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Nuclear K̄ bound states in light nuclei
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The possible existence of deeply bound nuclearK̄ states is investigated theoretically for few-body systems.
The nuclear ground states of aK2 in 3He, 4He, and 8Be are predicted to be discrete states with binding
energies of 108, 86, and 113 MeV and widths of 20, 34, and 38 MeV, respectively. The smallness of the widths
arises from their energy-level locations below theSp emission threshold. It is found that a substantial con-

traction of the surrounding nucleus is induced due to the strong attraction of theI 50 K̄N pair, thus forming an

unusually dense nuclear medium. Formation of theT50 K2
^

3He1K̄0
^

3H state in the4He ~stoppedK2, n)
reaction is proposed, with a calculated branching ratio of about 2%.
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I. INTRODUCTION

One of the most important, yet unsolved, problems
hadron physics is how the hadron masses and interac
change in the nuclear medium~see, for instance, Refs
@1–3#!. In the strangeness sector, the possibility of a dr
ping K2 mass in nuclei has been theoretically asser
@4–7#. This problem is connected to an exciting issue
whether strangeness condensation in nuclear matter c
occur. Despite the importance of studying in-medium had
masses, no clear experimental method for deducing
medium scalar masses has yet been established. It
pointed out by the present authors@8# that the invariant-mass
spectroscopy, when applied to hadrons embedded in nu
provides information not on the scalar mass itself but only
the energy state~in a scalar1 vector potential!, which suf-
fers from collisional shifts and broadening in nuclei. R
cently, a new type of ‘‘in-medium hadron-mass spectr
copy’’ has been carried out. The method involves produc
deeply bound states of a hadron from which the hadr
nucleus potential, and subsequently the in-medium had
mass, can be deduced. The first successful example wa
observation of narrow 1s and 2p states of ap2 in 207Pb
@9–12# and 205Pb @13#, which had been predicted to be pr
duced by using suitable ‘‘pion-transfer’’ nuclear reactio
@14,15#. The effective mass shift of thep2 in this nucleus
was deduced to be around126 MeV @10,12,13,16#, from
which a partial restoration of chiral symmetry breaking w
indicated@17,18#. This type of nuclear spectroscopy is bein
extended to search forh andv bound states in light nucle
@19#. In this paper we consider the possible existence of
crete nuclear bound states of aK̄ and how to populate suc
exotic nuclear states.

Recently, definite information about the strong-interact
level shifts of the kaonic hydrogen atom was obtained fr
the experimentKpX at KEK @20,21#, which indicates a
‘‘repulsive’’-type shift of (2323663611)1 i (4076208
6100) eV for the 1s orbit. For heavier nuclei, Battyet al.
@22,23# reanalyzed all of the existing data ofK2 atoms, in-
cluding a density-dependent term for theK2N scattering
length, and deduced an optical potential with a strongly
0556-2813/2002/65~4!/044005~9!/$20.00 65 0440
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tractive real part (V0
atom52183 MeV) and also a strongly

absorptive imaginary part (W0
atom5270 MeV). The reason

for such a highly attractive potential, despite the fact that
strong-interaction shifts appear to be negative~of ‘‘repul-
sive’’ type!, comes from the assertion that theL(1405) state
is not an ‘‘elementary particle,’’ but the bound state ofK̄
1N. From such a potential one expects deeply bou
nuclear states in heavier nuclei, but their widths are es
mated to be on the order of 100 MeV or more if their pote
tial parameters are strictly applied, and thus such nuc
states may not be identified as discrete states. On the o
hand, a number of narrow deeply boundatomic states are
expected in all nuclei, as studied theoretically by Friedm
and Gal@24#. Such atomic states are, however, not very s
sitive to the inner behavior of the asserted strong-interac
potential. Certainly, direct knowledge about the poten
should be obtained fromK̄ nuclearbound states, if they exis
as discrete states. In the following sections, therefore,
seek possible narrow discrete nuclear states by examining
K̄N interaction and treating few-body systems of relative
simple structure. Short versions of the present study h
already been published@25,26#.

