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K1 nucleus reaction and total cross sections: New analysis of transmission experiments
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The attenuation cross sections measured in transmission experiments at the alternating-gradient synchrotron
for K1 on 6Li, C, Si, and Ca atpL 5 488, 531, 656, and 714 MeV/c are reanalyzed in order to derive total
(sT) and reaction (sR) cross sections. The effect of plural~Molière! scattering is properly accounted for,
leading to revised values ofsT . We demonstrate the model dependence of these values, primarily due to the
choice ofK1 nuclear optical potential used to generate the necessary Coulomb-nuclear and nuclear elastic
corrections. Values ofsR are also derived, for the first time, from the same data and exhibit a remarkable
degree of model independence. The derived values ofsT andsR exceed those calculated by the first-order
tr optical potential for C, Si, and Ca, but not for6Li, particularly at 656 and 714 MeV/c where the excess is
10–25%. Relative to6Li, this excess is found to be nearly energy independent and its magnitude of 15–25%
is not reproduced by any nuclear medium effect studied so far.@S0556-2813~97!01002-9#

PACS number~s!: 25.80.Nv, 21.65.1f, 24.85.1p
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I. INTRODUCTION

Total cross sections for the interaction of 500–700 Me
c K1 with several nuclei were derived from transmissi
experiments performed at the alternating-gradient sync
tron in Brookhaven National Laboratory@1–4#. The high
precision of these cross sections~about 1%! led to analyses
of the data in terms ofK1 nucleus potentials, based on th
expectation that theK1 nucleus interaction is simply relate
to theKN interaction. In particular, in this energy range t
KN interaction does not vary strongly with energy and
gether with the relative weakness of the interaction one
pects that optical potentials close to the ‘‘tr ’’ approximation
~see below! will be capable of describing the data. Howeve
all such analyses showed disagreement between calcul
and experiment at the level of 5–15%, which caused spe
lations about modifications in the nuclear medium of t
KN interaction@5–8#. As an example for the difficulties en
countered in such analysis we note that if one adjusts par
eters of the potential, separately at each energy, to fit
total cross sections (sT) measured for6Li, C, Si, and Ca,
then the resulting potentials are vastly different from the
tr ’’ potentials used to derive thesesT values. It is also noted
that such potentials that fit these values ofsT are question-
able on account of predicting unacceptably small values
the reaction cross section (sR). This complicated state o
affairs motivated the present study.

In the present work we reexamine the derivation of in
gral cross sections forK1 nucleus interaction from the pre
viously measured attenuation cross sections forK1 on 6Li,
C, Si, and Ca at 488, 531, 656 and 714 MeV/c. It is demon-
550556-2813/97/55~3!/1304~8!/$10.00
/

o-

-
x-

,
ion
u-

m-
e

‘

r

-

strated in Sec. II thatsR values extracted from such mea
surements are likely to be less model dependent thansT
values are. Revised values forsT are presented in Sec. II
where the effects of plural scattering are now included
gether with various other effects such as the dependenc
the particular nuclear density used in the optical model or
way the variousKN partial waves are handled. Results f
sR are presented for the first time. In Sec. IV we study t
effect of constraining the analysis with differential cross s
tions for the elastic scattering ofK1 on 6Li and C at 715
MeV/c that have become available very recently. We a
discuss the model dependence of the various results,
dependence on the particular form of wave equation and
tential used in the analysis, and whether or not the new d
may indicate medium effects in theK1 nucleus interaction.

II. TRANSMISSION MEASUREMENTS ON NUCLEI

The derivation of meson-nucleus integral cross secti
from measurements of the attenuation of a beam as a f
tion of solid angle of a detector is an old and establish
technique@9,10#. Defining the reaction cross sectionsR as
the integral cross section for removal of particles from t
elastic channel, the attenuation cross section for remova
particles from a detector subtending a solid angleV at the
target is

satt~V!5sR1E
V

4pS ds

dV D
el

dV2E
0

VS ds

dV D
ne

dV ~1!

where the second term on the r.h.s. represents elastic
scattered particles that miss the detector and the third t
1304 © 1997 The American Physical Society
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55 1305K1 NUCLEUS REACTION AND TOTAL CROSS . . .
represents nonelastic reaction products that are detected
subtracting the second~elastic! term from the experimentally
determined attenuation cross section one definessR(V) as
follows

sR~V!5satt~V!2E
V

4pS ds

dV D
el

dV. ~2!

