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ABSTRACT

Some characteristic behaviors of hyperons in nuclei which have recently been
revealed experimentally and theoretically are discussed with the emphasis on the
repulsive part of the hyperon-nucleus interaction. The observed ^He nucleus is a
bound state with Jx= 0 + and 7=1/2. Its nucleus-E potential derived from a
realistic ZN interaction is characterized by inner repulsion and a strong Lane term,
which play important roles in forming the E-hypernuclear bound state. In 208Pb a
typical Coulomb-assisted bound state is expected, where £ is trapped in the
surface region by the nucleus-E potential with the aid of Coulomb and centrifugal
interactions. In the double-strangeness (S=-2) sector, there is a possibility that the
lightest double-A hypernucleus ^ H is abundantly populated by stopping S" on
4He. Its formation branching amounts to about 15%. A stopped H" on 9Be will
also produce efficiently a variety of double-A hyperfragments. Discrete spectra of
weak-decay pions from the fragments will provide a means of mass spectroscopy
of double-A hypernuclei. In the 5=-2 five-body system an excited state =H is
predicted to appear with 'strangeness halo1 and the ground state ^ H with almost
pure AA component.
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1 Introduction

For the past decade there have been great advances in both experimental and theoretical studies
of hypernuclei. They are well documented in a recent special issue of Prog. Theor. Phys. for
the memorial of the late Prof. H. Bando (Motoba et al. 1994). The studies of strangeness in
nuclei have the following interesting problems:

1 Creation of new matter: Beyond normal nuclear physics, toward flavor SU(3) nuclear
physics.

2 Hyperon (Y)-nucleus interactions (plus YN interactions): Strange structure and strange
decay.

3 Conventional view: Hyperon as an "impurity baryon" in nuclei, distinguishable from
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nucleons, moving in a "single-particle" orbit.

4 Questions from unconventional view: Is the "nuclear" hyperon different from the free
hyperon? Can Pauli blocking in the quark level be seen? Is the nuclear potential
of a strange shape?

In the present paper the authors will concentrate on the exotic nature of hypemuclei which have
been revealed in recent years both theoretically and experimentally. In short words, the
hyperon in nuclei exhibits an exotic halo around the nucleus due to the strange shape of the
hyperon-nucleus potential characterized by "attractive outer zone and repulsive inner zone".
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Fig. 1. Generalized diagram of nuclear excited states in terms of hadron clusters
in the 5=0 and -1 sectors. Some of possible connecting reactions are indicated.

Figure 1 shows a generalized diagram of nuclear excited states in terms of hadron clusters. The
5=0 sector not only shows the normal nuclei which are composed of only nucleons but also
includes the pion degree of freedom as a real constituent of excited nuclei (Toki and Yamazaki
1988, Toki et al. 1989, Yamazaki et al. 1996). Such a new family of hadronic bound states
may appear near (just below) the hadron production threshold, where the hadron is "soft
externally and hard internally". While they are given hadronic bound-state quantum numbers
like (n,l), they are nothing but a new family of nuclear resonance states which are
characterized by nuclear spin and parity Jn. In the case of pionic bound states, n = -(-!}*, as
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in the case of Gamow-Teller resonances. Whether such resonance states appear as narrow
states or not is the matter of their decay widths in comparison with the level spacings. People
hardly believe that such highly excited states have narrow widths, but there may be special
circumstances and mechanisms, as we will see later.

The S=-l sector is for hypernuclei. Its ground state is the A Is state, which can decay only
via the weak interaction. Excited A nuclei decay either via gamma emission or via nucleon
emission (nuclear Auger). As the excitation reaches the threshold of X production, real X
bound states may appear near its threshold. The X hypernuclei are basically unstable and are
regarded as resonance states of the S=-l nucleus. How such X resonances can be narrow-
width discrete states is certainly one of the most interesting issues related to the 5=-l nuclear
physics. The possible K~ bound states as shown in this diagram have not been touched at all,
though extremely interesting.

The 5=-2 sector, though it is not shown in Fig. 1, is of essential importance in order to
complete the knowledge of YN and YY interaction. Since two-body scattering data are not
available in the AA sector at present stage, 5- and AA-hypemuclei are only a few sources of
information concerning the S=-2 interaction. Such hypernuclei provide a testing ground for
theoretical models. Then, our primary concern is how to produce abundantly some double-A
hypernuclei to investigate the nature of the AA interaction, which is closely related to the
existence problem of the H-dibaryon (Jaffe 1977). The formation of double-A hypernuclei is
discussed in the cases of E" stopping on 4He and 9Be. A "strangeness halo" state will be
demonstrated as an example of exotic structure appearing in the double-strangeness sector.

2 X-Hypernuclei

The experimental data before 1995 since the first claim for the existence of narrow X-
hypernuclei (Bertini et al. 1980) lack good enough statistical confidence that warrants the
argument whether X-hypernuclei exist or not. They were not related to the ground or bound
states of X, but to unbound states with substitutional configurations. Thus, later, the (stopped
K", 7i*) reaction was used at KEK to investigate the X-bound states (Yamazaki et al. 1985,
Hayano 1987, Iwasaki 1987, Hayano et al. 1989, Outa et al. 1994). For light p-shell
nuclei they found no bound state and set a two-parameter constraint in the VQ-WQ plane of
complex potential strengths by using the Morimatsu-Yazaki formalism (1985, 1988) for the X-
hypernuclear formation spectra. It was widely believed that no X-bound state should exist,
because the X particle is highly absorptive in a nucleus. Its absorption width was estimated to
be 20-30 MeV (Gal and Dover 1980, Dalitz 1981). On the other hand, its nuclear potential is
not known at all: Contrary to the case of A it may not be deep enough to accommodate X-
bound states. Harada et al. (1990) made a realistic calculation of the X-nuclear potential based
on the Nijmegen YN interactions (Nagels et al. 1975, 1977, 1979) and pointed out that an
exceptionally narrow bound state is expected for ^He. This special situation arises from a
strange potential form, namely, "attractive outside but repulsive inside". The prediction was
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encouraging to experimentalists who were searching for E hypernuclei.

