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Nuclear K bound states in light nuclei
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The possible existence of deeply bound nuckastates is investigated theoretically for few-body systems.
The nuclear ground states ofka in ®He, “He, and®Be 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 the: emission threshold. It is found that a substantial con-
traction of the surrounding nucleus is induced due to the strong attraction EMEN pair, thus forming an
unusually dense nuclear medium. Formation of ive0 K ~®3He+ K°® 3H state in the'He (stoppedK ~, n)
reaction is proposed, with a calculated branching ratio of about 2%.
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. INTRODUCTION tractive real part Y3°"=—183 MeV) and also a strongly
absorptive imaginary partW3°"=—70 MeV). The reason
One of the most important, yet unsolved, problems infor such a highly attractive potential, despite the fact that the
hadron physics is how the hadron masses and interactiorgrong-interaction shifts appear to be negatieé “repul-
change in the nuclear mediurtsee, for instance, Refs. sive” type), comes from the assertion that thé1405) state
[1-3]). In the strangeness sector, the possibility of a dropis not an “elementary particle,” but the bound state Kof
ping K~ mass in nuclei has been theoretically asserted,. N From such a potential one expects deeply bound
[4—7]. This problem is connected to an exciting issue ofpyclear states in heavier nuclei, but their widths are esti-
whether strangeness condensation in nuclear matter coulgated to be on the order of 100 MeV or more if their poten-
occur. Despite the importance of studying in-medium hadroRjg| parameters are strictly applied, and thus such nuclear
masses, no clear experimental method for deducing instates may not be identified as discrete states. On the other
medium scalar masses has yet been established. It Wagnd a number of narrow deeply bouatbmic states are
pointed out by the present auth¢8 that the invariant-mass expected in all nuclei, as studied theoretically by Friedman
spectroscopy, when applied to hadrons embedded in nucleing Gal[24]. Such atomic states are, however, not very sen-
provides information not on the scalar mass itself but only oritive to the inner behavior of the asserted strong-interaction
the energy statén a scalar+ vector potentigl which suf-  hotential. Certainly, direct knowledge about the potential

l;eerr?ﬂfrogw r(]:é)\:\lllstlongl Osfh!fitr?_rﬁggiubr_:??‘i%?g}nqr:]gsr;ugleé'ctlfoes'_should be obtained frold nuclearbound states, if they exist
Y, yp P -~ as discrete states. In the following sections, therefore, we

copy” has been carried out. The method involves producin . . -
deeply bound states of a hadron from which the hadror?i%k possible narrow discrete nuclear states by examining the

nucleus potential, and subsequently the in-medium hadrokN interaction and treating few-body systems of relatively
mass, can be deduced. The first successful example was tRENPIe structure. Short versions of the present study have
observation of narrow 4 and 2p states of ar~ in 27Pp  already been publishd@5,26).

[9-12] and ?°Pb[13], which had been predicted to be pro-

duced by using suitable “pion-transfer” nuclear reactions Il. FORMALISM
[14,15. The effective mass shift of the™ in this nucleus — )
was deduced to be arount26 MeV [10,12,13,1§ from A. KN interaction

indicated[17,18. This type of nuclear spectroscopy is being . : : . . L
extended to search foj and @ bound states in light nuclei interaction model that is as simple as possible usingHre

. X : . . scattering datg[27], the KpX data of kaonic hydrogen
[19]. In this paper we conS|deLthe possible existence of dls[20,211 and the binding energy and width 4f(1405), which
crete nuclear bound states oKaand how to populate such v

; can be regarded as an isospin O bound state oK+ N.
exotic nuclear states. —

Recently, definite information about the strong-interaction €N, thel =0 andl =1 KN interactions are found to be

level shifts of the kaonic hydrogen atom was obtained from

I | _ 2
the experimentKpX at KEK [20,21], which indicates a Vien(r) =vpexd —(r/0.66 fm~], @)
“repulsive”-type shift of (—323+63*+11)+i(407=208 |
+100) eV for the B orbit. For heavier nuclei, Battgt al. vgleE(r)=v'clexr[—(r/0.66 fm?], (2)
[22,23 reanalyzed all of the existing data Kf~ atoms, in-
cluding a density-dependent term for tie N scattering 1 ) 2
length, and deduced an optical potential with a strongly at- Vi, ma (1) =vc,eXH = (r/0.66 fm)7] @
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with
vp ’=—436 MeV, vg %=-412 MeV,
1
ve,’=none, (4)
vp '=—62 MeV, vg '=-285 MeV,
1
0'521:—285 MeV, (5)