The value ofsR is obtained by extrapolating thissR(V) to
V50 because the third~nonelastic! term on the rhs of Eq.
~1! vanishes forV50. It is therefore clear that the value o
sR obtained from the extrapolation toV50 depends on val-
ues of cross sections for elastic scattering to angles la
thanV. When these cross sections are known from exp
ment the values ofsR(V) are unambiguously given by Eq
~2!. However, in the case that these cross sections are
available experimentally, it is necessary to use an opt
potential to calculate the corrections due to elastic scatter
thus creating a possible dependence between the extra
sR and the optical potential. This procedure naturally rai
the question of consistency between the assumed pote
and the resultingsR . When the analysis of transmission e
periments is aimed at the extraction of a total cross sectio
total nuclear elastic cross section is added to the quant
being extrapolated,

sT~V!5sR~V!1E
0

4p

u f Nu2dV ~3!

where f N is the nuclear elastic scattering amplitude. Th
additional term is never available experimentally for charg
particles, thus makingsT for charged particles always de
pendent on some optical model calculations.

It is convenient to write the differential cross section f
elastic scattering in terms of a sum of nuclear and Coulo
amplitudes:

S ds

dV D
el

5u f N1 f Cu25u f Nu21u f Cu212Re@ f Nf C* #. ~4!

The dependence of the elastic correction on the optical
tential then enters via the nuclear term (u f Nu2) and Coulomb-
nuclear interference term (2Re@ f Nf C* #). SubstitutingsR(V)
from ~2! and using thef N and f C amplitudes, one obtains

sT~V!5satt~V!2E
V

4p

u f N1 f Cu2dV1E
0

4p

u f Nu2dV

5satt~V!1E
0

V

u f Nu2dV2E
V

4p

u f Cu2dV

22E
V

4p

Re@ f Nf C* #dV. ~5!

It is clear that an optical potential is needed to obt
sT(V) and the question of consistency will always arise.

In Fig. 1 we demonstrate the differences betweensR and
sT in terms of the optical-model input that goes into t
analysis of transmission measurements. The example sh
is for 714 MeV/c K1 on carbon where we plot the exper
mental satt(V) and the calculatedsR(V) @Eq. ~2!# and
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sT(V) @Eq. ~5!#. A ‘‘ tr ’’ potential ~see below! is used in the
optical model calculations. It is clearly seen that asV in-
creases the calculated input intosT(V) increases and
reaches a fairly large fraction of the measuredsatt(V). In
contrast, the calculated input intosR(V) vanishes asV in-
creases. Although the extrapolation toV50 should become
more accurate as more points are included for small ang
these points involve increasingly large calculated corr
tions, thus making the extrapolated value more dependen
the optical potential. Figure 1 thus suggests that when
model dependence of the extrapolated cross sections is b
considered, thensR is indeed the more reliable quantity th
may be derived from transmission measurements.

Uncertainties in the extrapolation ofsT(V) toV50 were
discussed previously leading to conflicting conclusio
Arima and Masutani@11# showed that except for light nucle
errors of 10% can arise in the process of extrapolat
whereas Kaufmann and Gibbs@12# showed that varying the
nuclear elastic term in Eq.~5! by 620% leads to the sam
extrapolated values. This latter test is irrelevant as it mer
modifies the slope of a term that in any case extrapolate
zero. A realistic test would be to vary the optical potential
imposing some physical constraints such as fits to ela
scattering data. This will be done in Sec. IV of this pape

The need to avoid very small angles in transmission m
surements on nuclei had been known long ago@9,10#. In the
present analysis we have used only the largest seven
angles (V>0.166 sr! to obtain reaction cross section
whereas at least 8 angles, and in most cases all 9 angles
used to obtain total cross sections. In view of Eq.~3! one
must not take the same experimental points in the two an
ses, otherwise the extractedsT andsR values will differ by
just the total nuclear elastic cross section implied by the
tical potential used in the analysis.