II. FORMALISM

A. K̄N interaction

First, we construct phenomenologically a quantitativeK̄N

interaction model that is as simple as possible using freeK̄N
scattering data@27#, the KpX data of kaonic hydrogen
@20,21# and the binding energy and width ofL(1405), which
can be regarded as an isospinI 50 bound state ofK̄1N.
Then, theI 50 andI 51 K̄N interactions are found to be

v K̄N
I

~r !5vD
I exp@2~r /0.66 fm!2#, ~1!

v K̄N,pS
I

~r !5vC1

I exp@2~r /0.66 fm!2#, ~2!

v K̄N,pL
I

~r !5vC2

I exp@2~r /0.66 fm!2# ~3!
©2002 The American Physical Society05-1
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with

vD
I 5052436 MeV, vC1

I 5052412 MeV,

vC2

I 505none, ~4!

vD
I 515262 MeV, vC1

I 5152285 MeV,

vC2

I 5152285 MeV, ~5!

where vpS
I (r )5vpL

I (r )50 is taken to simply reduce th
number of parameters. TheI 50 interaction produces an un
stable bound state ofL(1405) with EK̄N5229.5 MeV
(227 MeV) from the I 50 threshold ~from the K21p
threshold! and G540 MeV. The interaction gives a scatte
ing length of aI 50521.761 i0.46 fm, which can be com
pared to Martin’s empirical valueaI 505(21.7060.07)
1 i (0.6860.04) fm @27#. It is noted that the data fo
L(1405) and the scattering length enable us to determ
both the strength and the range of the interaction. TheI 51
interaction, having no bound state, gives a scattering len
of aI 5150.371 i0.60 fm, reproducing Martin’sI 51 value.
The K2p scattering length is calculated from both theI 50
and I 51 interactions to be

aK2p5
1

2
~aI 501aI 51!520.701 i0.53 fm, ~6!

and is in good agreement with the data obtained by theKpX
measurement@20,21#,

aK2p5~20.7860.1560.03!1 i ~0.4960.2560.12! fm.
~7!

In order to see the properties of aK̄N effective interac-
tion, we calculate thet matrix, which is given by

t5v1v
Ô

EK̄N2T̂
t, ~8!

where EK̄N and T̂ are the internal energy and the kinet
energy operator of theK̄N system, respectively. The operat
Ô is either 1 forK̄N in free space orQN ~the Pauli exclusion
operator for the nucleon! for K̄N in a nuclear medium. Thet
matrix elements are related tos-wave scattering amplitude
( f I) as

t I~k!52
1

2p2

\2

2m
f I~k!, ~9!

wherem andk are the reduced mass and relative moment
~which becomes imaginary for negativeEK̄N) of K̄N, respec-
tively. Figure 1 shows the behavior of the scattering am
tudes in free space and in a nuclear medium with a Fe
momentum ofkF51.2 fm21 as a function ofEK̄N , where
the c.m. momentum is taken to be zero. Just below
threshold corresponding to the atomic states, theI 50 t ma-
04400
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trix changes from repulsion in free space to attraction in
medium due to the dissolution ofL(1405) @5,28#. At EK̄N
50 the scattering amplitude (f I) is equal to the scattering
length (aI). WhenEK̄N falls below theS1p threshold, the
imaginary part off I 50 vanishes and gives no contribution
the decay of a very deeply bound state in a nucleus, i
exists. In usual treatments thet matrices are used to obtai
the K̄-nucleus optical potential in the form of ‘‘tr ’’ @23# with
a nuclear density ofr(r ). We, however, useg matrices here-
after instead of the in-mediumt matrices to take into accoun
the binding effects more properly; a realk value forK̄ mov-
ing in nuclear matter is compatible with any negative va
of EK̄N in the g matrices, but is not in thet matrices due to
the on-energy-shell constraint (\2/2m)k25EK̄N .

B. g-matrix method

The binding ofK̄ in nuclei is calculated within the frame
work of the Brueckner-Hartree-Fock~BHF! theory. Here, the
K̄N g matrix in a nuclear medium is defined by

g5v1v
QN

Est2QNT̂QN

g. ~10!