where v! < (r)=v! ,(r)=0 is taken to simply reduce the
number of parameters. The=0 interaction produces an un-
stable bound state of\(1405) with Exy=—29.5 MeV
(=27 MeV) from the I=0 threshold (from the K™ +p
threshold andI'=40 MeV. The interaction gives a scatter-
ing length ofa' =%= —1.76+i0.46 fm, which can be com-
pared to Martin’s empirical valuea'=%=(—1.70+0.07)
+i(0.68+-0.04) fm [27]. It is noted that the data for
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FIG. 1. Calculated scattering amplitude 1°) of KN versus

A(1405) and the scattering length enable us to determinExy in free space and in nuclear matter.

both the strength and the range of the interaction. Fhé

interaction, having no bound state, gives a scattering lengttrix changes from repulsion in free space to attraction in the

of a'=1=0.37+i0.60 fm, reproducing Martin’s =1 value.
The K™ p scattering length is calculated from both the 0
andl =1 interactions to be

1 B _ .

=5 (6)

ak-p

and is in good agreement with the data obtained byKth&
measuremerii20,21],

ak-p=(—0.78+0.15+0.03 +i(0.49+0.25+0.12) fm.
(7)

In order to see the properties ofkaN effective interac-
tion, we calculate thé matrix, which is given by

t=v+v =

t, 8

KN

where Egy and T are the internal energy and the kinetic
energy operator_of thiEN system, respectively. The operator
O is either 1 forkN in free space 0@, (the Pauli exclusion

operator for the nuclegrfor KN in a nuclear medium. The
matrix elements are related sawave scattering amplitudes
(f') as

| n?
t(k)=—ﬁﬂf(k), )

whereu andk are the reduced mass and relative momentum

(which becomes imaginary for negatiigy) of KN, respec-

tively. Figure 1 shows the behavior of the scattering ampli

tudes in free space and in a nuclear medium with a Fer
momentum ofk.=1.2 fm ! as a function ofEyxy, where

medium due to the dissolution df(1405) [5,28]. At Exyn

=0 the scattering amplitudef') is equal to the scattering
length @'). WhenEjy falls below theS + 7 threshold, the
imaginary part off' =% vanishes and gives no contribution to
the decay of a very deeply bound state in a nucleus, if it
exists. In usual treatments thenatrices are used to obtain

the K-nucleus optical potential in the form otp” [23] with
a nuclear density ob(r). We, however, usg matrices here-
after instead of the in-mediutmmatrices to take into account

the binding effects more properly; a rdavalue forK mov-

ing in nuclear matter is compatible with any negative value
of Exy in the g matrices, but is not in the matrices due to
the on-energy-shell constraint 3/2u)k?=Egy .

B. g-matrix method

The binding ofK in nuclei is calculated within the frame-
work of the Brueckner-Hartree-Fo¢BHF) theory. Here, the

KN g matrix in a nuclear medium is defined by

Qn

—9. (10
Es OuTQy "

g=v-+v

The binding effects oK andN are properly taken into ac-
count through the starting energid) which is a quantity

independent ok. We employ the QN'i'QN” prescription for
intermediate states in thgematrix equatior{29,30.

For atomic states we takeEg=Ey-+Ey=~En~

20 MeV and calculatg matrices withke=1.36 fm L. In

this case it is convenient for practical use to approximate the
obtainedg matrices with zero-range effective interactions

"having the same volume-integral values. The resultant inter-
Mictions are

the c.m. momentum is taken to be zero. Just below the

threshold corresponding to the atomic states,|th® t ma-

g'~gy A(r), (11)
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9:):0:_2175_i849 MeV fne, (12)  the energy correction due to the potential insertion to the
intermediate states is largely canceled out with the rearrange-
gb=1: —323-1225 MeV fnt. (13 ment energy of the nuclear mediyal,42. The rearrange-

ment effect of the m_edium would become much more impor-
The central depth of th&™-nucleus optical potential for tant for the case oK in relation to “contraction,” which is
atomic states is now obtained as discussed below. Thus, since many-body theoryKohas
1 not yet been established, we should say that there remains
vaemy iwgtom:_(g{):% 396:1)%, (14) some ambiguity as to whether the optical potential is deep or
4 = . S
shallow forK embedded inside heavy nuclei. It is, however,
where p, is the normal density of the nucleus. For heavynoted that the results of Refs38,39 cannot be directly ap-
nuclei of isospinT=0 we get plied to the atomic case because of the large mismatch of
Es., and the result of Eq.15) holds as being reasonable.

