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Let me try to explain as best I can.



@ RIKEN (~1970): Pioneering PAD 
Experiment


Discovery: proton orbital g-factor 
 (pionic effect)geff

ℓ = 1.09 ± 0.02

Nuclear Moment

† Perturbed angular distribution

γ

VOLUME 25, NUMBER 8 PHYSICAL REVIEW LETTERS 24 AUGUST 1970

ANOMALOUS ORBITAL MAGNETISM OF PROTON DEDUCED FROM
THE MAGNETIC MOMENT OF THE 11 STATE OF ' Pog

T. Yamazaki and T. Nomura
Department of Physics, University of Tokyo, Bunkyo-ku, Tokyo, Japan,

The Institute of Physical and Chemical Research, Yamato-machi, Saitama-Ken, Japan

and

S. Nagamiya* and T. Katou
The Institute of Physical and Chemical Research, Yamato-machi, Saitama-Ken, Japan

(Heceived 1 June 1970)

The g factor of the 24-nsec (h@2i~@2) 11 state of Po has been determined to be
1.090+ 0.016 by the spin-rotation method in the reaction Pb(o.', 2n). The anomalous
g&' factor of 1.09+ 0.02 has been deduced from this value and the known g factor of

. ef' eff
h&g2 under the assumption of the renormalized single particle operator p, =g, '1+g, s.

In a previous Letter' we reported on a mea-
surement of the g factor of the (h, g,') 8 state of"Po, which turned out to be equal to that of the
he„state of '"Bi within 1% error. We discussed
a possible blocking effect of the occupying parti-
cles on the (h»g, 'h, h) 1+ type spin polarization
and concluded from the observed additivity that
such spin polarization mechanism is only a par-
tial contributor to the large deviation from the
Schmidt value. A question was then raised as to
whether the g, factor is 1 or not.
So far many theories' ' have predicted such

corrections that can be renormalized into the
orbital magnetism g,l, but no clear experimental
evidence has yet been found mainly because a
larger anomaly in the spin part g, s exists. In
order to elucidate this point we tried to measure
the g factor of the (h, y,&»y,) 11 state of '"Po in
which the spin contributions are nearly cancelled
out so that the g factor should be nearly equal to
g,. A preliminary result (g= 1.05+ 0.20) was re-
ported three years ago by one of the authors, '
but the present result has an accuracy sufficient
to demonstrate for the first time that the effec-
tive orbital g factor in question is really anoma-
lous. In the following we present the experimen-
tal result and discussions.
A metallic "'Pb target of 30 mg/cm' thickness

was bombarded with 30-MeV + particles from
the Institute of Physical and Chemical Research
cyclotron to populate the 11 isomeric state"
of 24-nsec half-life of '"Po in the reaction
2o'Pb(n, 2n)'"Po. A relevant level scheme is
given in Fig. 1(a). A 30-cm' Ge(Li) detector was
placed at 135' to the beam to measure the time-
differential perturbed angular distribution of de-
layed y rays between the natural beam bursts of
120.0 nsec interval. The total counting rate in
the detector was around 3 x10' cps without ap-

I 11 ) = (1-o")' ' I h, /, t „g,; 11 )
+ c.I (h, g, ') 8+, (8~,)3; 11 ). (2)

The second term is important especially for the
11 - 8+ E3 transition and its squared amplitude
was estimated to be 0.05 from the analysis"" of
the experimental &(E3). The magnetic moment
due to the second term can be estimated using

preciable loss of energy resolution. An external
magnetic field of 19.05 kG was applied up and
down perpendicularly to the beam-detector plane.
The experimental procedures were similar to
those described earlier. '"
Energy and time spectra were taken by a 4096-

channel two-parameter pulse-height analyzer
(256 time channels x16 energy channels). The
energy channels covered both the 1180-keV 2'-0' and the 1292-keV 11 -8' y rays. Time dif-
ferential patterns R(t) =(N (t) N(t))/(-N (t)
+N~(t)) as shown in Fig. 1(b) yielded su~(y1292)
=101.0+ 1.5 MHz and (u~(y1180) =82.5+ 1.3 MHz.
The latter is predominantly the Larmor frequen-
cy at the 110-nsec 8+ state with small correction
due to partial feeding from the 11 state, which
turned out to be compatible with the previous
measurement' within the experimental error.
The former ~s the Larmor frequency of interest
at the 24™~n~ c 11 state. There is a long-lived
tail in the time distribution of the 1292-keV y
rays, which is supposedly due to another isomer-
ic state of 78 nsec half-life, ' but the Larmor
frequency obtained above was free from distur-
bance of this tail. After the correction for the
Knight shift of 1.47%" we obtain