The binding effects ofK̄ and N are properly taken into ac
count through the starting energy (Est) which is a quantity
independent ofk. We employ the ‘‘QNT̂QN’’ prescription for
intermediate states in theg-matrix equation@29,30#.

For atomic states we takeEst5EK21EN'EN'
220 MeV and calculateg matrices withkF51.36 fm21. In
this case it is convenient for practical use to approximate
obtainedg matrices with zero-range effective interactio
having the same volume-integral values. The resultant in
actions are

gI'g0
I d~rW !, ~11!

FIG. 1. Calculated scattering amplitudes (f I 50) of K̄N versus
EK̄N in free space and in nuclear matter.
5-2
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NUCLEAR K̄ BOUND STATES IN LIGHT NUCLEI PHYSICAL REVIEW C 65 044005
g0
I 505221752 i849 MeV fm3, ~12!

g0
I 51523232 i225 MeV fm3. ~13!

The central depth of theK2-nucleus optical potential fo
atomic states is now obtained as

V0
atom1 iW0

atom5
1

4
~g0

I 5013g0
I 51!r0 , ~14!

where r0 is the normal density of the nucleus. For hea
nuclei of isospinT50 we get

V0
atom52134 MeV and W0

atom5265 MeV, ~15!

which is considerably deeper than those obtained in prev
theoretical studies@31–34,28#. Although this potential is
compatible with a deep potential ofV0

atom52183 MeV and
W0

atom5270 MeV determined phenomenologically fro
atomic data by Battyet al. @22,23#, it should be noticed tha
atomic states are not sensitive to the interior of the opt
potential. In fact, a relatively shallow optical potential
V0

atom5255 MeV andW0
atom5260 MeV has recently been

recommended from the analysis of the same atomic dat
Gal et al. @35#.

The optical potential for deeply bound nuclear states m
be different from that of Eq.~15!. For Est52110 MeV, for
example, theg matrices change to

g0
I 505217042 i 0 MeV fm3, ~16!

g0
I 51523632 i87 MeV fm3, ~17!

and the optical potential is obtained to be

V0
nucl52119 MeV and W0

nucl5211 MeV ~18!

with the normal density (r0). The small imaginary part is
due to closing theS1p channel. This strongly attractiv
potential is consistent with a substantial reduction of theK2

mass in the nuclear medium, predicted by a chiral SU~3!
theory of Waaset al. @5# and supported experimentally by
large subthresholdK2 production in heavy-ion reactions b
Laueet al. @36#. The existence of discrete bound states w
small decay widths, which we have derived here, was
sumed by Kishimoto@37# in a proposal to search for deep
bound K2 nuclear states in medium-mass nuclei by us
~in-flight K2,N) reactions.

It was recently theoretically shown by Schaffner-Bieli
et al. @38# and by Ramoset al. @39# that the optical potentia
obtained from a similar procedure is rather shallow, on
order of240 MeV, in contradiction to Eq.~18!. The essen-
tial difference comes from the treatment of self-consiste
in intermediate states of theK̄ propagation. While they in-
troduced a self-consistent spectrum in the intermed
states, we do not use any spectrum, but apply theQNT̂QN

prescription toK̄ similarly to N or L. In the case ofN,
QNT̂QN gives a better description of the intermediate sp
trum in theg-matrix equation@40,29#. Also, in the case ofL
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the energy correction due to the potential insertion to
intermediate states is largely canceled out with the rearran
ment energy of the nuclear medium@41,42#. The rearrange-
ment effect of the medium would become much more imp
tant for the case ofK̄ in relation to ‘‘contraction,’’ which is
discussed below. Thus, since many-body theory forK̄ has
not yet been established, we should say that there rem
some ambiguity as to whether the optical potential is deep
shallow forK̄ embedded inside heavy nuclei. It is, howev
noted that the results of Refs.@38,39# cannot be directly ap-
plied to the atomic case because of the large mismatch
Est, and the result of Eq.~15! holds as being reasonable.