VEm=—134 MeV and W5°™=—65 MeV, (15

o _ o _ lll. K IN *He AND “He
which is considerably deeper than those obtained in previous

theoretical studie§31-34,28. Although this potential is A. g-matrix calculation

. - - tom_ _
Coat”;,ﬁa“b'e with a deep pqtentlal o= — 183 MeV and Now let us investigate nucle& bound states ifHe and
Wo=—70 MeV determined phenomenologically from 4o aAn advantage is that few-body systems have less am-

atomic data by Battet al.[22,23, it should be noticed that . . . — o
atomic states are not sensitive to the interior of the opticaP'g.lJIty |n.the many—pody treatment. TIeN effective Inter-
actions, i.e.,g matrices of Eq.(10), have the following

potential. In fact, a relatively shallow optical potential of = ) )
VaOM_ _ 55 MeV andW2°™=—60 MeV has recently been weights in possibl&K nuclear states:
recommended from the analysis of the same atomic data by

1 1
Gal et al. [35]. 3[59'7%+>g'"t for SH(T=0), (19)
The optical potential for deeply bound nuclear states must 2 7
be different from that of Eq(15). For E¢=—110 MeV, for . .
example, theg matrices change to 3(59|_0+ Egl_l) for %H(T= 1), (20)
gh ’=—1704-i 0 MeVfm®, (16)
1 3
gy '=—363-i87 MeV fnr, (17 4(Zg'=°+ Zg'=1) for %H(Tzl/Z), (21)

and the optical potential is obtained to be :
where we employ the conventional nomenclature to express

ViUl=—119 MeVandWi*=—11 MeV  (18)  composite nuclei, namelys;—H(T=0,1) are the states d&f

3 K03 _ 4 _ ; - o4

with the normal density dy). The small imaginary part is ©He + K,® H (T=0.1) andH(T=1/2) isK"® He
due to closing theS + « channel. This strongly attractive (T=1/2). Itis to be noted that thgH(T=0) state acquires
potential is consistent with a substantial reduction ofkhe tr}‘f largest weight3/2) of the more attractive interaction
mass in the nuclear medium, predicted by a chira(®U 9 among the three states. .
theory of Waat al. [5] and supported experimentally by a ~ The nucleon density distributions of the core nuclai (
large subthreshol& ~ production in heavy-ion reactions by =3,4) are given after eliminating the c.m. motion in a
Laueet al.[36]. The existence of discrete bound states withharmonic-oscillator modeli w=(%*/My) 8] as follows:
small decay widths, which we have derived here, was as- 3
sumed by Kishimot¢37] in a proposal to search for deeply p(l’)=A(L E) exp( _ A ,Brz) (22)
bound K™ nuclear states in medium-mass nuclei by using A-1 A-1 ’
(in-flight K~,N) reactions.

It was recently theoretically shown by Schaffner-Bielich where the parametgs is related to the rms nuclear radius
et al.[38] and by Ramost al.[39] that the optical potential (Rgore as
obtained from a similar procedure is rather shallow, on the
order of —40 MeV, in contradiction to Eq(18). The essen- 3(A-1)
tial difference comes from the treatment of self-consistency Reore™ Y (23

in intermediate states of th€¢ propagation. While they in-
troduced a self-consistent spectrum in the intermediatdhe g matrices are calculated in a local density approxima-

states, we do not use any spectrum, but apply@hdQ,  fion with an average Fermi momentum

prescription toK similarly to N or A. In the case of\,
QnTQy gives a better description of the intermediate spec- KF:EfFree1 / B , (24)
Bfree

trum in theg-matrix equatior{40,29. Also, in the case of\
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where (¢, g9 is taken to be (1.1 fm,0.39 i1 ?) for
the *He core and (1.3 fm',0.52 fm ?) for the “He core.

