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I. INTRODUCTION

The use of strongly interacting negatively charged probe particles

such as x~, K", £~, p, etc. offers some important advantages for nuclear

physics studies. These particles can be captured into atomic Bohr orbits

and the x-ray or Auger transitions can be observed as the particle cas-

cades towards the nucleus. One thus has a good handle on the spectro-

scopic state from which absorption finally occurs. For very strongly

absorbed particles such as K~, f and p, the radial distance from the

nucleus at which absorption occurs is localized outside the nuclear

1-3
radius (for K~, about 807. of the absorption takes place outside the

half-density point and the absorption probability peaks typically about

2fm outside the nuclear radius). • This specificity to the nuclear density

in the peripheral region is of particular interest for our understanding

of nuclear structure. Conventional probes such as e and p are only

sensitive to global properties such as the r.m.s. radius and surface

thickness.

* Work performed under the auspices of U.S. Atomic Energy Commission.

4 Invited paper presented at the Conference on Nuclear and Hypernuclear

Physics with Kaon Beams, held at Brookhaven, July 2-6, 1973.
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In the present talk, attention will be focussed on the inter-

action of kaons (K—, K« ) with nuclei. I will not attempt to catalogue

the experimental data which exist or to discuss in detail the comparisons

between theory and experiment which have been made. Instead, I will try

to emphasize! qualitative features of the experimental and theoretical

results, as well as the theoretical difficulties and ambiguities involved

in obtaining a reliable kaon-nucleus optical potential. ; These difficulties

have hindered -thus far the extraction of much reliable nuclear structure

information from the K -nucleus data.

In lowest order, the kaon-nucleus interaction (optical potential)

is related to the elementary kaon-nucleon interaction folded with the

nuclear density p(r) (see Eq. (17)). The usual approach thus has two

main ingredients:

a) a description of the elementary KN or KN Interaction,

b) a description of the nuclear physics aspects (the neutron

and proton densities p (r) and P (r) in lowest order;

"correlations" in higher order)

In most of the discussions of kaon-nucleus interactions to date, the

elementary free space kaon-nucleon interaction has simply been taken as

given (either a KN potential or a scattering amplitude obtained from a

K-matrix analysis; see Sec. II). The KN amplitude is then used (incor-

rectly) in scattering length approximation or converted to an effective

amplitude by averaging over the (mostly negative) energies appropriate

to the KN system embedded in a nucleus. Alternatively, the effective

KN scattering length, in the medium can be phenomenologically adjusted to

give a least squares fit to the K atom data (energy shifts and widths

of x-ray transition lines). The detailed connection between the effective

KN amplitude and the free space amplitude is then lost. In either case,
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the nuclear problem has not been used to shed light on the nature of

the fundamental KN interaction,

Ultimately, this situation might be to some extent reversed. As

we shall see in more detail later, what is essential for the K -atom

problem is a good description of the KN interaction in the threshold

region and in particular of the Y*(1405) resonance in the K~p channel.

The most complete K-matrix analyses of the low energy KN cross sections

yield essentially equivalent KN phase shifts and scattering lengths

but rather different widths for the YQ*(1405) resonance. This fact is

of no particular significance for the K-matrix analysis but its impor-

tance is magnified in the K~-atom problem because of nucleon binding

effects and KN center of mass kinetic energy, which bring the effective

KN c m . energy in a nucleus very close to the YQ*(1405) energy. Thus,

if one develops quantitative means of handling the effect of the medium

on the Y *(1405) resonance, the nucleus could be used as a convenient

laboratory for inferring information on the properties of a Y* in free

space. At the moment, this possibility seems somewhat remote.

II. THE ELEMENTARY KN AND KN INTERACTIONS

Since we would, in principle, like to relate the kaon-nucleus

optical potential to the basic kapn-nucleon interaction (suitably modi-

fied in the nuclear medium), a short summary of the properties of the

KN and.KN interactions is presented. A good review of this subject .is

given in Ref. 4 and the available K—N cross sections are complied in

Ref. 5.

The first point to recall is that the kaons (K—, KQ, K_) together

with the pions (it-, jt ) and the n meson form an SU(3) octet of pseudo-
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scalar mesons. However, unlike it and it , the interaction of K

(S*H-1) and K~ (S=-l) with nucleons are vastly different, because of the

conservation of strangeness S in strong interactions. Thus, the K N

interaction at threshold is characterized by a number of strongly

coupled channels involving the hyperons A and £ with S =• -1. For K~p

scattering at low energy, the open channels are shown in Table 1,

together with the corresponding threshold energies and contributions

to the total cross section. The two body channels KN, £fl and Air are

all seen to be of roughly equal importance, which is characteristic

of a strong coupling situation. For I" p, on the other hand, we have

only a one channel problem up to the pion production threshold, due to

absence of hyperons with S = +1. For K n, we have the charge exchange

channel K n -* K p in addition to elastic scattering. The K"Vn inter-

action is thus somewhat simpler to analyze than the K~N interaction,

since it does not involve a multi-channel formalism involving many

parameters. This simplicity may be of some importance for the nuclear

problem (see Sec. V), since it is somewhat difficult to treat the full

multi-channel problem in the nucleus (which would in principle involve

a knowledge of 2 and A propagation characteristics in the medium).