III. ANALYSIS AND RESULTS

A. Optical potentials

As discussed in the previous section an optical potentia
needed in order to obtain the correction terms whensT is to

FIG. 1. Experimental attenuation cross sections~solid dots,
middle curve!, calculated total cross sections~open circles, upper
curve!, and calculated reaction cross sections~open circles, lower
curve! for carbon at 714 MeV/c as function of the solid angle of the
detector. The shaded areas indicate the theoretical input
sT(V) andsR(V). Corrections due to kaon decay are not include
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TABLE I. Examples for corrections due to plural scattering. Uncertainties are due to the statistics
Monte Carlo calculation.

Target C Ca
momentum 488 714
~MeV/c!

Solid angle 0.0422 0.0890 0.1661 0.2321 0.0422 0.0890 0.1661 0.23
~sr!
Ds 5.8 2.6 1.4 0.85 22.8 9.8 5.3 3.7
~mb! 6 0.4 6 0.3 6 0.2 6 0.15 6 1.4 6 0.9 6 0.7 6 0.5
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be derived from experiment. The potential is needed also
derivingsR when the integral of the elastic scattering diffe
ential cross section@Eq. ~2!# cannot be evaluated directl
from experimental results, which is the case in the pres
work. Because of the long mean free path ofK1 in nuclei in
the present energy range, nuclei are expected to be f
transparent toK1 and as a result theK1-nucleus optical
potential may be simply related to theKN forward scattering
amplitudef c.m.(0) and nuclear densityr(r ) as follows:

2«c.m.
~A!Vopt~r !524pFkf c.m.~0!r~r !, ~6!

where«c.m.
(A) is the kaon total energy in the kaon-nucleus c.

system andFk is a kinematical factor~discussed below! re-
sulting from the transformation of amplitudes between
KN and theK1-nucleus c.m. systems. The nuclear dens
distributionr(r ) is normalized toA, the number of nucleons
in the target nucleus. This ‘‘tr ’’ optical potential@13# is then
included in a Klein-Gordon equation for the meson-nucl
wave function, as described earlier in analyses of reac
cross sections of pions on nuclei in the 1 GeV energy ra
@10#. The form of the meson-nuclear relativistic wave equ
tion is not unambiguous and we return to this point in S
IV.

The optical potential given by Eq.~6! may be used to
calculate the correction terms needed to extractsT andsR
from the measured attenuation cross sections. TheKN am-
plitude f c.m.(0) was taken fromKN phase shifts as given b
SAID @14#. In the present energy range the contribution
partial waves higher thans in the kaon-nucleon interactio
cannot be neglected. We have adopted two models for h
dling p and higher partial waves. In the first, the contrib
tions of all higher partial waves were lumped together w
the s-wave term to produce the~effective scattering length!
complex parameterb0 in the following potential

2«c.m.
~A!Vopt~r !524pFkb0r~r !. ~7!

In the second model thep-wave term was retained explicitl
in the potential which then became a Kisslinger-like pote
tial with a gradient term

2«c.m.
~A!Vopt~r !524pFk@ b̃0r~r !2Gkc0¹W r~r !•¹W #, ~8!

whereGk is another kinematical factor to be discussed
low. The contributions byd and higher partial waves wer
included in b̃0. It will be shown below that the difference
between the results obtained from the two models are
ceedingly small.
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Another ingredient of the potential are the nuclear den
tiesr(r ). Two models were used for these:~i! a macroscopic
~MAC! model where proton and neutron densities are giv
either by a two-parameter Fermi distribution~for Si and Ca!
or a modified harmonic oscillator density distribution~for
6Li and C!. The parameters of these distributions were o
tained by folding in the charge distribution of the proton
obtain a best fit to the corresponding charge distribution
the target nucleus@15#; ~ii ! a single particle~SP! model
where the proton (rp) and neutron (rn) distributions in the
nucleus are obtained by filling in single particle levels
Woods-Saxon potentials, requiring that the binding energy
the least bound particle agrees with experiment and that
ter folding rp with the charge distribution of the proton, th
charge distribution of the target nucleus is reproduced.
rn in the present self-conjugate nuclei we assumed the s
parameters as for protons in the MAC model, or the sa
potential radii in the SP model. The SP densities are
pected to be better approximations outside of the nuc
surface because they are based on the correct binding e
gies. By using two models for the nuclear densities we co
therefore check the effects ofr on the results.