These values ofk®®, 39 were used in the BHF calcula-
tion of the hypernuclei;He and 3He [43]. In the case of
4AHe the A separation energy for the*Ostate was obtained

to be 2.18 MeV, which is in good agreement with recent

results, 2.28 MeV by a Gaussian-basis variational method

[44] and 2.32 MeV by a Faddeev-Yakubovsky metthd8].
The optical potential betweeld and the core nucleus is
constructed by foldingg matrices of finite range without any
approximation such as E@L1) in the case of few-body sys-
tems. The bound-state energly) is obtained by solving

the K-core relative motion

G
3 g VD) ) =Eui(r). (29
with
VEA<r>=fg(r“—F'>p<F'>dF' (26

repeatedly in such a way thét;, g, andEyx become to be
self-consistent at a gives.

By using theB™®s of *He and“*He we obtain the fol-
lowing results:Ex=—76 MeV with I'=82 MeV for 3;H(T

=0) and Ex=—69 MeV with ['=66 MeV for H. The
bindings are fairly large, as expected, but the widths are als
broad because the bound states are located above-the
threshold.

B. Nuclear contraction effect

Here, a question arises: do the sizes of the core nuclél
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FIG. 2. K-nucleus energy and incompressibility versus core-
radius contraction. The incompressibility is given hyE .

=Ecord Reord — Ecord R™®).  The contraction increases the
K-nucleus binding energy by 17 MeV.
0
gnn= 2 v{Vexp(—¥;r). (28)

0
By taking into account the incompressibility with Hasegawa-
Nagata’s effectivéN N interaction[46], we minimize the sum
of the energy Ex(B)] of the boundK and the internal en-
ergy[ Ecod B)] of the core nucleus with respect to the core-
size parameterf). Figure 2 illustrates the contraction effect
of the core nucleus in the case I6f + “He.

remain unchanged when thé interacts with the core by
several tens of MeV binding? Due to the strodyl attrac-  Table |, which shows a substantial lowering of the bound-

tion, the bound< would act as aontractorto combine the State energies due to shrinkage of the core nuclear radii. The
nucleons closer. Suppose a zero-size limit of the cor@ptimized rms radii of the core nuclei are 60 and 74 % of the

nucleus,®He, namely, th&k ® 3He system is considered as a free one(1.61 fm for H(T=0) and ;H(T=1), respec-
“pseudo (1409” with My—3My andv'=%—20'=% The tively, and 76% of the free on€l.47 fm) for K4—|(T 1/2).

© =0 .3 1=0 ; L Al
change iy ~"—3v""" increases the b|nd|ng energy ffOM The K in the light nuclei creates by itself compressed sur-

27 to 142 MeV, and the change My—3My brings an ,ndings and provides some information about the proper-
additional binding of 47 MeV. Thus, the fictitious “pseudo- g P prop

A(1405” becomes a bound state &g\ =—189 MeV

with no decay width. _ (Ex), widths (I'), and rms radii of the core nucIeRﬁO,e) of theK
Of course, such a shrinkage effect inducedkoynust be  nuclear states. The energies are measured from the respictive

counterbalanced by hard incompressibility of the corenucleus threshold.

nucleus. The internal energy of the core nucleus is given by

The final results after a size-optimization are presented in

TABLE I. Summary of the present calculations for the energies

free

3 72 AA-1) State Ex (MeV) T (MeV) Rgore (fm) RK, J Riree
Ecord B)=(A=1) g =B+ ——%— SH(T=0) -108 20 0.97 0.60
—3/2
XZ © L2 @7  gH(T=1) -21 95 1.20 0.74
i
SH(T=1/2) —86 34 112 0.76

with an effectiveNN interaction of Gaussian type
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FIG. 3. CalculateK-N andK-nucleus potentials and the bound =
levels[ A (1405), %H and %H] for the K -p, -3He, and “He sys- d+ A+ 70 ~
tems, respectively. The nuclear contraction effects are taken into
account.

FIG. 4. Energy level diagram of thi€ ™ +°He system. Thél
) ) ) S =0 state can be excited and signaled with a discrete neutron emis-

rently an important key issueé]. (branching ratid calculated in Sec. V is also shown.

nel due to the isospin selection. The width originates exclu-
) ) 3 4 ) sively from thel =1 KN interaction, of which the weight in

Figure 3 depicts the bound states,gf and of  H, which  {he T=0 state is only half of that in the dedép ® “He state.
are extensions of the basic™ +p system withA(1405) as  Thys the deeply boun%H(T=0) state has a markedly nar-
its bound state, together with the optimiz€ehucleus poten-  qw width.