g(11 ) = 1.090 + 0.016.
The wave function of the 11 state of "Po is

expressed as
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the g factors of the 8' state of '"Po' and the
3 state of "'Pb." Hence, we have for the first
term

g ((h y i„g ) 11 ) = 1.104+ 0.017.
Because this state is of the unique configuration,
we can deduce g(i»„) by use of the known value'4
of g(h„,). The results are shown in Table 1 to-
gether with the Schmidt estimate.
It is seen that the deviation from the Schmidt

value (&g or Ap) for the i»h orbital is rather
small in contrast to the case of the h, g, moment.
The contribution of the core polarization calcu-
lated by Arima and Horie" is presented in col-
umn 6 of the table. While &IL„&,(h, g,) is too
small to be compared with hp, ,„z(h,g2), Ib p „I,
x(i»g, ) I is rather too large to be compared with
I b, p,„z(i»g,) I. This fact readily suggests that g,
might be anomalous.
Let us classify all possible corrections to mag-

netic moments into two parts, one proportional
to spin s and the other independent of spin direc-
tion. Phenomenologically, we can express a re-
normalized single-particle moment as

for
—-0.1—
+
z:
Z:
I +O. l—

Burst

120.0 nsec

~L= IQI.Q+ 1.5MHz
g =1090+0.016

Burst
A
U

~ )~1 (4)
An experimental value of g( jl) gives a linear re-
lation between g, ' and g, ' . In Fig. 2 are
shown two lines corresponding to the experimen-
tal values, g'"P(h, g,) and g'"I'(i»y, ), presented in
Table I.
If we assume that g, ' as well as g&' is the

same for the two orbitals h, g, and i„g» then the
cross point of the two lines determines a unique
set:

-01— +13MHz

g =0891+0.014
I I I I I I I I I I I I I
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= Time (nsec)

(B)
FIG. 1. (a) Level scheme of OPo associated with

the high-spin isomeric states, populated in the reac-
tion ~08Pb (u, 2n) OPo, as proposed by Yamazaki (Ref.
10). (b) Time-differential spin-rotation patterns for
the 24-nsec 11 state of ' Po (upper) and for the 110-
nsec 8+ state of Po gower). Counts N andX eorre-
spond to the external magnetic field up and down, re-
spectively. Because of the long-lived tail in the time
spectrum the quantity N~+ N is replaced by a decay
function of 24 nsec half-life in the upper ease. The
solid curves are best-fitted ones. Various types of
normalization and functions yielded the same Larmor
frequency.
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g, ' = 1.09+ 0.02,
g, "'= 3.1~ 0.2.

Under this assumption the g factor of the two-
particle state is shown to be nearly equal to
g, as follows:

(6)

g& jx=~x+-', jm=i. --',' ~ =i, +i,)
eff eff effgl + g(2f 1)(gs gl )'

As far as the spin polarization of the core is
concerned, the two-body interaction of the &-
function type leads to g, ' 's that are nearly in-
dependent of the orbitals (except for the P,g,
orbital), as shown by Arima and Horie. Column
7 of Table 1 presents g, ' (i»g, ) and g, ' (h, h)

208Pb(α,2n)210Po*
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💡 µ- bound to a nucleus → µSR††


- µ-A g-factor (relativistic effect)


- Solid-state physics applications


→ To LBL (184" cyclotron)

Nuclear Moment MuonEarly 70s

†† muon spin rotation

e-µ-
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R E L A T I V I S T I C  E F F E C T  ON M A G N E T I C  MOMENTS O F  
N E G A T I V E  MUONS BOUND TO HIGH-Z N U C L E I  ~ 

T. YAMAZAKI, S. NAGAMIYA, O. HASHIMOTO, K. NAGAMINE and K. NAKAI 
Department of Physics, Faculty of Science, University of Tokyo, Bunkyo-ku, Tokyo, I13, Japan 

K. SUGIMOTO 
Department of Physics, Faculty of Science, Osaka University, Toyonaka, Osaka 560, Japan 

and 

K.M. CROWE 
Lawrence Berkeley Laboratory, University of California, Berkeley, CA 94720, USA 

Received 5 September 1974 

The g factors of the negative muons bound to Zn, Cd, and Pb nuclei have been determined. The observed values 
after the corrections for the internal fields have shown substantial deviations from the free-muon g factor: (gfree'g)/ 
gfree is (1.3 +0.6)% for Zn, (2.2 ± 1.4)% for Cd, and (5.0 ± 2.2)% for Pb. These shifts are in good agreement with 
the relativistic binding corrections for finite-size nuclei calculated by Ford etal. 