III. K̄ IN 3He AND 4He

A. g-matrix calculation

Now let us investigate nuclearK̄ bound states in3He and
4He. An advantage is that few-body systems have less
biguity in the many-body treatment. TheK̄N effective inter-
actions, i.e.,g matrices of Eq.~10!, have the following
weights in possibleK̄ nuclear states:

3S 1

2
gI 501

1

2
gI 51D for K̄

3 H~T50!, ~19!

3S 1

6
gI 501

5

6
gI 51D for K̄

3 H~T51!, ~20!

4S 1

4
gI 501

3

4
gI 51D for K̄

4 H~T51/2!, ~21!

where we employ the conventional nomenclature to expr
composite nuclei, namely,K̄

3 H(T50,1) are the states ofK2

^
3He 1 K̄0

^
3H (T50,1) and K̄

4 H(T51/2) is K2
^

4He

(T51/2). It is to be noted that theK̄
3 H(T50) state acquires

the largest weight~3/2! of the more attractive interaction
gI 50 among the three states.

The nucleon density distributions of the core nucleiA
53,4) are given after eliminating the c.m. motion in
harmonic-oscillator model@\v5(\2/MN)b# as follows:

r~r !5AS A

A21

b

p D 3/2

expS 2
A

A21
br 2D , ~22!

where the parameterb is related to the rms nuclear radiu
(Rcore) as

Rcore5A3~A21!

2Ab
. ~23!

The g matrices are calculated in a local density approxim
tion with an average Fermi momentum

k̄F5 k̄F
freeA b

b free
, ~24!
5-3
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where (k̄F
free, b free) is taken to be (1.1 fm21,0.39 fm22) for

the 3He core and (1.3 fm21,0.52 fm22) for the 4He core.
These values of (k̄F

free, b free) were used in the BHF calcula
tion of the hypernuclei,L

4 He and L
5 He @43#. In the case of

L
4 He theL separation energy for the 01 state was obtained
to be 2.18 MeV, which is in good agreement with rece
results, 2.28 MeV by a Gaussian-basis variational met
@44# and 2.32 MeV by a Faddeev-Yakubovsky method@45#.

The optical potential betweenK̄ and the core nucleus i
constructed by foldingg matrices of finite range without an
approximation such as Eq.~11! in the case of few-body sys
tems. The bound-state energy (EK̄) is obtained by solving
the K̄-core relative motion

F2
\2

2m K̄A

d2

dr2
1VK̄A~r !GuK̄~r !5EK̄uK̄~r !, ~25!

with

VK̄A~r !5E g~rW2r 8W !r~r 8W !dr8W ~26!

repeatedly in such a way thatEst, g, andEK̄ become to be
self-consistent at a givenb.

By using theb free’s of 3He and 4He we obtain the fol-
lowing results:EK̄5276 MeV with G582 MeV for K̄

3 H(T

50) and EK̄5269 MeV with G566 MeV for K̄
4 H. The

bindings are fairly large, as expected, but the widths are
broad because the bound states are located above theS1p
threshold.

B. Nuclear contraction effect

Here, a question arises: do the sizes of the core nu
remain unchanged when theK̄ interacts with the core by
several tens of MeV binding? Due to the strongK̄N attrac-
tion, the boundK̄ would act as acontractor to combine the
nucleons closer. Suppose a zero-size limit of the c
nucleus,3He, namely, theK̄ ^

3He system is considered as
‘‘pseudo-L~1405!’’ with MN→3MN andv I 50→ 3

2 v I 50. The
change inv I 50→ 3

2 v I 50 increases the binding energy fro
27 to 142 MeV, and the change inMN→3MN brings an
additional binding of 47 MeV. Thus, the fictitious ‘‘pseudo
L~1405!’’ becomes a bound state ofEK̄ ‘‘ N’ ’ 52189 MeV
with no decay width.

Of course, such a shrinkage effect induced byK̄ must be
counterbalanced by hard incompressibility of the co
nucleus. The internal energy of the core nucleus is given

Ecore~b!5~A21!
3

4

\2

MN
b1

A~A21!

2

3(
j

v j
(0)S 11

2g j

b D 23/2

~27!

with an effectiveNN interaction of Gaussian type
04400
t
d
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gNN5(
j

v j
(0)exp~2g j r

2!. ~28!