2.1 Light IrHypernuclei

2.1.1 Irbound state

The theoretical calculation done by Harada et al. (1990) is as follows. In order to make
microscopic calculations tractable a simple form of complex EN potential was introduced by
eliminating the AN channel, whose imaginary part describes the EN—>AN conversion
process. Its parameters were determined so as to reproduce S-matrices of the Nijmegen model-
D or -F potentials (Nagels et al. 1975, 1977, 1979) at low energies. This sigma-absorptive
potential is referred to as SAP-D or -F. The EN potential is strongly dependent on the isospin-
spin state; it is much attractive in the (isospin, spin) = (1/2,1) and (3/2,0) states. In the case of
four-body ENNN systems the state of J*= 0+ and T=l/2 acquires large weights, 9/18 and
8/18, of these attractions. No imaginary part exists in the isospin=3/2 states because A has no
isospin degree of freedom.

The four-body calculation of ENNN was carried out with a wave function of

m = n /<r,)n«0k)ir,7> CD

with NN and EN radial functions,/and g. When once a type of the wave function is set up,
the constituents f(r) and g(r) can be determined by the stationary condition of the variation
with respect to them

0. (2)

Since the EN potential has the imaginary part, the eigenvalue becomes complex X = E -
iI12, where F is the EN —»AN conversion width of the ENNN system.

The jHe was obtained to be a bound state with /*= 0 + and 7=1/2 (99%). The obtained

energy and width of ^ He are given in Table 1.

Table 1. Calculated binding energy and conversion width of ^He.

fl(E) (MeV) T(MeV)

SAP-D 4.6 7.9
SAP-F 4.4 19.1

Thus, the possible existence of £He and ^H below the E-emission threshold was predicted,

- 5 -



though the conversion width largely depends on the potential model used.

In 1989, Hayano et al. obtained the first experimental evidence for a bound I nucleus in the
4He (stopped K'.Tt*) reaction experiments at KEK. In the case of (stopped K~, 7t+) no bound
state formation corresponding to r

4n was found, while the (stopped K", rc~) spectrum showed
clearly the bound state formation of jHe as seen in Fig. 2. This state was believed to be the
ground state and its spin and isospin were assigned as /=0 and 7=1/2. Its 7=3/2 partner,

r
4n, is not bound. This observation strongly supports the above theory by Harada et al. as

discussed later.
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Fig. 2. (Stopped K~, n1) spectra on 4He observed at KEK (Hayano et al. 1989).

"Is there a bound jHe?" This question was raised by Dalitz et al. (1990). Unfortunately
there remained at that time some ambiguities in experimental and theoretical analyses of the 4He
(stopped K", K~) data. Outa et al. (1994) performed a detailed analysis of the spectrum and
gave the following best fit values.

Binding energy = 2.8 ± 0.7 MeV,
FWHM width = 12.1 ± 1.2 MeV,
Formation rate = 7.0 ± 0.9 % per K" absorption at rest.
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Harada (1993) made a theoretical fitting to Outa et a/.'s (1994) spectrum data by adjusting
potential strengths of SAP-D and SAP-F. As shown in Fig. 3 the spectrum was well
reproduced when the real and the imaginary parts were multiplied by 0.8 and 2.2 respectively
in the case of SAP-D and by 0.7 and 1.0 in the case of SAP-F.
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Fig. 3. Outa et a/.'s 4He (stopped K", ir) spectrum data and theoretical fitting.
The dotted curve shows the X—>A conversion contribution from s-wave I .

Although this bound state is lying close to the threshold, it is definitely a bound state; there is
no way to reproduce the experimental spectrum by invoking a threshold cusp, as claimed by
Dalitz etal. (1990)

In order to get to more definitive conclusion a 4He (in-flight K", 71") experiment has been
carried out very recently with incident momentum around 600 MeV/c at BNL (Nagae 1996).
An elaborate theoretical work was also done (Harada et al. 1996). There are two advantages
for the inflight reaction. One is that the small recoil momentum enhances the bound-state
population and the other is that the elementary process favors I + and Z° production. The
experimental result will be published in near future. The data of binding energy and conversion
width of the I hypernucleus are awaited, since they may give a selection of the IN potential
models as suggested from Table 1.

2.1.2 Nucleus-L potential

The nucleus-I potential, which is written as

n



TJ — TJ + 77 T t fi\

is depicted in Fig. 4 for the SAP-D case. The first term has repulsion at short distances, and
the second term (Lane term) is isospin-dependent and sufficiently strong. The Lane term helps
lower the energy of the 7=1/2 partner below the emission threshold. In fact, if the coupling
potential coming from this term is switched off, neither h + S° state nor t + Z + state is bound.

= UO-\UX

R(fm)

Fig. 4. Real parts of the nucleus-L channel- and coupling-potentials.

Figure 5a shows the nucleus-Z potential in the 7=1/2 state, which is the combination of
U0-Ux. The bound state comes out in this 7=1/2 state. In order to know the effect of the
central repulsion a single-range Gaussian (SG) potential was used for comparison. The width
was calculated to be T=12.7 MeV for SG, which is larger than T=7.9 MeV of the SAP-D
case by about 50 %. In the case of the central repulsion the Z distribution is pushed outside
and the rms distance between IN becomes 2.9 fm which is longer by about 0.5 fm than that
between NN. Since the conversion width is proportional to the overlap between the imaginary
potential and the I. distribution, the width is significantly reduced by the repulsion at short
distances. Thus the both terms of Eq. (3) play essential roles in realizing the narrow-width Z-
bound state. This is the peculiar binding mechanism of ^He.

The potential for 7=3/2, which is the combination of U0+\U%, is repulsive in the real part
and is weak in the imaginary part. There exists no L

4n bound state. This feature is consistent
with the (stopped K", n+) spectrum shown in Fig. 2. Thus the central repulsion potential with
a strong Lane term gives a consistent explanation for the 4He (stopped K", n*) spectra obtained
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by Hayano et al. (1989).
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Fig. 5. The nucleus-I potential (a) in the 7=1/2 state and (b) in the T=3/2 state.
The dotted curve is for the imaginary part and the dashed curve is a conventional
single-Gaussian potential for comparison.

Atomic level-shifts of 3HeS" and 4HeZ~ atoms are another source of information on the
nucleus-! strong interaction. By using SAP-D we can obtain complex level-shifts which are
sets of energy shift and width. The difference between the 3HeE' and 4He£~ cases is mainly
due to the Lane term of the nucleus-Z potential. The Lane term brings the energy shift of 33
eV for the 3HeZ" 2p atomic state which is about three times as large as that for 4HeL~. It also
connects the 3HeL' state to the 3H+Z° open channel, and thus the 2p width of 97 eV consists
of 73 eV Z°-escape and 24 eV conversion widths. Observation of the 3HeZ~ 3d—>2p X-ray
(12.503 keV) would be effective in order to confirm the characteristic property of the nucleus-
£ potential.