C. Deeply boundK nuclear states

tials U of the K™+°He andK™+“He systems. The pre- |n order to confirm the above conclusion, the accuracy of
chted b(t)utndbstates may bt_e clalled;taange tribaryonand a the BHF treatment witlQ, TQy is checked by using a varia-
strange tetrabaryonréspectively. tional method, named ATM$48], for a ppnK™ system in-

The nuclear bound state &~ ®“He has a binding energy
of 86 MeV and a width of 34 MeV. Since this state is slightly
below theX + 7 threshold, and is open only for the+ =
channel, the width becomes fairly narrow. Although such
deeply bound narrow-widtk ~ state in*He was predicted
by Staronski and Wycedi7], the contraction mechanism o
its appearance given here is quite different from theirs.

More interesting is the system composed Kof ® *He
+ K% 3H shown in Fig. 4. The deeply boutd nuclear state
with a much narrower width appears in this system of isospi
T=0. Its energy level lies by 108 MeV below tHéle + K~

teracting with a teskKN interaction ofviy=— (500 MeV
+iwg)exd —(r/0.66 fmy] and a suitableNN interaction
4491 The ATMS results of Ey,I') are (-107,24),
(— 106, 48), and {104, 72) MeV forwy= 20, 40, and 60
¢ MeV, respectively, whereas the corresponding BHF results
are (—109, 29), (-108, 60), and {105,91) MeV. This
agreement demonstrates that the BHF treatment used in this
paper works well for the few-body cases.

It should be mentioned that the widths discussed so far do
"hot contain contributions from the nonpionic decay modes

threshold, i.e., by 13 MeV below th® + 7 threshold, and KNN—ZXN/AN. Since the calculated imaginary strength

t L . .
the level width is 20 MeV which is about 20% of the binding (Wo = —65 MeV) agrees with the phenomenological one
energy. On the contrary, the other isosfiir 1 state has a [T0mM K™ atom data ¢ 60— 70 MeV[23,35), the contribu-
very large width of 95 MeV with only 21 MeV binding en- tion of the processes which are not taken into account in the

ergy. The different features of these two states can be weffresent calculation cannot be very large. From fiiée
understood by counting the contribution of the 0 andl  bubble chamber data the nonpionic branching ratiokor

=1 KN interactions to these states. In the-0 state the absorption at rest is known to be 16.3.6% [5%]' SO Wi try
—0 interaction has a weight of 3/2, which is three times!© estimate these contributions to the widths,6f and  H.
larger than that in thd=1 state. This provides th§=0  About 17% of the phenomenological imaginary strength of

state with stronger attraction and deeper binding, and thus 60— 70 MeV[35], i.e.,~—11 MeV, could be attributed
the T=0 state lies below th& + = threshold and cannot to the KNN—XN/AN decays. Here, we make a rough as-
decay by the major=0 component to the opeh+ 7 chan-  sumption that the imaginary strength ofWy°"P"~
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| @)

p=3py

—11 MeV is also applicable to the deeply boudhuclear
states in light nuclei. When this imaginary strength is added
to that ofVy, of Eq. (26), the widths of%H and %H increase

by ~12 MeV, which can be regarded as the widths of
KNN—3N/AN. Thus, we obtain a crude estimate of the

nonpionic decay contribution a0 in oK

Distribution |Ug,|?

nonplon
Tan =12 MeV. (29 -~~~ owin9Be

The width of%H remains still narrower than that af(1405) i 4 N
even when this nonpionic decay width is included.

TN 8
IV. KIN °Be Relative distance (fm)

The °Be nucleus is known to have a structure of well-
developedx clusters. Let us consider the case whefais
injected into ® Be, which may lead to &~ bound system
with 8Be. The ®Be nucleus itself is unbound, but the reso-
nance states of the-a molecular type are known as its

excited statesh The Ealon plays a ldrastri]c r%le ingﬁZBBe We can now impose an orthogonality conditigi] on this
system, as shown below. We solve the three-body systerﬂ . function by taking account of the Pauli principle among

aaK variationally by the ATMS method. The Hamiltonian is elght nucleons. Then, E¢32) for e« is extended to be
given by

FIG. 5. Distribution (u,,(r)|?) of the a« relative motion in the

aaK system, which is compared to that iBe. The kaon behaves
as acontractor, and makes the central nucleon-density about three
times as high as that of the particle.