By taking into account the incompressibility with Hasegaw
Nagata’s effectiveNN interaction@46#, we minimize the sum
of the energy@EK̄(b)# of the boundK̄ and the internal en-
ergy @Ecore(b)# of the core nucleus with respect to the cor
size parameter (b). Figure 2 illustrates the contraction effe
of the core nucleus in the case ofK21 4He.

The final results after a size-optimization are presented
Table I, which shows a substantial lowering of the boun
state energies due to shrinkage of the core nuclear radii.
optimized rms radii of the core nuclei are 60 and 74 % of
free one~1.61 fm! for K̄

3 H(T50) and K̄
3 H(T51), respec-

tively, and 76% of the free one~1.47 fm! for K̄
4 H(T51/2).

The K̄ in the light nuclei creates by itself compressed s
roundings and provides some information about the prop

FIG. 2. K̄-nucleus energy and incompressibility versus co
radius contraction. The incompressibility is given byDEcore

5Ecore(Rcore)2Ecore(Rcore
free). The contraction increases the

K̄-nucleus binding energy by 17 MeV.

TABLE I. Summary of the present calculations for the energ

(EK̄), widths (G), and rms radii of the core nuclei (Rcore
K̄ ) of the K̄

nuclear states. The energies are measured from the respectiveK21
nucleus threshold.

State EK̄ ~MeV! G ~MeV! Rcore
K̄ ~fm! Rcore

K̄ /Rcore
free

K̄
3 H(T50) 2108 20 0.97 0.60

K̄
3 H(T51) 221 95 1.20 0.74

K̄
4 H(T51/2) 286 34 1.12 0.76
5-4
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ties of the hadron in a dense nuclear medium, which is c
rently an important key issue@5#.

C. Deeply boundK̄ nuclear states

Figure 3 depicts the bound states ofK̄
3 H and of K̄

4 H, which
are extensions of the basicK21p system withL(1405) as
its bound state, together with the optimizedK̄-nucleus poten-
tials UK̄ of the K213He andK214He systems. The pre
dicted bound states may be called astrange tribaryonand a
strange tetrabaryon, respectively.

The nuclear bound state ofK2
^

4He has a binding energ
of 86 MeV and a width of 34 MeV. Since this state is slight
below theS1p threshold, and is open only for theL1p
channel, the width becomes fairly narrow. Although such
deeply bound narrow-widthK2 state in 4He was predicted
by Staronski and Wycech@47#, the contraction mechanism o
its appearance given here is quite different from theirs.

More interesting is the system composed ofK2
^

3He
1K̄0

^
3H shown in Fig. 4. The deeply boundK̄ nuclear state

with a much narrower width appears in this system of isos
T50. Its energy level lies by 108 MeV below the3He 1 K2

threshold, i.e., by 13 MeV below theS1p threshold, and
the level width is 20 MeV which is about 20% of the bindin
energy. On the contrary, the other isospinT51 state has a
very large width of 95 MeV with only 21 MeV binding en
ergy. The different features of these two states can be
understood by counting the contribution of theI 50 and I

51 K̄N interactions to these states. In theT50 state theI
50 interaction has a weight of 3/2, which is three tim
larger than that in theT51 state. This provides theT50
state with stronger attraction and deeper binding, and t
the T50 state lies below theS1p threshold and canno
decay by the majorI 50 component to the openL1p chan-

FIG. 3. CalculatedK̄-N andK̄-nucleus potentials and the boun
levels @L(1405), K̄

3 H and K̄
4 H# for the K2-p, -3He, and -4He sys-

tems, respectively. The nuclear contraction effects are taken
account.
04400
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nel due to the isospin selection. The width originates exc
sively from theI 51 K̄N interaction, of which the weight in
theT50 state is only half of that in the deepK2

^
4He state.

Thus, the deeply boundK̄
3 H(T50) state has a markedly na

row width.
In order to confirm the above conclusion, the accuracy

the BHF treatment withQNT̂QN is checked by using a varia
tional method, named ATMS@48#, for a ppnK2 system in-
teracting with a testK̄N interaction ofv K̄N52(500 MeV
1 i w0)exp@2(r/0.66 fm)2# and a suitableNN interaction
@49#. The ATMS results of (EK̄ ,G) are (2107, 24),
(2106, 48), and (2104, 72) MeV forw0520, 40, and 60
MeV, respectively, whereas the corresponding BHF res
are (2109, 29), (2108, 60), and (2105, 91) MeV. This
agreement demonstrates that the BHF treatment used in
paper works well for the few-body cases.