B. Plural scattering

Multiple Coulomb scattering of beam particles by ele
trons in the target usually does not affect transmission m
surements if the solid angles are not too small. However
the case of multiple scattering with one large angle~nuclear!
scattering, usually referred to as Molie`re or plural scattering
@16#, there could be loss of particles out of the detector. T
effect was not included in the previous analysis of this e
periment but it was found not to be negligible at the small
angles, particularly at the lowest energy and for the heav
target. Corrections to the attenuation cross sections were
culated using the MLR subroutine@17# and typical results are
shown in Table I. Some of these corrections are larger t
the previously reported errors. In the present analysis th
corrections were applied at all angles and energies for
four targets.

C. Results

The experimental attenuation cross sections were
rected for plural scattering and the terms calculated from
tr potential in the form of Eq.~8! were added to obtain
sR(V) @Eq. ~2!# andsT(V) @Eq. ~5!#. When the potential in
the form of Eq.~7! was used, the extrapolated values differ
by usually less than 1%. The last seven angles only w
used forsR but all nine angles were used forsT at the two



s

.33

.15

.15

.65
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TABLE II. Reaction and total cross sections~in mb! for K1 interaction with various nuclei. Uncertaintie
due to the use of optical potentials are not included~see text!.

Reaction Total
Momentum

~MeV/c! 6Li C Si Ca 6Li C Si Ca D

488 65.0 120.4 265.5 349.9 76.6 162.4 366.5 494.6 25
61.3 62.3 65.1 67.7 61.1 61.9 64.8 67.7 60.61

531 69.8 129.3 280.4 367.1 78.8 166.6 374.8 500.2 27
60.8 61.4 63.4 64.5 60.7 61.3 63.3 64.4 60.32

656 75.6 141.8 306.1 401.1 84.3 174.9 396.1 531.9 28
61.1 61.5 63.4 65.0 60.7 60.8 62.7 64.2 60.24

714 79.3 149.3 317.5 412.9 87.0 175.6 396.5 528.4 28
61.2 61.5 63.6 65.5 60.6 60.9 62.3 62.8 60.20
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higher momenta. At the two lower momenta only eig
angles were used forsT because no satisfactory fit could b
obtained tosT(V) vs V when the smallest angle was in
cluded. That fit, and also the fit tosR(V), was either a linear
or a quadratic fit, as the case required, in order to achie
x2 per degree of freedom close to or smaller than one.
extrapolated values were then corrected for kaon decays
the previous analysis@4#. The procedure was repeated wi
both macroscopic and single particle models for the nuc
densitiesr(r ) and the extrapolated values ofsR andsT were
found to differ by no more than 1%. In the final values pr
sented in Table II this uncertainty due to the model has b
added quadratically to the other errors. The errors quoted
not include uncertainties due to the use of optical potenti
These additional errors are discussed in Sec. IV B.

The total cross sections forK1 interacting with deuterium
were obtained earlier from the differences between CD2 and
C targets and between LiD and Li targets. The effect
plural scattering corrections on these differences was fo
to be negligibly small. Therefore the published@4# cross sec-
tions for K1D remain unchanged. ThesesT values are in-
cluded for completeness in Table II.

IV. DISCUSSION

A. Wave equations and potentials

Here we use the same Klein-Gordon~KG! equation in the
projectile-nucleus center-of-mass~c.m.! system as done@Eq.
~5.14! of Ref. @10## previously for deriving pion-nucleus re
action cross sections in the 1 GeV region:

@¹21k22~2«c.m.
~A!V2Vc

2!#c50 ~\5c51!. ~9!

The quantitiesk and«c.m.
(A) are the projectile wave number an

energy respectively in the c.m. system, satisfyi
(k21m2)1/25«c.m.

(A) , wherem is the projectile mass.Vc is the
Coulomb potential due to the charge distribution of t
nucleus, andV5Vc1Vopt. For a finite-mass target nucleu
and discardingVc

2 , Eq. ~9! does not reduce to the nonrel
tivistic Schrödinger equation fork→0, since then«c.m.