2 d2

h? 1 g J 5 T Vaalr +U§al’ Ugalr)
H:_z__z_rizj_ BT (r) (r) (
T) 2Hij ri ori T anj
ﬁ2 r,kw rij 0 S @ FAZ (U U (N =Bl (1), (39)
(|Jk 21 i i 0r]k ark, ) Vi

whereV ,, is the folding potentialwe use one given in Ref.

[52]) and Uw is the K-mediated potential48] which is
calculated withf,; and f5;. The Pauli-forbidden states,

where (j)=(12), (23), (31 and (jk)=cyclic permutations

of (123). V;; and u;; are the folding potentials and the re-

duced masses. A variational wave function is set to be
uP(r)=2(88%m)"r exp(— pr?),

‘I’:H fii(rij),
(1))

(31
u®(r)=2(188% ) 1/4[ r— gﬁr?’] exp(—pBr?), (36)

and f;;’s are determined by solving Euler-Lagrange’s equa-
tion are excluded with a large positive factoh € 10° MeV)

from the relative wave functionu(,,).

J [Fik(r ) Fii (M) {H = MW (r 2,7 23,7 30 1 ~rdpi=0, The minimum energy of theaK system with respect to

(32 [ is obtained at a smalk-cluster size corresponding to the
R harmonic-oscillator ~ strength #w=(%2/My) 8=30 MeV,
consistently for all {j) pairs, Wheregk—r, r and pk—rk which is greatly shrunk from the size of taecluster in°Be

corresponding tohw=~ (%2/My)B™°=22 MeV. It is noted

—(Mir; +M, rJ)/(M +M;). We assign 1, 2, 3t@ a, K. It ] \ _
that the folding potential\{k,) and the forbidden states are

is noted thalflz(r) with r being thea«a distance is not the

relative wave function of twar's, since|f,,? has no mean-
ing of the probability density. The « relative wave function

in the aaK system is obtained by an “off-shell” transforma-
tion [48]
U 1IT=[Spar) ] 15(r), (33

where

Sl = [ (B Branleyodtis (39

given in a consistent way &tw =30 MeV to obtain the final
results of theaaK system. The self-consistent folding po-
tential obtained foK« is well simulated as

Vic(r)={(—285-i22) MeV}exd —(r/1.18 fm?],
37

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

The behavior of thexa relative motion is shown in Fig.
5. When the neutron in th&8e nucleus is replaced byka,
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it strikingly increases the binding energy to 113 MeV, which ©) 3 .., 3 .,
exceeds th& + 7 threshold. The width is 38 MeV, decaying vp =R 29 *t79%
to the A + 7r channel. Most interesting is the structure change

of the system; the kaon attracts all nucleons within its interpq partial decay rate for the formation %H is given by
action range and builds a high-density system at “ultralow

=—1874 MeV fn?. (40)

temperature,” i.e., almost the &)* (0p)* nucleon configu- \/—
ration. The structure drastically changes from a loose “clus- > 'ug\/— | 70+ 7|?| Ceord ? (41)
ter” to a compact “shell” as is indicated in Fig. 5. The cen- 2wk

tral nucleon density of the system attains almost three times
that of thea particle, i.e.,~ five times the normal density With

(po). The formation of deeply bound nuclear states in Be 4\3 4k

. . . . | (O) nl'k
and other nuclei would provide a means to obtain high- Th=(—) 3/ v KdI‘KJ| m
density nuclear matter at low temperatures and a new way to K
investigate the properties of hadrons in a cold and dense 4 4
nuclear medium. It would also be an interesting problem to XRQ”C'<§rK) R ( rK) RAMr ), (42)
know how such high-density matter behaves after the kaon

has died a&kN— A 7 or KNN—3N/AN.
=40 ORLA0) | rRar Akt Ry (ar OREPT )

V. *He (STOPPEDK™, n) REACTION 43)

3 . . - 5
The { H(T=0) bound state may be formed and identified whereu,, j,, andk, are the reduced mass, a distorted wave

in K~ absorption at rest ofiHe. TheK In an atomic orbit  fynction, and the wave number of the emitted neutron, re-
falls into the deeply bound nuclear orbit pH(T=0), while  spectively. The coefficient|Cod) is the overlap between

emitting a neutron, which helps to form the core nucleusthe core-nucleus wave function in the initial bound state and
with one less neutron, and simultaneously serves as a spethe shrunk one in the final bound state, and is calculated to

tator of the formed state. The neutron energy is related to thgg g3 by usmg?corelRfC'gf;given in Table I. The result ob-