2.2 Heavy E-Hypernuclei

The observation of ^He encourages us to search for Z-hypernuclear states in other nuclei. If
the narrow-width phenomenon is not limited to some particular light nuclei but is extended to
heavier nuclei, the L-nuclear study would become broader and more interesting. In order to
know if there is any possibility to observe Z-hypemuclear states even in very heavy nuclei we
make our investigations into the 2O7T1+I' system which can be produced by the (K~, n+)
reaction on the target 208Pb.
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2.2.1. Nucleus-Z potential shape

The potential between 207Tl and Yr was calculated by Khin Swe Myint et al. (1989). An
effective interaction was constructed from the XN potential SAP-D with a correlation function
/ a s

^ r ( O = VIN(r)/(r;fcF,£>) (4)

where fcF is the Fermi momentum and Et = -(2///fi2)y2 is a starting energy. The correlation
function / = «p(Jt,r)/sinitr with k = 0.6kF was calculated from the Bethe-Goldstone equation
for the S wave,

Uo(*,r) = sinfcr + jG(r,r" ^ ( r 1 )«„(*, r* )dr' (5)

G(r,r') = - JL{exp(-r|r- / | ) - exp(-y(r + r'

with a set of parameters, /cF=1.36 fm and £s=-70 MeV. The nucleus-X potential was
obtained by folding the effective XN interaction with the nuclear density.

The resultant 2O7T1-X~ potential is shown in fig. 6. The depth of the real part potential is -8
MeV and that of the imaginary part is -6 MeV around the nucleus center. The real part
corresponds to a 12 MeV binding energy for X", and the imaginary part gives a 15 MeV
conversion width in N=Z infinite nuclear matter. Oset et al. (1990) argued that in nuclear
matter the conversion width is largely suppressed to about 8 MeV due to nuclear medium
effects. If this were true, the existence of Z-hypernuclear states becomes more probable than
the estimation given below.

An interesting feature is observed in the real part: The potential is not of conventional Woods-
Saxon type, but has a repulsive bump near the nuclear surface. The XN interaction consists of
repulsive and attractive parts, absolute strengths of which are not so different from one
another. As illustrated in Fig. 7, when X is at a point A inside the nucleus, it receives from
surrounding nucleons both repulsion and attraction which are almost balancing out each other
and result in weakly attractive mean field. At a point B near the nuclear surface, the repulsive
contribution exceeds the attractive one and there appears an unusual repulsive bump. Why does
no such bump appear in the case of N or A? The strength parameters of averaged NN, AN and
XN potentials are roughly 1.08, 0.74 and 0.40, respectively. Since in the NN or AN
interaction its attractive strength is much stronger than the repulsive one, the attractive
contribution dominates the repulsive one everywhere and no sign change of the potential takes
place except for special cases of j-shell A-hypernuclei discussed by Kurihara et al. (1982,
1984). The appearance of the repulsive bump is a characteristic feature of the nucleus-X
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potential due to a delicate balance of repulsion and attraction of the IN interaction.

5 -i
Nuclear
surface 10 tf(fm)

-10 -

Fig. 6. The calculated potential between 2O7T1 and
for its real and imaginary parts, respectively

~. The solid and dashed lines are

Repulsion Attraction
~-100MeV

Fig. 7. Repulsive and attractive contributions to Z' in a nucleus.
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The obtained potential can be conveniently expressed as

^ 2,a2) (7)

(8)

where F(/?;i?;,aI) = [l + exp{(/?-/?I)/fl(}]"1 with parameters of Table 2.

Table 2. Potential parameters for 2O7T1-X-

1

1
2
3

Vi (MeV)

36.0
-8.10
-6.27

5.8
8.1
6.6

at (fm)

0.53
0.57
0.57

/?3 is taken to be the nuclear radius Ro. /?j and R2 are smaller by 0.8 fm and larger by 1.5
fin than /?0, respectively. This parametrization would apply to the case of other nuclei like 12C
by changing RQ.

2.2.2. Shallow or deep potential

The potential between 207TI and Ir obtained from the realistic LN interaction has a shallow
real part of -8 MeV with a bump near the nuclear surface and an imaginary part of -6 MeV.
Another source of information on the nucleus-E potential is E" atomic data. Batty et al.
(1978) parametrized the nucleus-Z optical potential in a usual Woods-Saxon form by fitting the
atomic data. The real part is obtained to be deep, about -30 MeV, and the imaginary part is
about -15 MeV. Brockmann and Oset (1986) modified the imaginary part of the potential
taking into account nuclear medium effects on the ZN—»AN amplitude in a nucleus. Their
imaginary part of the modified potential is only -4 MeV depth saturating inside the nucleus.
Thus the proposed potentials differ in their shape and depth. Which description of the nucleus-
Z potential is valid?

Experimental information concerning the shallow or deep potential is obtained from the 12C
data; there is no experimental indication of Z" bound states. The analysis of the (stopped K",
n+) spectra indicated that the Z"-nucleus potential is shallow and/or strongly absorptive
(Hayano 1987, Iwasaki 1987). Then, it may not be believed that Z-atomic data and the
stopped-K' data can be reproduced simultaneously. However, the shallow potential derived
from SAP has also a peculiar shape for 12C as discussed in the previous subsection. In the
atomic states, Ir touches the long-range attraction tail of the strong interaction from the 3d
orbit of 12 fm Bohr radius. In the 12C (K~, 71*) reaction the repulsive bump of the strong
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interaction plays a significant role in the Z" formation. Harada et al. (1993) showed that the
peculiar-shaped shallow potential can simultaneously reproduce not only the formation cross
sections of the stopped and in-flight K' reactions on 12C but also the complex-energy shifts of
the Z" atomic levels. A recent analysis of the Z" x ray spectroscopy data (Batty et al. 1994)
suggests that the Z"-nucleus potential may be shallow or could even be repulsive.