In 1928, following the Dirac theory of the electron, 
Breit [1 ] predicted that the electron in a K-shell orbit 
must possess a g factor different from the free-electron 
value (gfme = - 2 )  due to its relativistic motion. He 
gave the following estimate for a point nucleus of 
charge Ze : 

gfree-g_ }(1 - ~/1 -o~2Z 2) ~ ~(0~Z)2 = }(~/c) 2 . (2) 
gfree 

More general expressions were derived by Margenau 
[2]. While this effect was not examined in ordinary 
atoms because of the lack Of techniques to measure the 
g factors of deeply bound electrons, it is straightforward 
to study this effect in the ground states of muonic 
atoms which consist of one muon in the st/2 state and 
a zero-spin nucleus. The first observation of the Breit 
effect was done in 1961 by Hutchinson etal.  [3] who 
determined the g factors of the bound muons in light 
elements up to Z = 16. Their values agreed well with the 
estimate (1). At the same time Ford et al. [4] made a 
comprehensive calculation of all the possible effects on 
the bound-muon g-factor. The largest is the binding 

Work supported by the National Science Foundation, Japan 
Society for the Promotion of Science, the Mitsubishi Foun- 
dation, and the U.S. Atomic Energy Commission. 

correction due to the Breit effect, which, however, 
shows considerable deviation from the point nucleus 
estimate (1) starting around Z = 16, because of the 
nuclear finite size. The data in ref. [3] favored the 
theoretical values of Ford etal.  though the finite-size 
corrections for those light nuclei are small. It is ob- 
viously interesting to extend such measurements to 
heavier nuclei, where greater effects are expected, but 
it becomes exceedingly difficult to determine the g fac- 
tors precisely because of the shorter lifetimes and the 
smaller yields of decay electrons. We have been meas- 
uring the negative muon spin processions in various 
heavy elements, and this is the first report on the bound- 
muon g factors for Zn (Z = 30), Cd (Z = 48), and 
lab (Z = 82). The ~tSR (muon spin rotation) method 
was employed, in which the rotation of the angular 
asymmetry of decay electrons associated with the 
Larmor precession of the muon spin in the presence 
of an external transverse field is observed time-diffe- 
rentially. The diamagnetic metals of Zn, Cd, and Pb 
were used as the targets, for which Ignatenko etal. 
[5] already observed spin processions but obtained no 
accurate precession frequencies. 

We used a muon beam in the so-called meson cave 
at the 184-in. synchrocyclotron at Lawrence Berkeley 
Laboratory. Negative pions were produced at the 
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Triumph at TRIUMF

• Zero-field µ+SR method invented


• Ideal for studying magnetic phase transitions


• Applied to spin glass, high-Tc superconductors, etc.


• Still widely cited today
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Zero- and low-field spin relaxation studied by positive muons

R. S. Hayano, Y. J. Uemura, J. Imazato, N. Nishida, T. Yamazaki, and R. Kubo
Depari'ment of Physics, University of Tokyo, Bunkyo-ku, Tokyo, Japan

and TRIUMF, Vancouver, Canada
(Received 27 February 1979)

Zero- and low-field spin-relaxation functions have been studied for the first time by using po-
sitive muons, and results are compared with the stochastic theory of low-field relaxation formu-
lated by Kubo and Toyabe. The dipolar broadening of the zero-field relaxation has been studied
in detail. In ZrH2, the zero-field relaxation function of p, + has been found to decay (5)' times
faster than the high-field relaxation function, which is explained in terms of the contribution of
the nonsecular part of the dipolar interaction. Advantages of the zero-field method over the
conventional muon-spin rotation method in practical applications, especially for studies of the
p, + diffusion/trapping, are discussed,

I. INTRODUCTION

In this paper, we report on the study of zero- and
low-field spin-relaxation functions using positive
muon (p+). Theoretically, the zero- and low-field re-
laxation functions, where random fields exceed an
external field, were formulated in a general stochastic
treatment of Kubo and Toyabe. ' Experimentally,
however, no work has been done on this subject sim-
ply because NMR techniques are not applicable to
very low resonance frequencies. On the other hand,
using p, +, we can easily observe relaxation functions
at any external field; p, + is a radiative probe which
emits a positron preferentially along its spin direction,
so that the relaxation function can be observed from
the time variation of the p, —e decay asymmetry
without rf field, though the time window is limited by
its lifetime r„=2.20 psec. Furthermore, it is a pure
magnetic probe (since its spin is —,) with a large
gyromagnetic ratio y„=2m & 13.554 x 10' /Qe/sec.
Usually, the relaxation of the p,+ spin is studied via

the muon spin-rotation method by applying a
transverse magnetic field to measure the positron
time spectrum