The total KN and KN corss sections are shown in Fig. 1. The

KN results are from Ref. 6, while the K p cross sections are the most
7

recent BNL data. As mentioned 'above, the K N cross sections display

much more structure than the corresponding K N resultst due to the ,
*

influence of S = -1 2 and A resonances. There are some indications

of exotic Z* resonances in the K data, but the question is unsettled.

The Y* resonances of possible interest for nuclear physics



-5-

studies are shown in Table 2. It would be relevant to measure the

energy shift and broadening of the Y* resonances in the nucleus. This

point will be developed further in Sec. V.

The various theoretical models for treating KN and KN scattering

are reviewed in Ref. 4. In the absence of a fundamental theory of the

strong interactions, KN scattering has generally been parametrized in
8

terms of a multi-channel K matrix, related to the usual T-matrix by

K - T-1KFT (1)

where F is a phase space matrix. If K is taken to be a real symmetric

matrix, unitarity and time reversal invariance are automatically incor-

porated in the model. For isospin T»0, K is a 2 x 2 matrix of the form

Of p \ KN
) (2)

KN x£

The s-wave T=0 phase shift 6 for KN elastic scattering is then given by

kcot60 > i

O)

0 ° Vo + i

where k and k_ are the c m . momenta in the KN and xE channels, respec-

tively. Similar formulae hold for the T=l state, in which case K. is
_ • *

a 3 x 3 matrix (KN, *£, JtA).
9

Extensive K-matrix analyses have been carried out by Kim and by
10

Martin and Sakitt. The results of these calculations have served as

the basic input to several calculations of the K~-mesic optical potential

(see Secc VI). The form of the K-matrix amplitudes is shown in Fig. 2.
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Particularly relevant for the K -atom problem is the region below

threshold. Although the two analyses give essentially the same scat-

tering lengths, the widths of the YQ*(1405) resonance in the two cases

are quite different. This uncertainty In the basic KN interaction is

reflected in a corresponding ambiguity in the predicted K optical

potential.

Particle exchange models and dispersion relations have also been
4

applied to the study of KN interactions. Exchange models with various
4

vector meson and Y* exchanges generally give a more rapid energy depen-

dence near threshold than the K-raatrix analysis. However, such models

have not yet led to quantitative fits of the basic KN data (itY pro-

duction results, for instance, are poorly reproduced), and hence do

not furnish a reliable input to the problem of the K~-nucleus interaction.

III. EXPERIMENTAL DATA ON THE KAON-NUCLEUS INTERACTION

The data on the kaon-nucleus interaction are of four types:

a) nuclear emulsion data

b) bubble chamber data

c) t ran .^mission experiments

d) measurements of x-ray transitions in K~ atoms.
11,12

From emulsion studies, one deduces the following ratios for produc-

tion of the various Zjt channels:

a

R. s N(EV)/N<Z~* +) (4)

Since 2 emission unaccompanied by a charged pion must be due to absorption

on nmtrons (in the absence of charge exchange processes in the final
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state) and £ it— signals absorption on a proton, R is a measure of
pn

the frequency of capture on protons relative to the capture rate on

neutrons. Experimentally, one finds

R (light nuclei)

R (heavy nuclei) K3)

pn

i.e., neutron capture is 5 times more probably in heavy nuclei than in

light nuclei (relative to proton capture). This fact has been inter-

preted as a preponderance of neutrons over protons in the peripheral

region where capture occurs (the so-called "neutron halo")* As we shall

discuss later, this interpretation is not unambiguous.

The correlation in angle between the outgoing £ and n has also

been measured in emulsion experiments. The distribution in En opening

angle is peaked around 0 « 180°, characteristic of a peripheral absorption

mechanism. The distribution of total momentum IV+P^ has also been

studied. This provides information on the distribution of nucleon momenta

in the nucleus (see Sec. V ) . Finally, the energy spectra of the outgoing

Z's and it's have been examined. Because of the relatively weak absorp-

tion of the outgoing it's, the x energy spectrum is more sensitive to

the nucleon momentum distribution than either the £ spectrum or the

P-.+P distribution.
* - 15,22

A few results are available.for K scattering in emulsion.