2.3. Coulomb-Assisted Bound State

From the analysis of the (stopped K", n+) spectra the Z"-nucleus potential is indicated to be
shallow and/or strongly absorptive. Then, is there no way to obtain experimental information

Population
intensity i

40Ca(K',n+)"Ar

Hypernuclear
energy Potential

V0=-10MeV
W0»-3MeV

Density

X" Absorptive potential

- 5

Fig. 8. Theoretical expectation of Coulomb-assisted bound states of Z'
in 40Ca (Yamazaki etal. 1988).

on the Z"-nucleus binding? In such a case, Coulomb assisted bound states may be studied, as
proposed by Yamazaki et al. (1988). Namely, the Z" particle forms bound states whose
energy and radial distribution vary from "the deepest bound state with the smallest radius" to
"shallow atomic states with large radii", as shown in Fig. 8. In general, they are lying
somewhere between "pure nuclear" and "pure atomic". They are expected to have medium
absorption width due to the smaller overlapping, but still to have large enough formation cross
sections. At present, however, there is no experimental study of Z" hypernuclei on this aspect.

A similar situation exists in deeply bound n~ states (Toki and Yamazaki 1988). In this case, the
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7T-nucleus potential is well known to be repulsive. Thus, the bound states are accommodated
only by the help of Coulomb attraction. The predicted n~ bound states (even the ground state)
have narrow widths and are characterized as "exotic n~ halo". A clear experimental evidence
has recently been obtained for ri®vn?b (Yamazaki et al. 1996).

The case of 2O7T1-Z- was theoretically investigated in detail (Khin Swe Myint et al. 1989).
Since the Coulomb interaction is large enough in 207Tl, effects of the surface repulsive bump
may not be clearly seen in the S wave. In high angular-momentum states, where the
centrifugal potential cancels out the Coulomb potential inside the nucleus, the bump effect can
be observed. Figure 9 shows the /z-wave hypernuclear state. The lowest state with a narrow
width 7=1.7 MeV has the X distribution well confined within the nuclear surface region. This
is just a typical example of the Coulomb-assisted hybrid bound state proposed by Yamazaki
et al. (1988). This hybrid state is formed by the cooperation of the Coulomb and the strong
interactions and by the centrifugal potential which assures the narrow width.

Fig. 9. The strong+Coulomb+centrifugal potential and I distributions for 2O7T1-Z\
The dot-dashed lines are for a conventional Woods-Saxon potential.

Tadokoro et al. (1990) calculated the population of this hybrid bound state in the 208Pb (in-
flight K", TT1") reaction spectrum by the Green's function method. The incident K" momentum
was taken to be the magic momentum 300 MeV/c where a proton can be replaced by X"
without recoil. The obtained spectrum is shown in Fig. 10. There appear two peak structures.
The upper one corresponds to the ^{\huri)

AlL{\hnn) substitutional state, and the lower one
is an aggregate of the other substitutional configurations. Higher atomic states are smeared out
by detector resolution in the calculated spectrum. Most interesting is the A-wave peak which is
sharp and prominent, and is well separated from background of the quasi-free Z" production
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due to the large Coulomb attraction. This h-wave hybrid state is selectively produced in the
(K~, TC+) substitutional reaction on 208Pb because of a lot of protons in the hnr2 shell. The
bump in the real part potential significantly suppresses the width of the state. Thus, the typical
Coulomb-assisted hybrid state with orbital angular momentum /=5 is found to be a favorite
candidate for future experimental observation, though to achieve high-statistics we need a
high-intensity kaon facility. We can say that Z-hypernucIear states with narrow width possibly
exist even in heavy nuclei like 208Pb under the cooperation of the strong interaction, the
Coulomb interaction and the centrifugal potential.

I
O

TOO

8 0

6 0

4 0

20

220 230 240 250 260

Mm-MA (MeV)

270

Fig. 10. The double differential cross section of 208Pb (in-flight K', TT1") reaction.
The dotted line shows the excitation of the p(lhnny

l'm.lhim) hybrid bound state.

3 Weak Decay of A-Hypernuclei

How are the single-particle A states distributed in heavy nuclei? This is one of the most
important but still intriguing questions in the S=-l sector, connected to the issues stated in
Introduction. With the advent of the (TI+, K+) reaction spectroscopy more and more deeply
bound A orbits in heavier nuclei have been revealed (Millener et al. 1988, Hasegawa et al.
1996). They appear to be well described by the conventional Woods-Saxon potential with the
depth of about 30 MeV. Higher precision and statistics are, however, required for ^ P b to
clarify the aforementioned issues.

In light A-hypernuclei an extremely interesting situation is known. Kurihara et al. (1982,
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1984, 1985) obtained a strange shape in the calculated nucleus-A potential, shown in Fig. 11,
which is composed of an inner repulsive part and an outer attractive part.

50r

25

-25

0.08

0.06

0.04

0.02

- 5 0 L

Fig. 11. The a-A potential and the A distribution calculated by Kurihara et al. (1985).
For comparison corresponding curves for the single-range Gaussian case are shown
by broken lines.

Table 3. Potential parameters for A=4 and 5 hypemuclei.

\H

4 TT

i

1
2

1
2

1
2

Isle
V,(MeV)

450.40
-404.90

95.86
-78.07

100.37
-81.74

*,(fm)

1.25
1.41

1.12
1.7

1.12
1.7

SG
V,(MeV)

-43.92

-37.12

-38.50

>,«

1.566

1.7

1.7

The a-A potential named Isle was obtained from realistic AN interaction on the basis of the
multiple-scattering theory by Kerman et al. (1985), and is expressed as

16



(9)

The potential parameters are given in Table 3 together with those of single-range Gaussian
potentials used for comparison. All the potentials reproduce the binding energy of respective
system, i.e., 3.12 MeV in the case of ^He. The Isle-type potential reproduces not only the
shallow bound state but also the weak decay branching ratios of the ^He as will be seen in the
following.

3.1. Pionic Decay of ^He

The hypernucleus ^He is an appropriate object to be studied. Much experimental information is
available from the emulsion data of IT energy spectra (Gajewski et al. 1969, Bohm et al.
1972) and of n~, n° decay rates measured at BNL (Barnes 1988, Szymanski et al. 1991).
The a-A potential with central repulsion is a theoretical motivation. Since the peculiar shape
has not yet been established, it is essentially important to confirm the appearance of the central
repulsion through experimental observations. The pionic decay of ^He is expected to give a
crucial test on the a-A potential. Kurihara et al. (1985) discussed the repulsion effect on the
decay rate of ^He by using a closure approximation treatment of pion waves. Motoba et al.
(1991) pointed out the importance of the pion-wave distortion and obtained an improved result
of the decay rate. Kumagai-Fuse et al. (1994) carefully treated final-state resonance effects
and reproduced the spectral shape of decay pions. Now we can investigate very quantitatively
the pionic decay of ^

The pionic decay modes of ^He are mainly of three-body decay: ^He —»a + p + 7i~ and
-» a + n + n°. From the emulsion data accumulated so far we know that the former events are
2780, the latter ones are 15 and the other four-body events are negligible (Gajewski et al.
1969). In order to treat the continuum final states of the ^He decay the Green's function
method was applied (Kumagai-Fuse et al. 1994). The method is useful even for the case of
broad resonance, and is conveniently applied to ^He which decays into three-body continuum
final states with the sharp p 3 / 2 and the broad p 1 / 2 resonances.