%„(8,r) =Xoexp(—t/r„)
x [I +AG„(t) cos(8 —cu~t)]

where G„(r), the envelope of the damping of the
Larmor precession, represents the transverse relaxa-
tion function. Another way of measurement is called
the "longitudinal-field" method where we simply
apply a longitudinal external field (including zero
field) to the p,

+ spin and observe the longitudinal re-
laxation function G, (r) in the expression

N, (8, t) =Woexp( r/r~)—
x [I +AG, (t) cos8]

We employ this method at TRIUMF, since, as will be
shown later, this method is superior to the
transverse-field method in many respects.
After a brief description of the experimental pro-

cedure in Sec. II, we will discuss the following topics.
In Sec. III, the first observation of the zero- and
low-field relaxation function in MnSi is reported.
The observed function was found to be a typical ex-
ample of the static limit of the Kubo-Toyabe relaxa-
tion function, indicating that the relaxation is caused
by static nuclear dipolar fields. In Sec. IV, the effect
of muon diffusion is taken into account and general
expressions for G, (r) and G„(r) are derived. It is
shown that even an extremely slow muon diffusion
can be detected by using the zero-field relaxation
function whereas the conventional high-field
transverse relaxation function is insensitive to such
an effect. In Sec. V, the static dipolar width of the
zero-field relaxation is compared with that of the
high-field transverse relaxation. Both an intuitive
classical picture and a rigorous quantum mechanical
derivation will be presented to obtain the relationship
between the two. It is found that the zero-field re-
laxation function can decay (5)'~' times faster than
the high-field relaxation function due to the contribu-
tion of the nonsecular part of the dipolar interaction,
which is experimentally demonstrated by observing
both G„(r) at high field and G, (t) at zero field in a
ZrH2 sample. We will discuss the dipolar width in
the case of rapid p, + diffusion in Sec. VI, and sum-
mary will be given in Sec. VII.

II. EXPERIMENTAL METHOD

In Fig. 1, a schematic drawing of the longitudinal-
field setup is presented. Polarized muon beam is
slowed down in a polyethylene degrader, collimated
to typically 1.9 cm in diameter and stopped in the

20 1979'The American Physical Society
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FIG. 1. Schematic drawing of the longitudinal-field setup.

sample placed at the center of the longitudinal coils
as shown in the figure. Two sets of positron tele-
scopes are placed at 0 ' (EFl,EF2) and at 180 '
(EB1,EB2) to the beam to detect p, —e decay posi-
trons. Each counter is square in shape (30 x 30 cm2),
and has a 7.5 cm round hole in the center so that it
does not see the muon beam directly. Two time
spectra, one for each telescope, are accumulated.
Since the angular distribution of decay positrons is
expressed by Eq. (2), G, (t) is obtained by taking the
time-differential ratio of two spectra

N, (0, t) —aN, (rr, t)
N, (o, t) + aN, (~,t)

after proper background subtraction. Thc instrumen-
tal forward/backward asymmetry e is usually close to
1 in this setup. In many, cases, a can be determined
self-consiste~. tly by fitting the data, when thc relaxa-
tion time is definitely shorter than the observation
time window, 0—16 p,sec. This simple method has
been proven to be quite powerful an studyang the
spin-lattice relaxation time (T~) of the tt, spin in
magnetic substances. ' This method is readily appli-
cable to the studies of zero- and low-field relaxation
phenomena.

field relaxation function; G, (t) at zero field initially
sho~s a Gaussian-like decay, but is followed by a
recovery of asymmetry to —, . According to thea

Kubo-Toyabe theory, this recovery of asymmetry to
3 is an unmistakable evidence for the static character
of random fields. In other words, the p,

+ is definitely

(T =285K)

III. RELAXATION DUE TO STATIC NUCLEAR
DIPOLAR FIELDS—p,+ IN MnSi

As a typical example, we measured G, (t) of the tt,
+

in MnSi at room temperature for longitudinal fields
of 0, 10, and 30 Oe, as sho~n in Fig. 2. From the
figure, we note the characteristic feature of the zero-

6 8
TIME (p, sec)

FIG. 2. Observed p,+ longitudinal relaxation functions in
MnSi at room temperature with 0, 10, and 30 Oe external
fields. . The solid curves are the best fits to Eq, (10).
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2. HypernucleiMuon ν