It should be mentioned that the widths discussed so fa
not contain contributions from the nonpionic decay mod
K̄NN→SN/LN. Since the calculated imaginary streng
(W0

atom5265 MeV) agrees with the phenomenological o
from K2 atom data (260–270 MeV @23,35#!, the contribu-
tion of the processes which are not taken into account in
present calculation cannot be very large. From the4He
bubble chamber data the nonpionic branching ratio forK2

absorption at rest is known to be 16.562.6% @50#. So we try
to estimate these contributions to the widths ofK̄

3 H and K̄
4 H.

About 17% of the phenomenological imaginary strength
260–270 MeV @35#, i.e., ;211 MeV, could be attributed
to the K̄NN→SN/LN decays. Here, we make a rough a
sumption that the imaginary strength ofW0

nonpion;

to

FIG. 4. Energy level diagram of theK213He system. TheT
50 state can be excited and signaled with a discrete neutron e
sion from stoppedK2 on 4He. The neutron spectral intensit
~branching ratio! calculated in Sec. V is also shown.
5-5
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211 MeV is also applicable to the deeply boundK̄ nuclear
states in light nuclei. When this imaginary strength is add
to that ofVK̄a of Eq. ~26!, the widths ofK̄

3 H and K̄
4 H increase

by ;12 MeV, which can be regarded as the widths
K̄NN→SN/LN. Thus, we obtain a crude estimate of t
nonpionic decay contribution

G K̄NN
nonpion

'12 MeV. ~29!

The width of K̄
3 H remains still narrower than that ofL(1405)

even when this nonpionic decay width is included.

IV. K̄ IN 8Be

The 9Be nucleus is known to have a structure of we
developeda clusters. Let us consider the case when aK2 is
injected into 9 Be, which may lead to aK2 bound system
with 8Be. The 8Be nucleus itself is unbound, but the res
nance states of thea-a molecular type are known as it
excited states. The kaon plays a drastic role in theK2- 8Be
system, as shown below. We solve the three-body sys
aaK̄ variationally by the ATMS method. The Hamiltonian
given by

H52(
( i j )

\2

2m i j

1

r i j
2

]

]r i j
r i j

2 ]

]r i j

2 (
( i jk )

\2

Mk

r jk
2 1r ki

2 2r i j
2

2r jkr ki

]

]r jk

]

]r ki
1(

( i j )
Vi j , ~30!

where (i j )5~12!, ~23!, ~31! and (i jk )5cyclic permutations
of ~123!. Vi j and m i j are the folding potentials and the re
duced masses. A variational wave function is set to be

C5)
( i j )

f i j ~r i j !, ~31!

and f i j ’s are determined by solving Euler-Lagrange’s equ
tion

E @ f jk~r jk! f ki~r ki!$H2l%C~r 12,r 23,r 31!#jk5rdrW k50,

~32!

consistently for all (i j ) pairs, wherejW k5rW i2rW j and rW k5rWk

2(MirW i1M jrW j )/(Mi1M j ). We assign 1, 2, 3 toa, a, K̄. It
is noted thatf 12(r ) with r being theaa distance is not the
relative wave function of twoa ’s, sinceu f 12u2 has no mean-
ing of the probability density. Theaa relative wave function
in theaaK̄ system is obtained by an ‘‘off-shell’’ transforma
tion @48#

uaa~r !/r 5@S12~r !#1/2f 12~r !, ~33!

where

S12~r !5E @ f 23
2 ~r 23! f 31

2 ~r 31!#j35rdrW 3 . ~34!
04400
d

f

m

-

We can now impose an orthogonality condition@51# on this
uaa function by taking account of the Pauli principle amon
eight nucleons. Then, Eq.~32! for aa is extended to be

F2
\2

2maa

d2

dr2
1Vaa~r !1Uaa

K ~r !Guaa~r !