The Green's function formula for the total %' decay rate is given as

\r)G{F,?)/{?)] , (10)

G(P,r) = ( ? | l- IF), (11)

(12)

where <PAa(F) is the relative wave function of the initial A-a system, which reflects the
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repulsive property of the A-a potential. H^ is the Hamiltonian of the final-state p-a system. It
should be noted that AE in G(F ,r) is put to be a finite value, which is a smearing parameter
corresponding to the resolution of a detector. The DW formula is obtained by replacing the
plane wave in f(r) by a distorted wave of pion.

3.1.1 Decay rates

The decay rates of AHe calculated by Kumagai-Fuse et al. (1994) are given in Table 4
together with experimental data by Szymanski et al. (1991).

Table 4. The calculated decay rates of AHe (unit in FA) .
The antisymmetrization effect of 3.2.1 is included.

Decay rate Isle SG Exp.

a+p+rc-
a+n+7t°

Total

0.40
0.20

0.60

0.31
0.16

0.47

0.44±0.11
0.18±0.20

0.59*2*

The pionic decay rates for Isle are generally larger than those for SG. The reason is explained
as follows: The distribution of A extends more outside, for Isle than for SG owing to the central
repulsion. The decay rates of AHe are determined mainly by thep3 / 2 andp1 /2 resonances of
the final-state a-p system as will be seen in the next subsection. The initial a-A wave function
for Isle has a larger overlap with the p-wave resonances which gives larger rates than that for
SG. If there were no Pauli exclusion, a compact bound state of the a-p system would be
allowed to exist and the rates would become larger for SG than for Isle.

The 7C" decay rate 0.40 TA for Isle is in better agreement with the experimental data 0.44±0.11
F A , compared to the value 0.31 FA for SG. The total pionic decay rate of AHe is suppressed
from the free-A decay rate FA due to the Pauli exclusion in the a-p system. The suppression is
well reproduced by Isle as seen in Table 4. The Isle-type potential with central repulsion seems
to be a reliable description of the a-A interaction, though the error of the data is rather large. In
the case of n° decay no conclusion is derived because of the large error of the data. If the
measurement of the pionic decay rate of AHe is much improved, the pionic decay rate is
expected to give an experimental evidence for the central repulsion.

The pionic decay rates were also investigated in DW calculations by several authors (Motoba
et al. 1991, Straub et al. 1993). Motoba et al. (1991) obtained 0.393 FA for a+p+K"
and 0.215 FA for a+n+7t°. Straub et a/.(1993) obtained 0.431 TA for a+p+ir and 0.239
FA for a+n+rc°. Both results are in good agreement with those given in Table 4. Especially
interesting is that Straub et al. (1993) showed the appearance of the central repulsion of the
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a-A potential on the basis of a nonrelativistic quark-cluster model. This would stimulate
theoretical investigations about the deeper origin of the central repulsion.

3.1.2 Decay spectrum

The energy spectrum of n~ is shown in Fig. 12 for the Isle case together with the experimental
data by Gajewski et al. (1969). Again a good agreement is obtained between the theoretical
result and the data. In the Green's function calculation a smearing with A£=0.5 MeV was
done to compare the result with the spectrum data which was obtained by counting emulsion
events with 0.5 MeV energy interval.
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Fig. 12. The n~ energy spectrum of *He. The dash-dotted and dotted curves are
the p3 /2 and pm contributions, respectively.

The decay n~ spectrum for each partial wave is also presented in Fig. 12. The spectrum shape
are determined mainly by contributions from the p3 /2 and the pm resonances of the final a-p
system. The sharp p3 /2 resonance forms the spectrum peak and gives the largest contribution
to the total decay rate. The broad /?1/2 resonance brings about a change of the shape in the
20-30 MeV kinetic-energy region of %'. Thus, not only the p3f2 but also the pm resonances
play roles in building up the peak structure of the spectrum.
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In order to discuss the dependence of the decay rates on the initial a-A potential we must
choose a proper a-p nuclear potential, as the decay is sensitive to the final-state nuclear
interaction. The a-p potential given by Kanada et al. (1979) has a fictitious s-wave bound
state, whose contribution to the total decay rate must be removed by the Pauli principle.
Sometimes, a phenomenological repulsive core is introduced in the a-p potential as a substitute
for the Pauli exclusion. In order to see an effect of this prescription, a phase-shift equivalent
potential with no bound state was derived from Kanada et al.'s attractive potential on the
basis of the super-symmetry theory (Baye 1987). The potential has a strong repulsive core and
the a-p wave function shows no nodal behavior. A large difference of the decay rate was
observed between the two potential cases (Kumagai-Fuse et al. 1994): In the case of the
repulsive-core potential the s-wave contribution to the K~ decay rate is no longer suppressed
and increases to 0.15 FA from 0.04 F A . The spectrum shape also deviates from the data. It is
interesting that the pionic decay distinguishes the short-range off-shell behaviors of the a-p
wave function.

3.2 Pionic Decay of *H and *He

The energy levels are not sensitive to the details of the potential and the wave functions. The
weak decay rates can distinguish among different models. Recent development of experimental
techniques is remarkable on the weak-decay process of A-hypernuclei. It has reduced the

r. ir.
it a n
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f Isle

1.6
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. .
Isle

Fig. 13. Weak decay branches of *He and *H measured by Outa et al. (1995).