- LBL: no µ–Pd spin precession  
→ puzzling


- LAMPF: µ-Pd X-ray circular 
polarization

mid 80s
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Circular Polarization of Muonic X Rays and Origin of Strange p Depolarization in Pd Metal

T. Yamazaki, R. S. Hayano, J. Imazato, and K. Negamine
Department of Physics, University of Tokyo, Bunkyo-ku, Tokyo, Japan

C. Y. Huang
Los Alamos Scientific Laboratory, Los Alamos, New Men co 87'545

F. Boehm
California institute of Technology, Pasadena, California 91125

(Received 19 September 1977)
The circular polarization of muonic x rays has been measured in order to investigate

the mechanism of the unexpectedly fast depolarization of the negative muon in Pd metal
as observed by the negative-muon spin-rotation method. A large circular polarization
consistent with the maximal theoretical value was observed in both Pd and Cd metals,
showing that the polarization is preserved up to the time the muon reaches the ls atomic
ground state.

It has been known from negative-muon spin-
rotation experiments' that the p is depolarized
in some transition metals. During our recent
studies of muon spin rotation, ~ 4 it was found that
the p-e decay electrons from p Pd show no asym-
metry even at a temperature of 4. 2 K, indicating
that the muon spin is completely depolarized. '
If a muonic atom with nuclear charge &e behaves
exactly like an impurity nucleus of apparent
charge (&—l)e, we can estimate the relaxation
time &, for p. Pd to be 16 @sec at &=4 K from
the existing Rh NMR data PdRh, ' but this &, is
much longer tha, n the muon lifetime in Pd (0. 1
psec). Insofar as this fast depolarization takes
place in the ground state of LLt Pd, as is usually
believed, the absence of muon spin rotation sig-
nal (&,& 50 nsec) would indicate the existence of
a giant hyperfine anomaly between p Pd and its
equivalent nucleus Rh, which may result from the
difference in the charge distribution between
p, Pd and Bh, as discussed in Ref. 2. It can be
expressed in terms of a dynamic hyperfine anom-
aly,

&,= t. (g'T, ~)„-pdl 'j[(g'&p')Rhj '&300,
where g is the Landh factor; g(tj, Pd) =—17.41'»
and g(Rh) = —0. 177tL». In other words, the
p Pd would feel more than 17 times as much en-
hanced contact field as nucleus Rh does. Such a
large anomaly seems very unlikely based on the
present understanding of the hyperfine field.
Therefore, we asked the question whether the
muon spin becomes depolarized during or even

before the muonic cascade by the interaction of
the muon magnetic moment with the huge per-
turbing field from the polarized electron clouds
surrounding the capturing nucleus.
In order to distinguish between these two alter-

natives, the measurement of the circular polar-
ization of the muonic E x ray is essential. In
the absence of the early-stage depolarization
mechanisms, each muonic state of angular mo-
mentum j has the following polarization with re-
spect to the initial beam polarization o„:

j.

P() -="'=
333

for j=l+&,
for j=E—2~

(2)

provided that the direction of the muon momen-
tum is completely randomized at the formation
of the muonic atom and that the 2P states are fed
by a series of stretched (j-j—1) El transitions. '
Thus, the muonic x rays emitted at 0' with re-
spect to the muon beam polarization of 10(Po
should have large circular polarization as shown
in Table I, while the circular polarization would
be missing if p is depolarized during the cas-
cade. The values in Table I provide a theoreti-
cal upper limit of the circular polarization.
The experiment was performed at the stopped-

muon channel of the Clinton P. Anderson Meson
Physics Facility (LAMPF). The experimental
arrangement is shown in Fig. 1. A thin Pd wire
with impurity concentration below 5 ppm was cut
and stacked to form a 5 cm&&5 cm&&4 g/cm' tar-
get. This sample is the same as used in the pre-
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2. HypernucleiMuon ν

- LBL: no µ–Pd spin precession  
→ puzzling


- LAMPF: µ-Pd X-ray circular 
polarization → anomaly traced to 
1s state


- SUNY: Schrock's questions → 
Toshi's first hears of the (then-
hot) heavy-ν problem

mid 80s

νμ⟩ =
3

∑
i=1

Uμi νi⟩, (mν3
≳ ∼ 10MeV/c2??)