However, most of the very limited information on the K -nucleus inter-
13,14,16

action at positive energies comes from bubble chamber experiments
_ 4

 1 7 » 2 2 -

on K +d or K +He or tranmission experiments, (K +C, K +Cu) which

measure the total cross section. There also is little available inform-

ation on K -nucleus scattering, except a few emulsion and transmission

i



-8-

17,20-22

experiments. More experimental data on the K—nucleus inter-

action at positive energies would be of considerable interest, parti-

cularly angular distributions for elastic and inelastic scattering. As

we shall argue in Sec. V, the theoretical analysis of such results

would be more reliable (unless we are near a Y* resonance) and hence

more likely to yield nuclear structure information than the K atom

problem.

The most interesting data Currently available are from K~~atom

18,19
studies.. In this case, one measures the widths (F and

F- ), energy shifts and yields of x-ray transitions (the last tran-

sition before the K is absorbed being essentially the only one for

which the absorptive widths and shifts are non-negligible). These data

have been carefully reviewed at this conference by P. Barnes and

L. Tauscher. These shifts and widths are compared directly with the

complex eigenvalues of the Klein-Gordon equation (see Sec. VI).

IV. PHENOMENOLOGICAL ASPECTS OF K~ ABSORPTION

In perturbation theory, the absorption rate for K~ mesons on a

nucleus is proportional to

P * °KN / R a e 2 ( r ) P ( r ) d 3£ (6)

where o—, is an average KN reaction cross section (Fermi averaged over

the nucleon momentum distribution), K .(r) is an unperturbed Bohr atom

radial wave function and p(r) is the nuclear ̂ density. In Fig. 3, we

display the radial dependence of the density, kaon wave function and

their product for a typical case (taken from Ref. 23)). The absorption

probability peaks about 2fm outside the nuclear radius (half-density

point), where p(r) *• 0.1-0.2 P(0). This result is-typical for a variety
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of nuclei and emphasizes the expected peripheral nature of K absorption.

Note that the absorption rate essentially is a probe of the 2i-th

moment of the density since R » ~ r and hence P ~ / r p(r)dr. For

typical values of Ji K 3-6, this is a very high moment; hence small

changes in the radius are magnified in importance. For fixed Z, the

capture rate varies very rapidly with i. We have approximately

2 3
and hence T changes by a factor of 10 -10 as we pass from one i value

to the next. Thus all K -mesonic x-rays have about the same intensity

until we reach-some critical n value (which depends on Z) for which

the intensity vanishes abruptly. Equivalently, we either have F . «

T , or T , » T ., since the radiative width F , is rather slowly
rad sos rad rad '

varying with (n,i). The situation is not so dramatic for pions.

We have seen that perturbation theory suggests a peripheral

mechanism for K~ absorption. There is also evidence for this conclusion

directly from the experimental data. For instance, there is a strong

correlation in the opening angle between the S and it in the absorptive

process KN •* En (the Eir pair prefers to emerge back to back). If we

had volume rather than peripheral absorption, the T. would have very

strong final state interactions on its way out of the nucleus, and the

Sit angular correlation wou!4 be .distorted. A surface absorption is

also consistent with the rarity of processes such as E n , 2 « ,Aic ,
*

Z it , which must involve charge exchange. "

In principle, there are several mechanisms which could lead to

absorption in the nuclear interior: a) KN •* KN elastic scattering into

the interior followed by KN -* Y« absorption, and b) mixing of X values

due to nuclear eccentricity (for nuclear spin J - 1). In spite of the
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fact that the free space elastic and absorption cross sections for KN

are about equal, the elastic scattering in the medium will be quenchel

due to Pauli principle and angular momentum restrictions. Thus process

24
a) will be suppressed in the nucleus ; process b) has also been shown

24
to be small by Rook.

It is of some interest to contrast the mechanisms of K~ and rt"

absorption. First of all, the K is absorbed mostly on one nucleon

(due to the open Yit channels), while pion absorption at low energies

is dominated by the two nucleon mechanism. One nucleon absorption of

a pion requires very high components of che nucleon momentum distri-

bution. Also,.the pion and K probe different regions of nuclear

surface: the K samples mainly the region where p(r) * 0.1-0.2p(0),

while the it is less specific in r and probes mostly Che region around

p(r) * 1/2 p(0). Furthermore, the strong interactions of it and *"

with nuclei arc very similar, while K and K~ interactions are quite

different because of strangeness* The existence of the Yit channels

makes the KN interaction very strong at low energies, while the KN

interaction, like the itN interaction is relatively weak.