- 20 -



uncertainty on the lifetime of A=4 hypemuclei and brought new information about partial
widths of decay modes with neutral-particle emission. This enables us to quantitatively reveal
the existence of the central repulsion through the pionic decays of the A=4 A-hypernuclei. The
Tokyo group (Tamura et al. 1989, 1994, Outa et al. 1995) measured the weak decay
branching ratios of *H-»7T+4He to 7T total and jjHe-4 7i°+4He to n~ total. As shown in Fig.
13, the experimental rates for the pionic decay to the ground 4He are significantly smaller than
the theoretical estimates assuming a single-range Gaussian potential for the bound A particle.
What does this mean? Kumagai-Fuse et al. (1995) explained this discrepancy in terms of the
calculated radial distribution of the A particle. Using their A-nucleus potential, which again
shows an "outer attraction and inner repulsion" shape, they succeeded in accounting for the
experimental data.

Kurihara's theory (1982) predicts the central repulsion also for the 4-body system. Motoba et
al. (1991) investigated the pionic decay of both A=4 and 5 A-hypernuclei and remarked that a
potential with central repulsion gives a better description to ^He but a worse description to ^H
or ^He than a single-range Gaussian potential. It is an interesting problem whether the central
repulsion is a common feature among s-shell A-hypernuclei or not. Kumagai-Fuse et al.
(1995) reanalyzed the potential dependence of the pionic decay by precisely taking
antisymmetrization effects into account. The antisymmetrization brings about not only Pauli
suppression but also enhancement of the pionic decay as discussed by Dalitz and Liu (1959).

3.2.1 Antisymmetrization enhancement

In order to take precisely the antisymmetrization effect into account, Kumagai-Fuse et al.
(1995) determined final-state nuclear wave functions by using the resonating-group method
(RGM). The pionic decay width is proportional to

(13)

where sn ahdpn are the spin-nonflip and the spin-flip interaction constants (Dalitz 1958,
Dalitz and Liu 1959). In the calculation a value of 0.8,8 was used as the spin-nonflip ratio
s][l\s

2
p + pyi. The distorted pion wave function xic *s determined with a pion optical

potential of the MSU group (Strieker et al. 1979). The pion wave-number in the free-A
decay is /fc<0)= 100.5 MeV/c for the pir decay and 103.9 MeV/c for the n%° decay.

The most important term is the RGM norm kernel N, which expresses the antisymmetrization
effects on the pionic decay. Eigenvalues of the RGM norm kernel ys/ are given in Table 5,
where N is the total number of oscillator quanta. The lowest allowed state (y£T * 0) is a main
component of the ground state. When y£ r is zero, the decay is forbidden, and when it is
unity, the decay is not affected by the Pauli principle. Table 5 tells us that not only the
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suppression (y£ r <l) but also the enhancement ( / £ r > l ) of the pionic decay can occur in the
nucleus.

Table 5. Eigenvalues of the RGM norm kernel.

N 0 1 2 3

A=4 (S,7>(0,0) 4 0 1.333 0.889

(5,7)* (0,0) 0 1.333 0.889 1.037
A=5 ct-p 0 1.25 0.938 1.016

The enhancement by the antisymmetrization is indispensable to the two-body decay of ^H and
^He. Dalitz and Liu (1959) already pointed out the importance of the effect and treated it by a
simple kinematical factor of (l+n) for n~- (ft0-) decay, where n is the proton (neutron)
number within the core nucleus. The norm kernel is the extension of the kinematical factor in a
dynamical way, and takes into account the antisymmetrization for not only two-body but also
three-body pionic decay modes. In the case of ^H or ^He the two-body decay width is
enhanced by factor two which is the y£ r=4 in Table 5 times the t+p (or h+n) spectroscopic
factor 1/2 of the a (5=r=0) ground state. The three-body decay width of ^He is also
enhanced by the antisymmetrization by about 14% as a net, which is a sizable effect to fit the
experimental data.

3.3 Evidence for Central Repulsion Potential

The calculated decay widths for the A=4 hypemuclei are summarized and compared with the
experiments in Table 6. The pionic decay widths for Isle are generally larger than those for SG
in the three-body decays and smaller in the two-body decay. The reason is explained in the
subsection 3. J.I. In the case of ^H or ^He, since the two-body decay is not forbidden by the
Pauli principle, the ratio of the three-body to two-body decay widths is available. The ratio is a
crucial quantity to select the potential. Bertrand et al. (1970) reported event numbers in
emulsion data for various 7C-decay modes of ^H: 914 events for ct+7f decay, 301 events for
t+p+7r decay and 88 events for h+n+K-decay. As was done by Motoba et al. (1991) we
compare the theoretical ratios with the data:

V 7 r < ™ - : 0.329 (Isle), 0.227 (SG), 0.33 (Data),
(V- + / hnn- )^a7 i - : 0.456 (Isle), 0.316 (SG), 0.43 (Data).

This comparison shows that the potential with central repulsion gives better agreement.

The potential dependence of the other observed quantities concerning the pionic decay was also
examined. The decay widths and ratios obtained with the central repulsion potential shows
good agreement with the experimental data as a whole.
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Table 6. Partial decay widths of AH and AHe (unit in FA).

4TT

A "

a+Ttr

t+p+K-
h+n+jr
t+n+7c°

TT total

AHe

a+rc°
h+n+7t°
t+p+7E°
h+p+jr

7t° total

Isle

0.605
0.199
0.077
0.190

0.882

0.686

Isle

0.338
0.098
0.050
0.305

0.485
1.59

SG

0.705
0.160
0.063
0.159

0.927

0.760

SG

0.392
0.077
0.040
0.251

0.509
2.02

Exp.

0.69 (+0.12,-0.10) [*]

1.00 (+0.18,-0.15) [*]

0.69(10.02) [**]

Exp.

0.33(±0.05) [*]

0.53 (±0.07) [*]
1.59 (±0.20) [*]

* Outaefa/. (1995) ** Bertrand et al. (1970).

The two-body to the total K~ decay widths ratio (ran-/rn-) of AH is the most crucial
quantity to select the potential for A, as it is well determined to be 0.69 ± 0.02 (Bertrand et
al. 1970) from the old emulsion and bubble chamber data. The value 0.686 for Isle is
especially in good agreement compared with the value 0.760 for SG. The total 7t" decay width
and the 7C°/7t" ratio of AHe also favor the central repulsion potential. Thus, the pionic decay
widths of the A=4 hypernuclei provide a clear evidence for the central repulsion potential for
A for the first time.