2. HypernucleiMuon ν

- KEK:  (µ momentum 
measured); extra peak expected 
if heavy ν  

K+ → μ+ν

mid 80s
VOLUME 4P, NUMBER 18 PHYSICAL RK YIKE LKTTKRS 1 NovEMBER 1982

~B. I. Halperin and D. R. Nelson, Phys. Rev. Lett. 41,
121 (1978); D. R. Nelson and B. I. Halperin, Phys. Rev.
B 19, 2457 (1979).
3D. Frenkel and J. P. McTague, Phys. Rev. Lett. 42,

1632 (1979).
4F. F. Abraham, Phys. Rev. Lett. 44, 463 (1980).
'S. Toxvaerd, Phys. Rev. Lett. 44, 1002 (1980).
6S. T. Chui, Phys. Rev. Lett. 48, 933 (1982).
Y. Saito, Phys. Rev. Lett. 48, 1114 (1982).
8This operator is formally similar to the effective-

vacancy operator that has been shown to be important
in the Monte Carlo renormalization-group analysis of
the q = 4 Potts model. See R. H. Swendsen, D. Andel-
man, and A. ¹ Berker, Phys. Rev. B 24, 6732 (1982).
~This configuration can also be regarded as a row of

alternating vortices and antivortices, as can the "flat"
vortices discussed later in the text.
'oP. A. Heiney, R. J. Birgeneau, Q. S. Brown, P. M.
Horn, D. E. Moncton, and P. W. Stephens, Phys. Rev.
Lett. 48, 104 (1982).

Heavy-Neutrino Search Using K„2 Decay
R. S. Hayano, T. Taniguchi, T. Yamanaka, T. Tanimori, R. Enomoto, A. Ishibashi,

T. Ishikawa, S. Sato, T. Fujii, and T. Yamazaki
DePartment of Physics and Meson Science laboratory, Eaculty of Science, Vnioersity of Tokyo, Bunkyo ku, -

Tojyo lla, Japan

S. Kurokawa and S. R. Schnetzer
National Laboratory for High Energy Physics, Oho-machi, Tsukuba-gun, Ibaraki 305, Japan

Y. Takada
Institute ofApplied Physics, University of Tsukuba, Sakura-mura, ¹iihari-gnn, Ibaraki 305, Japan

(Received 22 July 1982)

The muon momentum spectrum in K 2 decay has been measured by using a high-resolu-
tion magnetic spectrograph to look for a discrete muon peak associated with heavy-neu-
trino emission. The spectrum revealed no distinct peak, and the upper bound of the mix-
ing ratio between the muon neutrino and a massive neutrino. has been determined to be
10 4—3.0 6 in the mass range of 70-300 MeV/c~.
PACS numbers: 14.60.Gh, 13.20.Eb

Neutrinos are generally considered to be mass-
less in the conventional theory of weak interac-
tions. Experimentally, a finite neutrino mass
cannot be excluded, especially if we take serious-
ly the nonzero value of 14-46 eV/c' reported for
the electron neutrino. ' For other types of neu-
trinos, the present limits are m(v„) &0.57 MeV/
c',' and I (v, ) & 250 MeV/c'. '
Finite (and nondegenerate) neutrino masses im-

ply neutrino flavor mixing since the weak neutrino
eigenstates v„v„, and &, are, in general, not
mass eigenstates themselves, but linear combina-
tions of the neutrino mass eigenstates as

v, =+U„v; (l =e, p, r, . . . ; i = 1,2, 3, . . . ).
The current belief is that the mixing matrix is
nearly diagonal, i.e., &, is dominantly coupled to

v„v„=~„an& v, =—v, . In a series of papers
Shrock' emphasized that there is a very interest-
ing possibility that some of the neutrino mass
eigenstates including unknown generations are so
heavy that they may show up with probability
I U, ~l' in a two-body decay spectrum, well sepa-
rated from the dominant peak. Such a possibility
cannot be excluded by the presently known experi-
mental evidences. On the other hand, neutrino-
oscillation experiments' are only sensitive to
small mass differences with relatively large mix-
ing, and thus they cannot detect small mixing of
heavy neutrinos.
A sensitive test of this interesting idea was pro-

posed by Shrock, and involves measuring the lep-
ton momentum spectrum in two-body leptonic de-
cays of pseudoscalar mesons, such as ~&l2 or ~l2 ~

1982 The American Physical Society 1305

1982 @ KEK: Heavy-ν search → no extra peak 

VOLUME 49, NUMBER &8 PHYSICAL REVIEW LETTERS I NOVEMBER 1982

The signature of a heavy-neutrino emission would
be a discrete peak at

p, =~Wc[1+x'+y' —2(x+y +xy)j'",
where M is the parent mass, x =~&'/lI', andy
=m, '/M'. The intensity of this extra, peak M'- l'v;, relative to that for the conventional decay
M'-l'v), is related to the neutrino mixing ratio
IU„I' as

where p is a kinematical factor including phase
space

[x+y —(x -y)'][1+x'+y' —2(x+y +xy)]'"
x(l -x)'

which enhances heavy-neutrino emission with re-
spect to helicity-suppressed massless neutrinos.
As summarized in Ref. 4, presently available

data can exclude only a small region in a neutrino
mixing versus mass plane; a dedicated experi-
ment which looks for heavy-neutrino emission
with high sensitivity and with a large mass win-
dow (since we do not know what values to expect)
is theref ore worthwhile.