1L(
n

^uF
(n)uuaa&uF

(n)~r !5Euaa~r !, ~35!

whereVaa is the folding potential~we use one given in Ref
@52#! and Uaa

K is the K̄-mediated potential@48# which is
calculated withf 23 and f 31. The Pauli-forbidden states,

uF
(1)~r !52~8b3/p!1/4r exp~2br 2!,

uF
(2)~r !52~18b3/p!1/4H r 2

4

3
br 3J exp~2br 2!, ~36!

are excluded with a large positive factor (L5108 MeV)
from the relative wave function (uaa).

The minimum energy of theaaK̄ system with respect to
b is obtained at a smalla-cluster size corresponding to th
harmonic-oscillator strength \v5(\2/MN)b530 MeV,
which is greatly shrunk from the size of thea cluster in 9Be
corresponding to\v'(\2/MN)b free522 MeV. It is noted
that the folding potential (VK̄a) and the forbidden states ar
given in a consistent way at\v530 MeV to obtain the final
results of theaaK̄ system. The self-consistent folding po
tential obtained forK̄a is well simulated as

VK̄a~r !5$~22852 i22! MeV%exp@2~r /1.18 fm!2#,
~37!

which is a little shallower than the corresponding one sho
in Fig. 3.

The behavior of theaa relative motion is shown in Fig.
5. When the neutron in the9Be nucleus is replaced by aK2,

FIG. 5. Distribution (uuaa(r )u2) of theaa relative motion in the

aaK̄ system, which is compared to that in9Be. The kaon behaves
as acontractor, and makes the central nucleon-density about th
times as high as that of thea particle.
5-6
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it strikingly increases the binding energy to 113 MeV, whi
exceeds theS1p threshold. The width is 38 MeV, decayin
to theL1p channel. Most interesting is the structure chan
of the system; the kaon attracts all nucleons within its int
action range and builds a high-density system at ‘‘ultral
temperature,’’ i.e., almost the (0s)4 (0p)4 nucleon configu-
ration. The structure drastically changes from a loose ‘‘cl
ter’’ to a compact ‘‘shell’’ as is indicated in Fig. 5. The cen
tral nucleon density of the system attains almost three tim
that of thea particle, i.e.,; five times the normal density
(r0). The formation of deeply boundK̄ nuclear states in Be
and other nuclei would provide a means to obtain hig
density nuclear matter at low temperatures and a new wa
investigate the properties of hadrons in a cold and de
nuclear medium. It would also be an interesting problem
know how such high-density matter behaves after the k
has died asK̄N→Lp or K̄NN→SN/LN.

V. 4He „STOPPED KÀ, n… REACTION

The K̄
3 H(T50) bound state may be formed and identifi

in K2 absorption at rest on4He. TheK2 in an atomic orbit
falls into the deeply bound nuclear orbit ofK̄

3 H(T50), while
emitting a neutron, which helps to form the core nucle
with one less neutron, and simultaneously serves as a s
tator of the formed state. The neutron energy is related to
K̄ binding energy as

Tn5
MK̄H

MK̄H1Mn

Q, Q52EK̄220.6 MeV, ~38!

where MK̄H is the mass ofK̄
3 H. For EK̄52108 MeV we

expectTn568 MeV, as shown in Fig. 4.
The branching ratio to the state is calculated as follo

The K2 in an atomic orbit@Cnlm(rWK)5Rnl
atom(r K)Ylm(VK)#

interacts with a neutron and3He ~5 h) inside the target4He,
where the absorption froml 51 with n>2 covers about 80%
of the total absorption as is known from a cascade calc
tion. When theK2 is absorbed to form theK̄

3 H(T50) state,

the neutron is excited from the initial bound state@F i(rWn)
5Rn(r n)Y00(Vn)# to a continuum state~a nuclear Auger
process!. The effectiveK2n and K2h interactions are ap
proximately taken as

VKn~rWKn!5vn
(0)dS rWK2

3

4
rWnD ,

VKh~rWKh!5vh
(0)dS rWK1

1

4
rWnD , ~39!

of which the strengths are estimated from Eqs.~12! and~13!
to be

vn
(0)5ReH 2

1

4
g0

I 501
3

4
g0

I 51J 5302 MeV fm3,
04400
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a-

vh
(0)5ReH 3

4
g0

I 501
3

4
g0

I 51J 521874 MeV fm3. ~40!