4 Double-Strangeness Hypernuclei

Double-strangeness (S=-2) hypernuclei are of particular interest: What disturbance would be
raised when strange particles doubly enter into a nucleus? What nature would be revealed
concerning the AA and EN interaction? To complete the knowledge of baryon-baryon
interactions it is essential to understand the interaction in the 5=-2 sector which can be
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extracted from double-A, and E hypernuclei. Thus, the significance of S=~2 hypernuclei is

obvious.

There are, however, only a few existing data on AA hyperfragments which have been produced

in emulsion targets exposed to K' incident beams. The first two events were reported more

than 30 years ago and identified as ̂ B e (Danysz et al. 1963) and ^ H e (Prowse 1966). In a

recent experiment performed at KEK, the emulsion-counter hybrid technique was used (Imai

1991). Emitted K+ mesons from the emulsion target in the reaction K~ + p —» K+ + E~ were

tagged by a K+-spectrometer which not only ensured that the strangeness of -2 was transferred

to a nucleus in the emulsion but also gave a precise location of the reaction vertex. The track of

the escaped E" particle was followed up to its end point where a double-A hyperfragment was

formed (Aoki et al. 1991). This AA hyperfragment can be assigned as ^ B (Dover et al.

1991). Recent improvement of experimental techniques encourages us to search for a variety of

double strangeness systems.

4.1 Formation of AA-Hypernuclei

4.4.1. E~ stopped on 4He

The lightest double-A hypernucleus is especially important to be studied, because not only its
simple structure enables us to extract the interaction property but also its binding energy
provides a serious restriction on the possible existence of the so-called H-dibaryon. Theoretical
investigation predicted that the possible lightest double-A hypernucleus is ^ H (Nakaichi-
Maeda and Akaishi 1990).

Is there any way to produce double-A hypernuclei abundantly? Suppose the case where a S"
hyperon stops on a nucleus and forms a double-A hypernucleus. The Q value of the
elementary reaction process is 28.33 MeV;

S- + p - > A + A + 28.33 MeV. (14)

This Q value is accidentally very close to the binding energy of the alpha particle 28.30 MeV.
If an alpha particle is broken by absorbing a E" hyperon stopped on its atomic orbit, the
released (2-value energy is almost exhausted and two produced A's cannot get enough energy
to escape a hypernucleus. Then, there is a large chance for the hyperons to form a double-A
hypernucleus.

The formation rate of ^ H via stopped S~ on 4He was estimated by Kumagai-Fuse et al.
(1995b). All the reaction processes are followings:

E" • 4He -» A + A + p + n + n+ 0.03 MeV
-> A + A + 2H+n + 2.25 MeV
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—»
(15)

A + A + JE
A+A

3H
A+ *H
A+ *H*

JH

I
+ n

+ n

+ 8.51 MeV
+ 2.38 MeV
+ 10.55 MeV
+ 9.50 MeV
+ 2.83 MeV.

It is noted that the reaction Q values remain small for these processes. The phase volume of
final states is proportional to Qlf2 for two-body breakup and generally to Q(3«-5)/2 for n .
body breakup. Such small Q values favor the processes of two-body breakup.

Table 7 shows the formation rate and branching ratio of each process for atomic s- and p-otbit
absorptions of E~. The branching ratios of the four-body and five-body breakup processes are
negligibly small due to the small phase volumes. Zhu et al. (1991) investigated the double-A
hypernucleus formation via E" capture in 6Li and showed that the brahching ratio of the ^ H e
formation amounts to 3 %. They also argued that in the case of 4He-E' the formation of ^ H
is forbidden for the p-orbit absorption, because the angular momentum must conserve.
However, this is not the case in the light nucleus, since the center-of-mass coordinate of core
nucleus is different before and after the reaction.

In the case of the ^ H formation, the rate is suppressed by final-state interaction for the j-orbit
absorption while it is enhanced for the p-orbit absorption. This situation is explained in
relation to the existence of a bound state. When the system of ^ H + n has a bound state J^H
which concentrates the neutron $-wave strength, the formation rate is largely suppressed in the
j-orbit absorption case. On the other hand, when the distortion potential becomes stronger but
still has no bound state, the maximum of the formation rate moves toward the smaller-Q side
and becomes higher. The ^ H formation rate from the p-orbit absorption is greatly enhanced
and amounts to 20 %. Now we consider the atomic cascade process of S ' in 4He. The S"
capture fractions from atomic s and/? orbits were estimated to be 25% and 73%, respectively
(Kumagai-Fuse et al. 1995b). Thus, a large branching ratio of 15% is obtained for the ^ H
formation.

Table 7. The formation rate and branching ratio from S" stopped on 4He.

Process j-orbit absorption (10 /s) /?-orbit absorption (10 /s)

0.73 [20.1%]
0.61 [16.9%]
1.89 [52.2%]
0.39 [10.8%]
0.00 [0.05%]

jH+n
A + AH

A + *H*
A + A +3H

A + IH+ n

0.04 [ 1.5%]
0.41 [15.2%]
1.27 [46.7%]
0.94 [34.7%]

0.05 [1.9%]
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4.1.2. E~ stopped on 9Be

The breakup of an alpha particle or an alpha cluster benefits the formation of double-A
hypernuclei. There is another way to populate double-A hypernuclei. The 9Be nucleus is a
preferable target for that purpose. Suppose that a E" hyperon stops on 9Be, which has a well-
developed cluster structure of a+a+n, and reacts with one of the alpha clusters. Then, a variety
of double-A hypernuclei can be formed:

a + n + n
6He

+ a + n
+ p + n + n + n

d + n + n
t + n

+ 1.3 MeV
+ 2.2 MeV

+10.9 MeV
+ 9.4 MeV
+ 11.6 MeV
+17.8 MeV

(16)

-» others (AA
9He, AA

9Li).

Again, the Q values remain relatively small, because one of the a clusters is broken.

Now the problem is how to identify the produced double-A hypemuclei. A useful means is to
observe pion spectra from the characteristic weak decay of hypernuclei. For example, ^ H has
a series of two-body weak decays:

AAH -» AHe + 7T, then AHe -» a + rc0

-> AH +7c°, then AH -> a + jr. (17)

The discrete pions are the unique signal of the ^ H formation. In the case of AH —> a + n~ and
t + p + 7t~, the discrete n~ has a large branching ratio of about 70% as discussed in Sec.3.2.
This large ratio is due to the antisymmetrization between a proton born from A and a proton
included in the triton cluster.