Because of the larger mass window available,
we decided to use the & decay. In Ref. 6, we al-
ready reported on a survey experiment measuring
a range spectrum in &» decay. Here, we report
on the result of our new dedicated experiment us-
ing a high-resolution magnetic spectrograph with
a wider momentum range (100—250 MeV/c) and
much better momentum resolution [full width at
half maximum (FWHM) -1"/o]. Furthermore, we
employed a very effective photon veto system us-
ing Nai(TI) counters to suppress the continuum
background. Thus, we increased the sensitivity
and the mass range. The motivation and design
aim of this experiment are also described in Ref.
7, where an argument is made that the expected
v„mass may fall in the mass range just covered
by the present experiment (70-300 MeV/c').
Figure 1 shows a schematic diagram of the

spectrograph. The experiment was performed at
the K3 beam channel of the 12-Geg proton syn-
chrotron at the National Laboratory for High Ener-
gy Physics (KEK). A dc-separated 550 MeV/c
+ beam was degraded in a 7-cm-copper degrad-
er, and was stopped in ten layers of plastic scin-
tillators (seven 8&&20&&0.8 cm', two 8&&20&0.2
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FIG. 1. PIan view of the neutrino mass spectrograph.
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Formation of A = 12 X Hypernucleus from lr Absorption at Rest; Observation
of a X Spin-Orbit Doublet of Narrow Widths
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High-resolution spectroscopy of 7r+ from E absorption at rest has been used for the first time
to identify X hypernuclear states. The observed spectrum from a (CH)„ target has revealed a
p3/2-p1/2 doublet of ' Be with narrow widths. The spin-orbit splitting of X is deduced to be 5
MeV, 0.8 times that for nucleons.

PACS numbers: 21.80.+a, 13.75.Ev, 25.80.Nv

In this Letter we report on the first experimental at-
tempt to form X hypernuclei from K absorption at
rest. The basic principle, motivation, and aims under-
lying this experiment are described in a separate pa-
per. ' The stopped K method is characterized by (i)
efficient production of hyperons after nearly 100'/0 ab-
sorption of K by nucleons in the surface region, (ii)
large formation probability of X hypernuclei, and (iii)
population of nonsubstitutional states, such as ground
and low-lying states and both members of a spin-orbit
doublet, while in the recoilless method only the substi-
tutional states are enhanced. A theoretical treatment
of the formation probabilities for A hypernuclei was
given by Hufner, Lee, and Weidenmuller. An exten-
sive calculation of the formation probabilities of vari-
ous hypernuclear states was completed recently by Ya-
zaki and Matsuyama, and some of the characteristic
features have been discussed in Ref. 1.
The experiment was performed with the existing

heavy-neutrino-search experimental setup. Since a
plastic scintillator was used as an active target, the tar-
get nuclei available were only ' C and protons. A
similar experiment was done at CERN by Faessler
et al. They used a magnetic spectrometer with a
momentum range of 200—280 MeV/c for m, and suc-
ceeded in observing both (p3/2) „'(p3/2) A and
(p3/2)„'(st/2)A states. Since we measured 7r+ and

in a wider momentum range of 120—280 MeV/c,
we have obtained information on X hypernuclei. We

are thus in a position to study a most important
current problem, namely, how large is the spin-orbit
interaction of X in contrast to the small spin-orbit
splitting of A, 6 and why do the X hypernuclear states
exist with narrow widths?
The experimental setup and procedure were nearly

the same as those used for the L„2 experiment. The
550-MeV/c K 's from the KEK K3 beam line were
stopped in multilayered plastic scintillators. The L
stopping rate was about 5000 per spill (1 spill period
=2.4 sec). The K stopping layer was identified from
the energies deposited in these scintillator layers. The
charged particles were momentum analyzed by a mag-
netic spectrometer, which possessed a broad-range fo-
cal plane (100—260 MeV/c) and a large solid angle
( = 100 msr). The target was almost completely
covered by 200 pieces of 6.5X 6.5&&30 cm3 NaI(T1)
crystals. For the present purpose these counters
served as a m spectrometer.
The measured momentum spectra of m+ after the