V. NUCLEAR PHYSICS INFORMATION OBTAINABLE FROM AN

ANALYSIS OF THE KAON-NUCLEUS INTERACTION

I will discuss a variety .of topics which could be of interest from

the nuclear physics point of view. Some of these ideas are speculative

and unexplored. My intent is not to treat' in detail what has already

1-3
been elegantly summarized by experts, but to try to stimulate interest

in further experimental and theoretical investigations. The problems

that I will mention are the following:
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a) Neutron and proton densities in the periphery

b) Non-mesonic K absorption

c) Momentum distribution in the nucleus

d) Elastic and inelastic scattering of R—

e) Excitation of analog states in charge exchange

f) Excitation studies of one hole residual nuclei

g) K_ interactions with nuclei-regeneration

h) Energy shifts and broadening of Y* resonance in nuclei

I will now review the main aspects of each of these subjects in turn:

a) The problem of the neutron and proton densities in the peripheral

24-33
region has been discussed by many author.4. The basic experimental

quantity which bears on this question is the ratio R of Eqs. (4) and
pn

(5). In first approximation, R is given by

R
Pn

where \|i . is the kaon wave function for the orbit (n,4) from which

absorption takes place and p , p are neutron and proton densities

normalized so that /p dr = N and /p dr = Z. If P (r) and p (r) have
n ~ p ~ p n

the same radial shape, we wculd predict

R (light) (Z/N)
JE2 «JE2
Rpn(heavy)

The discrepancy between Eq. (9) and the experimental value of 5 (see

Eq. (5)) was originally interpreted as evidence for a preponderance
25 25

of neutrons over protons in the peripheral region. Burhop found

that the experimental result could be explained if neutrons and protons
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in a heavy nucleus had the same half-density radius but a neutron surface
30

thickness 50% larger than that of the protons. Bethe and Siemens

gave a simple physical argument why this would indeed be the case. They

assume that neutron and proton densities in the surface are given approx-

imately by

-7 B n(r-R)
P n p(r) ~ e n' p (10)

where 7 = (2MB Y and 7. = (2M(B +E ))*. Here B * B * 8 MeV is the
n n p Pc nP

binding energy of the least bound nucleon in a heavy nucleus and £ =

2
Ze /R is the Coulomb barrier for protons. Due to the Coulomb barrier,

the proton wave functions for r > R will be smaller than their neutron

counterparts (7 > 7 ) and hence p > p in the nuclear periphery (even

though the half-density radius is assumed to be the same for neutrons

and protons).

Unfortunately, the situation seems to deteriorate somewhat when

26,29,32 29
a more quantitative analysis is performed. Aslea and Rook.

32
and Brook have generated densities of the form

Pn,P
(r) = £ K (£ ) | 2

icn.p

using wave functions <p.(r) of a Woods-Saxon potential whose parameters

were adjusted to reproduce the experijssstal single particl^. binding

energies. In this way, a ratio

R (light)

RP(heavy) " 2-0"2-6 .
pn

was obtained, which is still too small by a factor of two. Several

features of these calculations differ from the simple model of Bethe and
30

Siemens : a) the K absorption does not take place preferentially on
29

the least bound nucleon; many bound states contribute to the absorption ;
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32

b) the effect of the centrifugal barrier cannot be ignored.

The situatior improves somewhat if we include the effect of

secondary processes (note that Eq. (8) only provides an estimate of the

primary absorption rates, while the experimental ratio of Eq. (5) in-

cludes all secondary processes). The influence of secondary processes

33 31

has been discussed by Burhop and by Wycech. . These include final

state interactions such as

a) L -*'A conversion via £ +n •• At-p and £ +p -• AHi

b) £ charge exchange

c) JT absorption

d) effect of (pn) correlations

and Coulomb corrections (which inhibit E relative to £ absorption).

When all these effects are included, the experimental ratio (5) is

reduced to

R (light)Rpn(heavy)
3.2 . (13)

This ratio is now appropriate to the primary absorption process. The

discrepancy between Eq. (13) and the theoretical estimate of Eq. (12)

is no longer so great. It would be of interest to evaluate R using

self-consistent Hartree-Fock wave functions or other model wave functions

to see if the remaining disagreement disappears. It would also be very

important to perform experiments which measure R for a single isotope,

b) Non-mesonic K~ absorption: *

In most cases, K absorption proceeds via a one nucleon mechanism

K N -* Y-Ht, producing a pion in the final state. A certain fraction of

the time, however, absorption takes place via a two nucleon mechanism

K~+2N -* Y+N in which no pion is observed in the final state. This "non-
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mesonic" absorption occurs about 1% of the time for K +d and roughly

20% of the time for K~+He and K~ + heavy nuclei. The momentum transfer

which is operative in the two nucleon absorptive process is of order

500 MeV/c. For K -l-d, the predicted rate of non-mesonic absorption is

thus very sensitive to the presence of high momentum components in the

deuteron wave function. Equivalently, the two nucleon absorption.takes

place on correlated nucleon pairs separated by distances of order 0.4fm;

the non-mesonfc K absorption thus probes very short range correlations.

