
butions extend to sufficiently large (-3 fm ') momentum
transfer. This is evident for both the interior Gaussian
bump and the damped jp(d'or) perturbation. Note that the
greatest sensitivity occurs in regions of large momentum
transfer, q )2 fm ', which extends, for instance, signifi-
cantly beyond the angular domain of the Marlow et al.
data. As expected, the pA cross sections show more
sensitivity to the surface region while both give compar-
able sensitivity to the tails of the density. These results
may be compared with the estimates given in Refs. 8, I I,
21, 24, 38, and 39 of the large uncertainties in interior
matter densities obtained in analyses of conventional
hadron-nucleus elastic scattering data.

Typical variations between different theoretical models
and empirical charge density distributions in the interior
are of the order of S—10% (Ref. 2). Based on the results
displayed in Figs. 2—5 and 7—10, detection of interior
neutron density fluctuations of this magnitude requires
that the K+A data extend to 3 fm ' with 5% and 2—3%
accuracy being needed for Ca and Pb targets, respec-

IO 20 30 40
Center of mass angle (deg)

50

FIG. 7. Percent changes in the Ca K+3 (solid curves) and
pA (dot-dashed curves) lower energy elastic differential cross
sections due to the perturbations in the neutron densities.
Dashed arrows denote minima in the proton angular distribu-
tions.

tively. Of course, refinements to the reaction model such
as medium corrections, ' correlations, ' off-sheH ef-
fects, ' relativistic dynamics corrections, ' etc., as well
as better determined K+N amplitudes, must be considered
before more accurate densities can be deduced from analy-
ses of K+3 data. The essential point to be drawn from
the calculations presented here is that sufficient sensitivity
of the K+ meson to interior density fluctuations exists,
and the type of new data necessary to provide new nuclear
structure information has been specified explicitly.
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CQ, k= 7 fm-t
IO-

Pb, It= s.9 tm-~
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FIG. 8. Same as Fig. 7, except for Ca at the higher ener-
gies. Solid arrows denote minima in the K+ angular distribu-
tions.

FIG. 9. Same as Fig. 7, except for 'Pb at the lower energies.

IV. INELASTIC SCATTERING RESULTS

Inelastic scattering calculations for K+ meson and pro-
ton induced transitions from Ca and Pb to the first
excited 3 states were also carried out at the same in-
cident energies assumed in the elastic scattering analysis.

I

The KMT-IA optical potential discussed in Sec. III, using
the neutron model density of Eq. (11) with A =s~ ——0, ac-
counted for distortion of the incoming and outgoing pro-
jectile wave function. The DWBA formalism ' with a
modified collective model transition potential given by

—[(r—c )/a ]~
U„,„,(r ) = R U,p, (r)+ ( V+i 8')e

V'2L +1 dr (12)
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FIG. 11. Typica1 transition potentials for the (K+,K+ ) reac-

tion for Ca and Pb targets showing the effect of the interior
Gaussian perturbation.

Ca(x, x') (3,3.7)

f l,' l!
5 IO l5 20

Center af mass angle (deg)
25

FIG. 10. Same as Fig. 7, except for Pb at the higher ener-

gies.

was used to generate the theoretical inelastic angular dis-
tributions.

Two sets of calculations were carried out for K+A and
pA inelastic scattering at both energies. In the first set,
V=8'=0, thus providing reference inelastic cross sec-
tions. Each calculation was repeated with ao ——1 fm, co
equal to approximately one-half the nuclear half-density
radius R, and V and 8'adjusted such that the height of
the interior Cxaussian bump was about 18% of the surface
peak for both the real and imaginary parts of the transi-
tion potential. -.This procedure was intended to simulate
the effects on the transition potential which would result
from perturbations in the interiors of the underlying

e

I I I I I I I I I

0 5 10 15 20253035404550
Center of mass angle (deg)

FIG. 12. DWBA' predictions for the K+ (solid curve) and
proton (dot-dashed curve) inelastically induced transitions to the
first 3 state in Ca at the lower incident energies.
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Nucleus Case

TABLE II. Transition potential parameters.

R
(fm)

Cp ap
(fm)

Ca K+ 442 MeV
K+ 991 MeV

p 297 MeV

p 800 MeV

0.1

0.1

0.1

0.1

3.42
3.42
3.42
3.42

—4.45
—3.52

1.38
—2.55

5.73
8.46
6.69

14.64

1.5
1.5
1.5
1.5

1.0
1.0
1.0
1.0

PSPb K+ 442 MeV
K+ 442 MeV
K+ 991 MeV

p 297 MeV

p 800 MeV

0.1

0.1

0.1

0.1

0.1

5.925
5.925
5.925
5.925
5.925

—6.34
—6.34
—4.99

1.962
—4.17

8.31
8.31

12.11
11.25
22.84

3.5
1.5
3.5
3.5
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FIG. 13. Same as Fig. 12, except for Ca at the higher ener-

gies.