(A)→m
instead ofm (A) where the latter is the projectile-nucleus r
t

a
e
in

ar

-
n
do
s.

f
d

duced mass. This distinction betweenm andm (A) of course
disappears in the limit of an infinitely heavy target nucleu

The first-order optical potential is given in the laborato
~lab! system byVopt5tr, where t is the lab projectile-
nucleon forwardt matrix andr is the target nucleus matte
density distribution normalized toA. Transforming to the
projectile-nucleus c.m. system~Sec. 3.3 of Ref.@13#! and
expressingt via the c.m. projectile-nucleon forward scatte
ing amplitudef (0°), onearrives at the form given by Eq.~7!
above, withb05 f (0°) and

Fk5
M 8

M
AA s

Ec.m.
~A! , ~10!

whereM is the free nucleon mass,AM8 is the mass of the
target nucleus,As is the total projectile-nucleon energy i
their c.m. system andEc.m.

(A) is the target nucleus energy in th
projectile-nucleus c.m. system.

In the energy range of the present work the contribut
of p waves to theK1-nucleon interaction is significant. Thi
raises the question of whether or not to includep waves
explicitly in the K1-nucleus potential. If thep-wave term
c0kW c.m.•kW c.m.8 of the projectile-nucleon c.m. scattering amp

tude f (u) is singled out, thenkW c.m. is transformed~in the
forward direction! to the projectile-nucleus c.m. momentu
kW , thus giving rise to a gradient term as follows:

kW c.m.5Gk
1/2kW→Gk

1/2~2 i¹W !, ~11!

with

Gk
1/25

M

M 8

As~A!

AAs
, ~12!

whereAs(A) is the total projectile-nucleus energy in the
c.m. system. This leads to the form given by Eq.~8! above,
where

b̃05 f ~0°!2c0kc.m.
2 . ~13!
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Table III summarizes the values of the optical potential
rameters for the four energies of the present work. We st
that the contributions due tod and higher partial waves ar
included in bothb0 and b̃0.

Calculations were made with both forms of potentia
The values ofsR and sT predicted by the potentials wer
found to be the same to within 1% regardless of the poten
used. The same is true for the extrapolated values ofsR and
sT that in most cases differ by much less than 1% when
form of the potential is changed from Eq.~8! to Eq. ~7!,
using the corresponding values from Table III. This resul
not surprising in view of the long mean-free path ofK1 in
nuclei in this energy range which should make the surf
gradient terms equivalent to the corresponding volu
terms. This is in contrast to the situation with low-ener
pions.

We have also checked the sensitivity of our extrapolat
and calculation procedures to the type of relativistic wa
equation used by considering the Goldberger and Wa
~GW! equation~Sec. 6.8 of Ref.@13#!

H ¹21k22
AM8

As~A!
@2~As~A!2AM8!V2Vc

2#J c50.

~14!

This equation reduces to the nonrelativistic Schro¨dinger
equation fork→0 upon discarding theVc

2 term. In the limit
of an infinitely heavy target nucleus, Eq.~14! coincides with
Eq. ~9!. Using Eq.~14! instead of Eq.~9! for extrapolating
the curvessT(V) and sR(V) of Fig. 1 leads at 714
MeV/c to sT andsR derived values which differ from thos
in Table II by less than 1% for C and less than 0.2% for C
The cross-section values calculated by using Eq.~14! are
lower by about 4% for C and by about 1% for Ca than tho
calculated by using Eq.~9!.

TABLE III. Parameter values for the optical potentials. M
menta are in MeV/c, b0, andb̃0 in fm, c0 in fm3.

Potential Eq.~7! Potential Eq.~8!

Momentum Reb0 Im b0 Re b̃0 Im b̃0 Re c0 Im c0

488 20.178 0.153 20.253 0.104 0.0337 0.0222
531 20.172 0.170 20.251 0.109 0.0309 0.0238
656 20.165 0.213 20.245 0.124 0.0221 0.0244
714 20.161 0.228 20.241 0.130 0.0191 0.0234
-
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B. Constraints due to elastic scattering