One can only hope to extract some useful information on the elusive

short range correlations if one has a reliable theoretical model for

34-36
K~ absorption. So far only rather qualitative calculations exist,

in which the following types of diagrams are considered:

N

34
Burhop, Common and Higgins use a completely on-shell approximation to

evaluate the above graphs, replacing the K~N - Yn and K~N •* K~N ampli-

tudes by and (aR_n _ respectively, where

and a,,-., _̂  _,_„ are the observed cross sections. Thus all information
K N "* K N

about the relative phase of the two diagrams is lost. The on-shell

approximation also precludes the contribution of the Yn* and Y * reson-
0 36 X

ances, which are below threshold. Fowler and Foulopoulos have improved

the calculation somewhat by allowing the nucleon N. to propagate off the

mass shell, thus bringing in the effect of Y* production. Their pre-

scription is to replace the cross section av(u)) by a resonance form
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2 2where w = -(p_+p ) . They find that the possibility of Y* production
i it

enhances the non-mesonic absorption rate by roughly a factor of 2.

It would be very interesting to improve these calculations in

several respects: i) the use of off-shell amplitudes rather than cross

sections. Such amplitudes could be generated, for instance, by choosing

appropriate separable potentials for the KN and Yit interactions in order
9,10

to reproduce the results of the on-shell K-matrix analysis. The

off-shell amplitudes would then be obtainable from a set of coupled

channel Lippmann-Schwinger equations, ii) the use of more realistic

deuteron wave functions. Here one could hope to test various wave

functions which are obtained from phase-shift-equivalent NN potentials,
37

but differ in their short range behavior, the non-mesonic K~ absorp-

tion would also be very sensitive to A- , admixtures in the deuteron

wave function. In general, the K~ problem could be viewed as providing

a further constraint on the degree to which high momentum components

are present in the deuteron wave function. In principle, this constraint

should be more stringent than that imposed by the analysis of low energy

NN scattering,

c) Momentum distribution in the nucleus

This has already been mentioned in Sees. Ill and IV. Information
•

on the momentum distribution of nucleons in the nucleus has been obtained
11,12

in emulsion studies by looking at the distribution of total momentum
Pv+P > as well as by examining the Z and ir energy spectra. There is

- 4some evidence from the energy spectrum of it'a produced in K +He that

the nucleon momentum distribution is consistent with that obtained by
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taking the Fourier transform of the density p(r) deduced from electron
1

scattering.

d) Elastic and inelastic scattering of K—

There is very little data on the elastic scattering of K— from
20-22

nuclei at positive energies and essentially no data at all on

inelastic scattering. As we shall see in Sec. VI, the analysis of the

K~-mesic atom data (from a fundamental point of view) is greatly com-

plicated by the presence of the Y_*(1405) resonance. As we proceed to

positive energies, however, the influence of the resonance is reduced.

The analysis of elastic scattering in terms of a first order optical

potential becomes more reliable (see Sec. VI) and one has a better

chance to extract neutron densities (for instance) than from K~-meslc

atom data. Thus low energy K~-nucleus scattering data would be of

Interest for nuclear structure studies: the K~ at low energies would

retain its specificity to the nuclear surface region and one has good

theoretical control over the form of the optical potential to be used

in the analysis.

The K interaction with nuclei at low energies is even simpler.

The K N interaction is essentially elastic up to momenta of order

700 MeV/c (except for charge exchange). Since no resonances or strong

absorption are present in the K N interaction, a simple first order

optical potential should be adequate to describe the K -nucleon inter-

action. However, it should be noted that the non-absorptive nature,of

the K N interaction implies that the K is sensitive to the whole

nuclear volume; the specificity of K~ interactions to a particular
.A.

region of r is thus lost. The K will serve as a probe of the nuclear

density p(r) as a whole; unlike electron scattering, the results will
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depend on the neutron density as well as the proton density.

Inelastic scattering of K— is totally unexplored, either theor-

etically or experimentally. A discussion of K— inelastic scattering

would parallel than for «—; both are pseudoscalar probes wuich have

s-vave interactions with nucleons at low energy generated by vector meson

exchange. There is no obvious advantage of K— over IT- probes for exciting

new types of collective modes of the nucleus,

e) Excitation of analog states in charge exchange

The charge exchange reactions K~p •* KQn and K n -* KQp could be

used to excite nuclear analog states. The second reaction is analogous

to the (it ,it )'reaction, which has recently been performed, the decay
38

of the analog state being observed by delayed proton emission. The

cross section for K n ** KQp is shown in Fig. 4; it remains a sizable

cross section (* 9mb) in a region of momentum from 500 MeV/c-1 GeV/c.