K binding energy as tained for the atomic @ absorption is
Mih I'=1.2 eV. (44
T,=—Q, Q=-Ex—20.6 MeV, (39
Myxu+M, Since theK ™ h interaction is much stronger than tie n

interaction, ther, term dominates and,, contributes only

where My, is the mass of‘%H. For Ex=—108 MeV we 0.1 eV. The branching ratio for the formation of tIﬁM(T
expectT,=68 MeV, as shown in Fig. 4. =0) state is expected to be at least 2%, which is a value

The branching ratio to the state is calculated as followsevaluated by using the total-width data Iof,;=55+34 eV
The K™ in an atomic orbn[qfnlm(FK) ato"KrK)Ym(QK)] [53-54, since the experimental data is known as an anoma-
interacts with a neutron amtHe (= h) inside the targefHe,  lous shift far bigger than theoretical estimatids$—58.
where the absorption frofr=1 with n=2 covers about 80%
of the total absorption as is known from a cascade calcula- VI. CONCLUDING REMARKS

tion. When theK ™ is absorbed to form th%H(TZO) state, In summary, we predict the possible existence of nuclear

the neutron is excited from the initial bound stat®;(r ) K bound states with narrow widths i#He, “He, and®Be.
Rn(rn)Yoo(€2n)] to @ continuum statéa nuclear Auger They are the ground states of thke +3He, K~ +“He, and
process The effectiveK ™ n and K™h interactions are ap- k- 48ge systems with binding energies of 108, 86, and 113

proximately taken as MeV and widths of 20, 34, and 38 MeV, respectively. The
3 most interesting one i%H(TzO), i.e., theK™ ®3He+K?°
Vicn(Tkn) =0 )5(rK— Zr”)’ ®3H (T=0) state. The dominant=0 KN interaction

causes a large attraction which lowers e 0 level to be-
low the X+ 7 threshold, and therefore causes no pionic-
(39) decay width. It should, however, be noted that these widths

do not contain contributions from tHeNN nonpionic decay
. . modes, which could be about 12 MeV. In the deeply bound
of which the strengths are estimated from Ed) and(13)  states the core nuclei are largely compressed due to the

to be strong attraction of &, which plays a unique role ascn-
tractor to bind nucleons more tightly, and accommodates a

1 3 ; ;
(0)_ _ T =0, ° =1l _ nucleus of much higher density.
Un Rﬁ’ 490 +4g° ] 302 MeV f, An experimental method is proposed to populate the

- ©) o = 1.
Vin(rkn) =vy /6| re+ il
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fhase. Theoretical studies concerning such a dense and cold
nuclear phase are called fdiii) Empirical information on

Ehe possibility for kaon condensation and strange matter
would be obtained(iv) Nuclear dynamics under extreme

%H(TzO) state, by measuring a discrete neutron compone
of about 70 MeV from the*He (stoppedK ~,n) reaction.
The branching ratio to the relevant state is estimated to b
about 2% of the total absorption, which makes the experi - A
ment feasible. An experimental proposal to search for thé:ond.'t'onS (nuc_lear compressiori b‘?”' etc) could be .
narrow peak in the neutron spectra was presented by Iwasaﬂle'ed' For this purpose further experimental methods_usmg
et al. [59], which takes into account the possible neutron(K™,7~) reactions throughA* formations to produceK
background fron®, A, and other decay processes, and hadound states in exotic proton-rich nuclear systems are inves-
been approved at KEK. tigated[60,61].
If confirmed experimentally, such “bound-kaon nuclear
spectroscopy” would create a new paradigm in strangeness
nuclear physics. Many important impacts are foresden.

Very deep discrete states f nuclear systems are formed  The authors thank Professor M. Iwasaki, Dr. A. Daiad
with binding energiesBi~100 MeV. They are highly ex- professor H. Horiuchi for fruitful discussions on the forma-
cited nuclear resonance states with excitation energies fon and “contraction” of kaonic nuclei. They also benefitted
Eex—400 MeV. (i) High-density cold nuclear matter would from stimulating discussions with Professor A. Gal and Pro-
be formed aroun®& ™, which could provide information con- fessor A. Ramos. The present work was supported by the
cerning a modification of th&N interaction in the nuclear Grant-in-Aid for Scientific Research of Monbukagakusho of
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