As discussed in Sec. II,sR can be evaluated from trans
mission measurements without the need to assume any
cal potential if differential cross sections for elastic scatter
are available from experiment such that the integral in E
~2! may be calculated for the required solid anglesV. Dif-
ferential cross sections have become recently available
the elastic scattering of 715 MeV/c K1 by 6Li and C@18#, so
one may adjust optical potential parameters to fit the d
and then use the same parameters to analyze the transm
measurements on all four nuclei at 714 MeV/c. In this way
the analysis of the transmission measurements becomes
strained by the elastic-scattering results. Similar data un
tunately do not exist at the other energies of interest her

In the spirit of the present approach where the interact
of K1 with all four nuclei is described at a given energy b
a common optical potential~i.e., commonb0, b̃0, and c0
parameters!, we tried to fit the elastic-scattering data fo
6Li and C by a common potential. Using the parameters
Table III or even adjusting the values ofb0, or b̃0 and c0,
resulted in rather poor fits, particularly at larger angles. T
ing to improve the fits by folding aKN interaction form
factor into the nuclear density helped only marginally, but
the cost of causing the calculatedsT andsR to decrease far
below the anticipated values. As most of the contribution
the integral in Eq.~2! comes from small angles, we hav
repeated the fits to the elastic data, retaining only the
forward angles for each of the targets~coveringV up to 0.7
sr!. The fits were still quite poor and we have therefore
troduced a phenomenological density-dependent~DD! modi-
fication of the interaction of the same form that was succe
ful in analyzing hadronic atoms@19# in an attempt to obtain
acceptable fits to the elastic-scattering data without loos
completely the ability to get agreement with the measu
sR andsT values. It consists of replacingb̃0 by a DD term

b̃0→b̃01B0F r~r !

r~0!G
a

~15!

and adjustingB0 anda to fit the data. Reasonably good fi
to the elastic-scattering data could thus be obtained, with
b̃0 values of Table III and empirical values forB0 ~complex!
anda. The same values ofB0 anda were then used in the
optical model input to the analysis of the transmission
periments at 714 MeV/c. The results of this constraine
analysis are shown in Table IV, where the correspond
tr results from Table II are also given for comparison.

It is noted that the extrapolated values ofsT are quite
TABLE IV. Reaction and total cross sections~in mb! at 714 MeV/c for different optical potentials used
in the extrapolations. Only the statistical errors of Table II are included.

Reaction Total
Potential 6Li C Si Ca 6Li C Si Ca

DD 80.0 149.2 317.7 413.4 91.2 192.1 433.9 589.6
6 1.2 6 1.5 6 3.6 6 5.5 6 0.6 6 0.9 6 2.3 6 2.8

tr 79.3 149.3 317.5 412.9 87.0 175.6 396.5 528.4
6 1.2 6 1.5 6 3.6 6 5.5 6 0.6 6 0.9 6 2.3 6 2.8
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55 1309K1 NUCLEUS REACTION AND TOTAL CROSS . . .
different in the two cases, by up to 10%. Both optical pote
tials are acceptable in this context: that of Table II is t
tr potential which is expected to provide a good start
point for a projectile with such a relatively long nucle
mean-free path as theK1. The DD potential of Table IV is
an ad hoc solution devised to be constrained by elast
scattering data, and is used here to demonstrate the m
dependence of the extrapolated cross sections. The di
ences in values ofsT are 10–20 times larger than the quot
errors@4#, thus making the values ofsT derived from trans-
mission measurements strongly model dependent. This
agreement with Arima and Masutani@11# and with the dis-
cussion of Sec. II. It therefore seems reasonable to as
additional errors of65% due to uncertainties in the optic
potentials used in the analysis. In sharp contrast to this c
clusion the values ofsR for the DD potential are very clos
to the corresponding values for thetr potential, the differ-
ences being considerably smaller than the quoted err
Note that the relative statistical errors for the reaction cr
sections are larger than the realative statistical errors for
total cross sections and, judging by the results of Table
they seem to cover also the uncertainties due to the us
optical potentials. Reaction cross sections therefore em
as the less model-dependent quantities that can be de
from transmission measurements.