There seem to be no particular advantage of the K n ** KQp reaction vs.

it n -* it p as a means of exciting analog states. Whether or not an

analog state is seen or not is to a large extent determined by the back-

ground of protons from processes other than analog state decay. For

the pion case, background protons can come from reactions like (TC.JIN),

(x,N), (fl.NN) etc. For the case of kaons, one nucleon emission would

dominate, and hence one might hope for a smaller background for

K n -* K p than for it n -* it p. However, this question should really be

examined more quantitatively. Since the KN interaction is essentially

pure s-wave in the region of interest, it is mediated by vector meson

exchange. In the (K ,K ) charge exchange, only P exchange would contri-

bute. So analog state excitation would proceed via the following

diagram:
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K0'K0

K ,K

It would be interesting to estimate the cross section for such a process.

f) Excitation studies of one hole residual nuclei

In kaon absorption, one nucleon is generally knocked out of the

nucleus. This suggests that one could perform excitation studies on

the one hole residual nuclei. Such studies would yield analogous results

to those obtained from (p,2p), (p,d), (x,nN) and other reactions.

g) KU interactions with nuclei

The K. and K, mesons are the linear combinations of the KQ and

K0

j Q 0 (14)

which are approximate eigenstates of CF.

The K. is the long-lived component decaying primarily into 3* and K1

is short-lived and decays into 2n. In K2 +p scattering, the two body

final states are K2°+p, K^+p, £
a>++fl+>0, and A°-ht+. The amplitude for

any given channel, say K_ +p •* K.^ +p, is a combination of amplitudes for

hypercharge Y = 0 and Y * 2. The ratio •

o(K2°p - K.°p)
R . _ 1 ( l 5 )

P "* ^« or Ait)



-19-

18 very sensitive to the low energy parameters of the system.

It is of considerable interest to measure the regeneration of

K. in K_ interactions with nuclei. For instance, the measurement

of a quantity like R would provide a sensitive test of the modification

of the various amplitudes due to the presence of the nuclear medium.
39

Some regeneration experiments have already been .performed.

h) Energy shifts and broadening of Y* resonances in nuclei

As we shall see in Sec. VI, the Y *(1405) resonance in a nucleus

is shifted upwards in energy and considerably broadened. A list of the

positive energy Y* resonances has been given in Table 2. An

analogy can be made between the Y* resonances and the
*
well-known itN (3,3) resonance. The (3,3) resonance is known to be

40
shifted downward in jr-nucleus scattering. One would expect similar

shifts for K-nucleus resonances. The free space Y* resonances shown in

Table 2 are fairly narrow (compared to the itN (3,3) resonance) so they

should still be observable in the nucleus. As in the case of it-nucleus

scattering, the detailed explanation of resonance shifts in K-nucleus

scattering should provide a stringent test of the form of the optical

potential. For instance, the simple density expansion of the optical

potential may not be convergent in the region of a strong resonance.

One then has to develop the means to sum to all orders in the nuclear

density, without making a multiple scattering or similar expansion.

VI. THE THEORETICAL FRAMEWORK

In this section, I will discuss the theoretical work which has
23-26,29-33,41-53

been done on the analysis of K -mesic atom data. Most

of the analyses use either perturbation theory (see Eq. (6)) on a Klein-

Gordon equation for the kaon wave function +K(r) of the form
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= 2n Vopt(r)iK(r) (16)

In Eq. (16), E is the total kaon energy, V is the Coulomb potential,

ix is the kaon-nucleus reduced mass and V _(r) is the kaon optical
opt

potential. Because of the very strong KN interaction, ^K(r) is rather

strongly distorted and hence first order perturbation theory is not

valid for most cases of interest. We now group the existing models for

the optical potential V into several classes:

a) First order in the density p(r) - phenomenological

b) First order in p(r) - "first principles"

c) Inclusion of higher order terms in P, higher partial waves,

non-locality, etc. .

Under a), one finds the attempts Co use an optical potential of the form

where ML and fl. are the kaon and nucleon masses, respectively, and A is

an effective (complex) scattering length to be determined phenomenolog- '

ically by a best fit to the set of experimental shifts and widths of
18,19

kaonic x-ray lines. . Such an approach has been followed by
18 43 . 48 SO

Backenstoss e_£ al., Seki, Krell and Koch-Sternheim. The scat-

tering length A is assumed to be a single constant independent of mass

number A. Seki gives a best fit value .

A * 0.75 + 0.941 fin (18)
SO

while Koch and Sternheim arrive at a value

A * 0.44 + 0.831 fm (19)
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If p(r) is described by a uniform sphere, the equivalent V is given by

V k ~ -42-791 MeV (20)
opt

inside the sphere.