The partial decay rate for the formation ofK̄
3 H is given by

G5
A2mn mn

~2p!2 \3
AQ utn1thu2uCcoreu2 ~41!

with

tn5~2 ! l S 4

3D 3

vn
(0)E

0

`

r K
2 drK j̃ l S 4knr K

31~mK /MN! D
3RK

nuclS 4

3
r KDRnS 4

3
r KDRnl

atom~r K!, ~42!

th543vh
(0)RK

nucl~0!E
0

`

r K
2 drK j̃ l~4knr K!Rn~4r K!Rnl

atom~r K!,

~43!

wheremn , j̃ l , andkn are the reduced mass, a distorted wa
function, and the wave number of the emitted neutron,
spectively. The coefficient (uCcoreu) is the overlap between
the core-nucleus wave function in the initial bound state a
the shrunk one in the final bound state, and is calculate

be 0.83 by usingRcore
K̄ /Rcore

free given in Table I. The result ob-
tained for the atomic 2p absorption is

G51.2 eV. ~44!

Since theK2h interaction is much stronger than theK2n
interaction, theth term dominates andtn contributes only
0.1 eV. The branching ratio for the formation of theK̄

3 H(T
50) state is expected to be at least 2%, which is a va
evaluated by using the total-width data ofG tot555634 eV
@53–55#, since the experimental data is known as an anom
lous shift far bigger than theoretical estimations@56–58#.

VI. CONCLUDING REMARKS

In summary, we predict the possible existence of nucl
K̄ bound states with narrow widths in3He, 4He, and 8Be.
They are the ground states of theK213He, K214He, and
K218Be systems with binding energies of 108, 86, and 1
MeV and widths of 20, 34, and 38 MeV, respectively. T
most interesting one isK̄

3 H(T50), i.e., theK2
^

3He1K̄0

^
3H (T50) state. The dominantI 50 K̄N interaction

causes a large attraction which lowers theT50 level to be-
low the S1p threshold, and therefore causes no pion
decay width. It should, however, be noted that these wid
do not contain contributions from theK̄NN nonpionic decay
modes, which could be about 12 MeV. In the deeply bou
states the core nuclei are largely compressed due to
strong attraction of aK̄, which plays a unique role as acon-
tractor to bind nucleons more tightly, and accommodate
nucleus of much higher density.

An experimental method is proposed to populate
5-7
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K̄
3 H(T50) state, by measuring a discrete neutron compon
of about 70 MeV from the4He ~stoppedK2,n) reaction.
The branching ratio to the relevant state is estimated to
about 2% of the total absorption, which makes the exp
ment feasible. An experimental proposal to search for
narrow peak in the neutron spectra was presented by Iwa
et al. @59#, which takes into account the possible neutr
background fromS, L, and other decay processes, and h
been approved at KEK.

If confirmed experimentally, such ‘‘bound-kaon nucle
spectroscopy’’ would create a new paradigm in strangen
nuclear physics. Many important impacts are foreseen.~i!
Very deep discrete states ofK̄ nuclear systems are forme
with binding energiesBK̄;100 MeV. They are highly ex-
cited nuclear resonance states with excitation energie
Eex;400 MeV. ~ii ! High-density cold nuclear matter woul
be formed aroundK2, which could provide information con
cerning a modification of theK̄N interaction in the nuclea
medium and a transition from the hadronic phase to a qu
ys

ys

rk

04400
nt

e
i-
e
ki

s

ss

of

rk

phase. Theoretical studies concerning such a dense and
nuclear phase are called for.~iii ! Empirical information on
the possibility for kaon condensation and strange ma
would be obtained.~iv! Nuclear dynamics under extrem
conditions ~nuclear compression,K2 ball, etc.! could be
studied. For this purpose further experimental methods us
(K2,p2) reactions throughL* formations to produceK̄
bound states in exotic proton-rich nuclear systems are in
tigated@60,61#.
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