C. The problem of self consistency

The derivation ofsR andsT from transmission measure
ments involves the use of an optical potential. The poten

FIG. 2. Ratios between experimental and calculated cross
tions based on atr potential: total cross sections — dashed curv
~upper part!; reaction cross sections — solid curves~lower part!.
The curves serve merely to guide the eye.
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predicts reaction and total cross sections and an obv
question is whethersR and sT derived from experiment
agree, or at least are consistent, with those predicted va
An alternative way to pose this question is the following:
an empirical optical potential is fitted to thesR andsT val-
ues derived from experiment, for all target nuclei, will th
same values be obtained if the transmission measurem
are reanalyzed using this empirical potential? The pres
answer to these questions is, unfortunately, negative.
mentioned in the Introduction, the inconsistency was o
served with the values ofsT published previously, where
potentials fitted to thesT values departed strongly from
those used in the analysis. Repeating such fits to the
results summarized in Table II, reasonably good fits are p
sible only with a DD potential@Eq. ~15!# which differs from
the tr potential of Table III such that no consistency is po
sible. We note that in contrast to the repulsivetr potential
the DD potential is attractive in the interior of the nucle
which is hard to accept forK1 in this energy range. If we fit
only the sR values, which are the more reliable quantiti
derived from experiments, then the predicted values forsT
become unreasonably large, e.g., 50–100% larger than t
of Table II, which is far beyond any expected model depe
dence. When fits are made only to thesT values, then the
predictedsR values turn out too small. This holds true fo
both tr and DD potentials. The DD potentials that are co
strained by the elastic-scattering data for6Li and C also
predict too large value for the differencesT2sR . Note that
such inconsistency is not observed with pion-nucleus po
tials below 100 MeV@20#.

c-
s

FIG. 3. Super ratios relative to6Li: experimental cross section
relative to calculated values using atr potential, divided by the
corresponding ratios for6Li.
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D. Effects of the nuclear medium

There are several ways of inferring from the present
sults possible effects of the nuclear medium on theKN in-
teraction. In the following we use the results summarized
Table II: for sR these are essentially model independent a
for sT they are based on employing corrections due to
tr potential which is expected to be an adequate star
point. One must bear in mind, however, that this potentia
in conflict with the constrained analysis of Sec. II B.

It is useful to first note that the experimental values
sT /A for 6Li are in agreement with the corresponding va
ues for deuterium@4#, as expected when the interaction
dominated by single scattering. This result also suggests
effects due to the nuclear medium are not important in
very light and loosely bound6Li nucleus. Values ofsT /A
for other nuclei cannot be directly compared to the deuter
values because for heavier nuclei effects due to mult
scattering are not negligible. For that reason it is useful t
to compare experimental cross sections with those calcul
by using thetr optical potential throughout. Although th
use of an optical potential for as light a nucleus as6Li might
be questionable, we note that 1/A kinematical terms are
properly included through theFk andGk coefficients@Eqs.
~7! and~8!#. Figure 2 shows the ratios between experimen
and calculated total and reaction cross sections for the
nuclei studied in the present work. For both types of cr
sections these ratio plots display remarkably similar beh
ior, with 6Li being very much lower than the other three a
all exhibiting the same dependence on beam energy. Fo
ing on the dependence on the nuclear medium, Fig. 3 sh
super ratios, i.e., the above ratios divided by the correspo
ing ratios for 6Li, where nuclear medium effects are presu
ably negligibly small. In this way the energy dependence
the above ratios is removed and one is left with a clear
pendence on the nucleus involved. These results show
the cross sections for C, Si, and Ca are 15–25% larger
expected and thereforecould indicate an enhancement of th
KN interaction in nuclei compared to the interaction w
free nucleons. We note that the bulk nuclear density of S
larger than that of Ca or C and indeed the enhancemen
the case of Si is more pronounced. The observed differen
between Ca and C could result from carbon still being
relatively small nucleus where the full extent of the enhan
ment is not realized. It is interesting to note that thesR ratios
and super ratios which are presented for the first time
very similar to the correspondingsT ratios and super ratios

V. SUMMARY

In the present work we have reanalyzed the transmis
measurements that had been used already to derive
cross sectionssT for 488 to 714 MeV/c K1 on several nu-
clei @4#. In the present, new analysis we have included c
rections due to plural scattering which caused changes in
results. In addition we have extracted, for the first time,
action cross sectionssR for the same nuclei. By carefully
studying the model dependence of the results, mostly du
the inevitable optical-model input into the analysis, w
showed thatsR values are essentially model independe
whereassT values depend on the model. When using atr
potential in the analysis it is found that the analysis proc
-
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is not self-consistent and the situation does not impro
when constraining the analysis with some recent data
elastic scattering@18#. Data that will be most useful in sort
ing out these difficulties are angular distributions for elas
scattering ofK1 for all four targets at all four momenta, tha
will make it possible to evaluate the elastic correction
sR @Eq. ~2!# without the need to employ any potential. I
addition, small angle angular distributions will hopeful
provide unambiguous optical potentials.