The effective scattering length A is to be contrasted with the
50

free space value

A(free) = -0.42+0.7i fm . (21)

and the corresponding equivalent square well potential

V ..(free) «= +40-66i MeV (22)
opt

The main point to note is that the real part of the phenomenological

interaction is strongly attractive, rather than repulsive as predicted

using the free space scattering length. Such a result is obtained if

one adds KN potentials, or more correctly, off-shell t-matrices, rather

41,42,50
than free scattering lengths to get the optical potential. The

existence of the KN bound state YQ*(1405) below threshold indicates

that the KN potential is attractive, and hence an attractive optical

potential is obtained by smearing out the KN potential over the nuclear
50

volume. The use of the scattering, length approximation is only justi-

fied for weak potentials. For strong potentials, as here, the sign of

the scattering length does not determine the sign of the potential.

In b), one tries to obtain the optical potential from first

principles, i.e., starting from the free space KM amplitude. If one

45
used (unjustifiably) the simplest scattering length approximation,

the potential is repulsive and the absorption is too small, as compared

to the phenomenological potential. The calculated line widths are

found to be generally a factor of two or three too small.

The next level of Sophistication consists in starting with the

free space KN amplitude and computing an effective KN interaction appro-

priate to nucleons bound in the medium. This program hi. s been carried
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23 33

out by Bardeen and Torigoe and by Burhop. The free scattering

length A is replaced by an effective amplitude A in the medium defined

by

A - J*dE A(E)P(E) (23)

where P(E) is the probability of finding the KN system in the nucleus

with total cm. energy E. If we neglect interactions between the KN

system and the rest of the nucleus, we have

Ei = V W V p c « 2 / 2 E i <24)

where e^ and e. are the binding energies of the kaon and the ith nucleon,

respectively, and P is the momentum of the center of mass of the KN

pair. The distribution of effective energies E. is related to the

2
distribution of cm. kinetic energy P /2E., which is in turn related

cm i
to the Fourier transform of the product of kaon and nucleon wave func-

23
tions. The probability P(E) exhibits a peak in the region 15-30 MeV

below threshold, i.e., in the region of the YQ*(1405) resonance. The

reason for the change of sign of v" • from repulsion to attraction is

now seen by looking at Fig. 2. The average over E in Eq. (23) brings

in the large positive values of ReA(E) corresponding to the resonance,

while the value of ReA(E) at threshold is negative.

There have been a number af attempts to improve the simple first
31

order treatment of V . The most promising of these are due to Wycech
opt 5 3

and Alberg, Henley and Wilets. Or. Wycech will explain his model.in

detail in a later contribution to this conference, so I will be brief.

In Refs. 31 and 53, a non-local potential is generated according

to the formula
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(24)

where the ^(r^) are a set of single nucleon optical model wave functions

and 1t=w ̂  is an effective KN T-matrix in the medium. The effective

T-matrix is related to the free space amplitude T_ by an equation of

the form

. T = T0+TQ (G-GQ)T (25)

where G-GQ is the modification of the KN propagator due to the presence

of the medium. Since G-Gfi depends on V , Eqs. (24) and (25) must be

solved self consistently for the kaon optical potential.

The off-shell T-matrix TQ is obtained using a separable potential

model whose parameters are adjusted to reproduce the phenomenological

K-matrix of Sec. II. Two main effects of the nucleus are reflected in

the difference G-GQ: i) Fauli exclusion principle in intermediate states,

and ii) the external field produced by the residual nucleus. The Pauli

principle implies a diminished phase space for intermediate states and

hence a reduced KN coupling strength in the medium. The reduced coupling

leads to an upward shift of the Y *(1405) resonance in the nucleus. The ,

presence of the external field of the nucleus, on the other hand, leads

primarily to a broadening of the resonance in the medium ("collision

broadening").

Because of the self-consistency requirements, the kaon-nucleus

potential becomes a non»linear function of the nuclear density. Thdse

potentials are thus of different structure than the simple ansatz of

31,53
Eq. (17). Such calculations are still in a preliminary stage,

however, and quantitative agreement with the widths and shifts observed

in K-mesic atoms has not yet been attained. In particular, calculations
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have not been done using the full non-local potential of Eq. (24);

Instead, various local equivalent potentials have been studied.

Hitherto, the nuclear structure information has been inserted

into the analysis of K-mesonic atoms rather than being extracted from

such an analysis. Before any truly quantitative nuclear structure

information can be extracted, a number of theoretical problems have to

be dealt with, and a variety of corrections have to be included:

1) A proper treatment oF the modification of the Yn*(1405) resonance

31 U

in the medium. This is perhaps the most important but also the most

difficult problem.