FIG. 15. Same as Fig. 12, except for Pb at the higher ener-

gies.
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FIG. 14. Same as Fig. 12, except for 'Pb at the lower ener-

gies.

matter transition densities without actually carrying out
the folding procedure. This additional interior structure
is comparable to that seen experimentally in the

Pb(3,2.62 MeV) charge transition density. The
overall coupling strength parameter Pl was arbitrarily
taken to be 0.1 in all cases. For comparison, an additional
calculation wRs Hlade for K + Pb Rt 442 MeV, 1n
which the perturbation was placed even deeper within the
nuclear interior. A complete list of the parameters used
in the inelastic calculations is given in Table II.

Two typical transition potentials are shown in Fig. 11,
both with and without the interior Gaussian perturba-
tions. In addition, Fig. 11 displays the Pb transition
potential corresponding to two separate assun1ed values
for co. Note that only the nuclear interior region is af-
fected by the Gaussian perturbations. A mixture of interi-
or and surface fluctuations, as has been studied else-
where, ' ' was not examined here.

The Ca(x, x') (3, 3.74 MeV) and Pb(x, x') (3
2.62 MeV) (where x represents the K+ meson or proton
projectile) inelastic angular distributions corresponding to
V= W=O are shown in Figs. 12—15. Note that the (p,p')
inelastic transitions are stronger and more diffractive than
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k = 7 frn-'

Pb(x,x')
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FIG. 16. Percent change in the K+ (solid curves) and proton
(dot-dashed curves) induced inelastic differential cross sections
for Ca resulting from the Gaussian bump in the interior of the
transition potential. Arrow pointing up (down) denotes maxima
(minima) in the angular distributions.

the (K+,IC+ ) angular distributions as expected, owing to
the much stronger central imaginary potential for the pro-
ton projectile.

The percent changes in the (x,x') angular distributions
due to the interior modifications of the transition poten-
tials are presented in Figs. 16 and 17. Again, enhanced
sensitivity of the K+ observables compared to that for in-
termediate energy protons is evident, particularly for

Pb. As in the case of elastic scattering, it is found that
(K+,K+ ) data must extend to a momentum transfer of 3
fm ' to achieve sufficient sensitivity to fluctuations in
the interior transition density. Detection of 10% interior
neutron transition density perturbations (relative to the
surface peak strength), would require Ca(K+,K+ ) data
extending to 3 fm ' with an overall accuracy of 10% or
better. In the case of Pb(K+,K+), data accurate to
2—3% extending to 3 fm ' would be required in order to
detect 10%%uo interior density fluctuations. It is interesting
to note, from Fig. 17, that shifting the perturbation fur-
ther into the interior (i.e., from 3.5 to 1.5 fm) does not sig-
nificantly alter the observed sensitivity of the (K+,K+ )

FIG. 17. Same as Fig. 16, except for Pb. The dashed curve
for the K+2 reaction corresponds to co ——1.5 fm.

angular distributions. This is encouraging since it indi-
cates that observables at moderate momentum transfer
remain sensitive to density fluctuations even near the
centers of heavy nuclei.

V. SUMMARY AND CONCLUSIONS

In this work the K+ + ~Ca and K+ + 2ospb elastic and
inelastic differential cross sections at 3.9 and 7 fm c.m.
momentum were calculated within the framework of the
KMT formalism. Comparisons between the K+A angu-
lar distributions and corresponding pA results at compar-
able incident momenta were made in order to determine
the relative sensitivity of K+A and pA observables to de-
tails of the underlying neutron ground state and transition
density distributions in the nuclear interior.

These results demonstrate quantitatively that medium
energy K+A elastic and inelastic angular distributions are
roughly an order of magnitude more sensitive to density
fluctuations in the nuclear interior than are pA angular
distributions. Our calculations also give an idea of the an-
gular range and statistical quality of K+3 scattering data
necessary to permit detection of interior density fluctua-
tions of the order of 5—10%. The required momentum
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transfer range of 0&q&3 fm ' is seen to extend well
beyond the best available data.

This sensitivity study supports the expectation that K+
mesons will provide a means for mapping out the interior
nuclear matter distributions. %'e stress, however, that a
much more precise understanding of the K+A reaction
process is essential before the extraction of interior density

information is possible. From the discussion in Sec. II it
is clear that a satisfactory theoretical description of K+3
elastic scattering will not be as straightforward as had
been previously thought. Vigorous efforts by both theor-
ists and experimentalists will be required before new nu-
clear structure information can be gleaned from the study
of K+A scattering.
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