Figure 14 shows the n~ spectrum from the weak decay of various single-A and double-A
hypernuclei which will be produced from the 9 B e S " atom. The most characteristic
hypernucleus is ^ H which emits a high momentum TV

because the residual nucleus is a tightly-bound alpha particle. Its momentum is even larger than
the well known one from AHe and thus the formation of ^ H should be easily identified. On
the other hand, the low-momentum peak from ^ H e , however, may disappear into the
continuum n~ spectrum.
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Fig. 14. The characteristic n~ line spectrum of the weak decay of hyperfragments
from the 9BeE" atom.

4.2 Double-Strangeness Five-Body System

The S=-2 five-body system is composed of JH and ^ H (Khin Swe Myint et al. 1994). An
interesting feature of this system is that the pZ* channel comes closer to the AA channel due to
the large binding energy of the alpha particle. The threshold difference is reduced to 8.51 MeV
in this case from the mass difference 28.33 MeV between pS" and AA. The mixture of pS~ and
AA components is an interesting quantity since it has a relation to the H-dibaryon in the flavor
SU(3) singlet state.

The S=-2 interaction includes couplings among AA, NE, AZ and ZZ channels. Khin Swe
Myint et al. used a potential truncated into the AA and NE' channels obtained from the
Nijmegen model-D potential (Nagels et al. 1975). The two-channel coupled equation of t-A-A
and t-p-S" was solved by the complex rotation method (Aguilar et al. 1971) which makes it
possible to treat resonance and bound states on the same footing.

(19)

where 1/(8) is a transformation defined by
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(20)

Under this transformation, a divergent resonance wave function becomes convergent, and the

resonance position and width can be obtained by using a bound-like wave function.

In the system a S-hypernuclear state exists at 6.8 MeV above the t+A+A threshold, that is, at -
1.7 MeV below the a + E ' threshold. The state is open in the t+A+A, the *H*+A and the
*H+A channels. From the detailed calculation by Kumagai-Fuse and Akaishi (1995) it was

found that the conversion width of =H is narrow, which is only F= 0.8 MeV.

Fig. 15. The density distribution of E" in the aE~ system.

•The dashed curve denotes the ct-E' potential.

The binding mechanism of this system is interesting. In the ocE" system there exists an atomic

Is state with 24.0 fm rms distance. The Coulomb interaction gives a binding energy of 0.1

MeV for E". The strong interaction between a and S" brings about a shallow bound state with

0.5 MeV binding energy and 5.3 fm rms distance. When both strong and Coulomb interactions

are combined, the binding energy increases to 1.6 MeV but the rms distance remains still large

to 4.0 fm due to the long-range nature of the Coulomb interaction. This bound state ^H is a

'strangeness-halo' hybrid state: The Coulomb interaction ensures the existence of this state

while the strong interaction maintains the nature of a nuclear state. Both the Coulomb and
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strong interactions play important roles in forming this exotic state.

There also exists a bound state ^ H with E= -6.3 MeV below the t+A+A threshold. The
mixture of E~ component in this state is only 1.0 %. The formation of a from t + p lowers the
threshold of the pZ~ channel but at the same time weakens the coupling potential with a small
spin-isospin weight of the pE' singlet state which contributes to the conversion process. Thus,
the bound state becomes an almost pure ^ H state.

The two A particles in the ^ H state can decay into p and Z~, and if the decay products p and t
form an a particle, it would give a larger Q value as ^ H -> a + Z~ + 109.1 MeV compared to
A + A -»Z~ + p + 95.56 MeV. The mono-energetic Z" of 82.5 MeV is a clear signature of
the^H formation. The observation of this discrete energy would provide new information
concerning AA weak interaction.

5 Concluding Remarks

We have seen that the hyperon-nucleus potential generally has a peculiar shape of "inner
repulsive and outer attractive" and that the bound states are more or less like a halo. The
experimental observables which are sensitive to the wave functions are well explained by this
feature.

5.1 L-Hypernuclei

The observation of ^He at KEK and at BNL is a milestone of the study of Z-hypernuclear
systems. The nucleus-Z potential derived from the realistic ZN interaction is characterized by
the short-range central repulsion and the strong Lane term. Two types of possible existence are
suggested about Z-hypernuclei from the characteristic properties of the potential:

Hypernuclear bound state: This is the case of ^He. The state has a binding energy B(L+)
= 4.4-4.6 MeV and a conversion width F = 7.9-19.1 MeV depending on the ZN potential
model employed. The Lane term of the nucleus-Z potential makes the system bound and the
total isospin almost pure. The central repulsion plays an important role in reducing the
ZN —> AN conversion width of the Z-hypernucleus.

Coulomb-assisted hybrid bound state: This is the case of *^Hg. The Coulomb and the
centrifugal potentials close up the surface region of the nucleus, where a peculiar shape of the
strong interaction makes the hybrid state of narrow width exist. The state may provide useful
information concerning Z-hypernuclear Is splitting because it is proportional to the large
angular momentum. The 208Pb(K~,7t+) reaction at P^= 300 MeV/c is a possible means to
produce the /i-wave hybrid state, because it selectively excites substitutional states among
dense levels of the heavy nucleus.
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5.2 Double-Strangeness Hypernuclei

The breakup of an alpha particle/cluster benefits the formation of double-A hypernuclei. The
conversion reaction from E~ stopped on 4He produces the lightest double-A hypemucleus ^ H
with a high branching ratio of 15%. The identification of ^ H can be done by detecting
monochromatic pions via the pionic weak decay. The experimental observation is awaited.
The stopped E" on 9Be produces a variety of double-A hypernuclei. Their formation can be
identified with discrete pion spectra, which enable us to determine binding energies of
produced hyperfragments. Thus, the mass spectroscopy of double-A hypernuclei becomes
possible by detecting their characteristic pionic decay.

The =H state is bound by the cooperation of the Coulomb and the strong interactions. The
Coulomb interaction ensures the existence of the bound state, while the strong interaction keeps
it as a 'halo' nuclear state. The ̂ H state is an almost pure AA state with only 1% admixture of
the S" component. This state can decay through a non-mesonic process A+A—»Z"+p which has
never been observed yet.

Through the above, we can have a glimpse of the "strangeness -2 world". It gives us the
impression that S=-2 rich physics is in no way inferior in diversity to ordinary nuclear matter
without strangeness. Further experimental investigations of this interesting frontier require
high-intensity strangeness beams. It is to be noted that a new 50 GeV synchrotron being
planned in Japan will help to create a unique playground on strangeness nuclear physics.
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