2) Inclusion of correct kinematics and off-shell propagation. Off-

shell effects can be included by using a separable potential. However,

as is well known from the NN case, an infinite variety of separable

potentials can be found which reproduce the same on-shell scattering

information, yet differ in their off-shell character. The extent of

this ambiguity has not been explored for the kaon-nucleus case.

3) Inclusion of correlation tenc? and effective field corrections.

The fact that non-mesonic absorption (K~+NN •• YN) occurs in about 20-30%
4

of the K absorptions in He and heavier nuclei indicates that two-
2

nucleon correlation terms of order P (r) would be present in the kaon

optical potential. Their influence is not large, however, as shown by
18 48

Backenstoss et al. and by Krell. The possibility of a Lorenz-Lorenz
45

effect for kaons has also been investigated by Ericson and Scheck. ,

Correlation terms have also been investigated in the .multiple scattering
43 51

framework by Seki and by Eisenberg and Guy. However, the usual form

of the Watson multiple scattering series is not appropriate here, because

of the very strong KN interaction.
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4) Higher partial waves in the"basic KN interaction. Ericson and
45

Scheck have investigated p-wave contributions to the kaon optical

potential. Corrections of order 20% to energy shifts were found; the

absorptive part of the p-wave interaction is very small, so widths are

only slightly affected.

5) Dynamic nuclear effects. The admixture of excited nuclear states

due to the polarization of the nucleus by the kaon has been estimated

47
by Haff and Eisenberg. In some cases (heavy nuclei such as U and Cm),
the polarization corrections to kaonic widths are non-negligible.

45

6) Mixing effects. Ericson and Scheck calculated the mixing of

i and 1-2 orbits due to the dynamic quadrupole interaction. For a

repulsive kaon potential, the effects were very small. For the actual

case of an attractive potential, the quadrupole mixing would be larger.

The Stark mixing of orbits £ and £-1 was also estimated and found to

45
be small.

In a general description of kaonic interactions in terms of

propagators, the problem of the kaon optical potential(self energy) is

coupled to that of Z, A, and N self energies in the medium. One

approach to this problem would consist of a generalization of the Dalitz-

8
Tuan multichannel analysis to KN, £n, An interactions taking place in
a medium of finite density.
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Table 1. Coupled Channels for Low Energy K p Scattering

K'p

K'p

K'p

K'p

K"p

K'p

Channel

- K"P

- v
- r+

w- r-*+ r
0*0

- A n 0

-An*

-• En* .

Threshold Energy

0 MeV

5.5

-100

-180

-40

+40

Total Cross Section

48 mb

8

13.6,10,5.2

5.2

0.45

0.05

a Typical cross sections at a K~ lab momentum of 300 MeV/c
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Table 2. The Y* Resonances Below p~(lab) » 1 GeV/c

Resonance

YQ*(U05)

YQ*(1520)

YQ*(1670)

Y0*(169'0)

¥^(1385)

¥^(1670)

Y,*(1765)

J*

1/2"

3/2"

1/2"

3/2"

3/2+

3/2"

5/2"

Width

40 MeV

16

15-38

27-85

35

35-65

120

Note: Only resonances listed as "definite" in Ref. 7 are included

in the table. The widths are taken from the latest "Review

of Particle Properties", Rev. Mod. Phys. 45, SI (1973),

p. 526-527.
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Total energy of Kp system (GtV)

L8 2 0 2 2

0-6 10 1-4 1-8 22

K" lob momentum CGeV/c)

Schematic reprcsentarion of the R N 7 = 0 and T — 1 toul crou sections.

18

16

14

12

- (o)
I r

crT(K+p)

THIS EXPERIMENT
I BOWEN, et 01(1970)
| BOWEN, et al (1973)
I BU6G, et ol
5 COOL, et oi

Vec

Fig. 1 KN and KN total cross sections (taken from Refs. 6 and 7).
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060 1380 1400 1420
W(MeV)

1440

TO. X. Real and Imaginary parts of the scattering ara-
:M6idtf far Use X-nucleon interaction versuf center-of-

Fig. 2. KI scattering amplitudes obtained from a K-matrix analysis
(taken from Ref. 23) •
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FIC. 1. Radial overlap for *3Ca. The /C-tneson radial
wave function corresponds to / mn — I »3 . The proton
density It a Fermi distribution with R •3.602 F and «
- 0 3 7 6 F (see Eq. (35)].

Fig. 3. Proton density, kaon wave function and their overlap for
40 (taken from Ref. 23).
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IOr

0 5 PS 1-5
Lob momtnlum (GfV/c)

T h e t o u l cross section for the reaction K + n -*• K * p .

Fig. 4. KN charge exchange cross section (taken from Ref. 6),