Accepting thetr potential, we obtaineds~expt!/s~calc!
ratio values forsT that show both energy dependence a
dependence on the target nucleus which are very simila
those for the less model-dependentsR . Super ratios formed
relative to 6Li are independent of energy and seem to
associated with the magnitude of the nuclear density. Th
ratios display 15–25% enhancement relative to the value
one in the low density limit. Our findings for thesT and
sR super ratios bear qualitative resemblance to the ang
distribution 12C/6Li super ratio at 715 MeV/c recently pre-
sented@18#. Recent quasifreeK1 scattering data@21# on D,
C, Ca, and Pb atpL 5 705 MeV/c also suggest enhanceme
of the K1 nuclear interaction in the nuclear medium. Th
present status ofK1 nuclear scattering with due conside
ation also of older data has been reviewed by Hungerf
@22#.

Theoretical attempts to explain the apparent strong
hancement of theK1 nuclear interaction as exhibited in ea
lier data, and by the present findings, have been mostly
ited to the 12C data. The nuclear medium effects associa
with ‘‘nucleon swelling’’ @5# and with density dependence o
the exchanged vector meson masses@6# give rise to a more
repulsiveK1 nuclear potential than the~already repulsive!
first ordertr optical potential. However, the density depe
dence ofVopt obtained by fitting to thesT and sR values
derived in the present work is such thatVopt now contains, in
addition to the low-density repulsivetr component, also a
higher-density attractive component which largely canc
the tr repulsion inside the nucleus. A significant enhanc
ment forsT was shown in the most recent work of Ref.@7#
to result from the density dependence of the mediumNN
interaction within a relativistic random-phase approximati
K1-nucleus calculation. However, this same method wh
applied @23# to evaluate the longitudinal and transverse
sponse functions for quasielastic electron scattering on12C
does not lead to good agreement with the data. It is inter
ing to note that the effect calculated for6Li yields sT values
substantially higher than required, so that if super ratios
the kind presented here in Fig. 3 relative to6Li were consid-
ered by these authors, a significant departure from the v
of one would occur, in agreement with our conclusions.
nally, the more conventional nuclear medium effects such
Fermi averaging, three-body kinematics and off-shellKN
corrections have been shown in Ref.@5#, and more recently
in Ref. @8# for all four nuclear targets with publishedsT
values, to provide only minor corrections of the order of
few percent to the first-ordertr optical potential considered
in this work as a theoretical benchmark. These correcti
are insufficient to resolve the discrepancy with experime

Another nuclear medium effect recently proposed@24–
26# is due to meson exchange currents~MEC! arising from
the interaction ofK1 with the excess pion cloud in12C. The
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pion production threshold aboutpL' 400 MeV/c generates a
strong energy dependence for this effect in thepL range
488–714 MeV/c of interest here. Such energy dependenc
indeed apparent in the ratioss(expt)/s(calc! shown in Fig.
2, but on the other hand the super ratios of Fig. 3 suggest
nuclear mediumcorrections to theK1 nuclear interaction
should be essentially energy independent. We also point
that the MEC mechanism considered in Refs.@25,26# con-
tributes to the calculation ofsT values mainly through
changing~increasing! the imaginary part ofVopt, whereas
the revisedsT and newsR values require, according to ou
fits, a substantial energy-dependent~attractive! modification
of the real part ofVopt. We have checked that increasing t
imaginary part of thetr optical potential by adding ar2

term, as suggested in Ref.@26#, does not resolve the discrep
. C

ys
is

at

ut

ancy between experiment and calculation for thesT and
sR values presently reported, except partly forsT in

12C. In
conclusion, there seems to remain a significant and puzz
discrepancy between theory and experiment forK1 nuclear
interactions at intermediate energies (pL'500–800
MeV/c!.
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