correction for the momentum dependence of the spec-
trometer acceptance are shown in Fig. 1. These data
were taken for 80 h, corresponding to E stopping
events of 1.1 & 10 . This is substantially shorter than
the typical beam time for an in-flight reaction experi-
ment. The branching ratios of sr+ were estimated by
comparison of these spectra with the 205-MeV/c m+
peak in the decay of E+. The pion momentum is
uniquely related to the hypernuclear mass Mhy MQ,
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FIG. 1. Observed m+ spectra from K stopped in a plas-
tic scintillator (CH)„after acceptance correction for each
momentum. Typical statistical errors are indicated. (a) All
7r+. (b) rr+ tagged by 7r -like events. The dashed curves
show quasifree background together with in-flight decay of
y+

which is scaled in the upper part of the figure.
In the 7r+ spectrum of Fig. 1(a) we first notice the

largest peak at p = 185 MeV/c (1.2% per stopped
K ). This is the monochromatic peak from the decay
of stopped X+ to n +7r+. This peak can be mostly as-
cribed to a X+ which escaped the carbon nucleus.
This is consistent with the known escape probability of
40%. This peak can be used for the calibration of the
instrumental resolution. The full width at half max-
imum momentum resolution as seen from this peak is
1.6 MeV/c, which corresponds to a full width at half
maximum resolution AE =1.3 MeV in the hypernu-

clear energy level. The next distinct peak is seen at
p =173 MeVlc (0.6% per stopped K ). This is due
to the elementary process K p X 7r+ on hydrogen
atoms.
Now we consider the broader peak at 164.0+ 0.3

MeV/c. This peak corresponds to M„,—M„=277.2
+ 0.3 MeV and agrees well with the substitutional lev-
el of (p3/2)~ '(p3/2)z, which has been observed in a
recent CERN experiment by Bertini et al. in the(K, 7r+) reaction on ' C. The binding energy for

is —2.1 + 0.3 MeV. Its intensity is around 0.8% of
the stopped K total. The calculation of Yamazaki
et al. ' predicts the total Op population to be 5% of
the total X 7r+ production and thus 1% of all stopped
K . This is expected to be split into the two spin-
orbit doublet states with intensities 0.7'/o for
(p3/2)~ '(p3/2)x and 0.3% for (p3/2)~ '(pt/z)x per
stopped K . Therefore, the observed intensity is in
good agreement with the prediction. The calculated
shape of a the quasifree continuum is shown by a
dashed curve. The absolute scale of this curve is ad-
justed so as to explain the continuum part below 150
MeV/c. The hatched areas correspond to discrete hy-
pernuclear peaks above the quasifree continuum.
An extremely interesting question arises as to where

the X pt/2 level is located. In Fig. 1(a) there is an ad-
ditional peak at 158.0+ 0.6 MeV/c, which corresponds
to Mhy Mz ——28 1 .8 + 0.5 MeV, 5 MeV above the
X p3/2 level. This peak stands out very clearly above
the quasifree continuum. Its intensity is estimated to
be about 40% as much as that of the 277-MeV peak.
Figure 1(b) shows a 7r+ spectrum tagged by a 7r-

like signal in the photon counters. Among the various
sources of m emission the only possible process in
coincidence with the present m+-triggered events is
the free decay of A into n7r (36%). When a X decays
in the nucleus via XN AN conversion, a A is pro-
duced and then a 7r is emitted. Thus, the 7r+ spec-
trum tagged by 7r is expected to enhance the X
states that do not escape the nucleus. Actually, the
spectrum of Fig. 1(b) reveals the hypernuclear peaks
at 158 and 164 MeV/c more distinctly, while the con-
tinuous background is substantially suppressed be-
cause it arises from the quasifree production of X
and the in-flight decay of X+.
In the present case of K absorption at rest each

particle-hole configuration (j~,jr) appears as a mul-
tiplet of states (I = 1j~ jx1, . . . , j»+j@—), which are
split in energy and are also mixed with other config-
urations by the residual XN interaction. On the other
hand, the recoilless method populates dominantly the
I =0 component of the substitutional configuration.
The structure of p-shell hypernuclei with configuration
interactions has been studied theoretically by Auer-
bach et al. ' and by Majling et al. " In these realistic
calculations the experimental data on particle pickup
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cribed to a X+ which escaped the carbon nucleus.
This is consistent with the known escape probability of
40%. This peak can be used for the calibration of the
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imum momentum resolution as seen from this peak is
1.6 MeV/c, which corresponds to a full width at half
maximum resolution AE =1.3 MeV in the hypernu-
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p =173 MeVlc (0.6% per stopped K ). This is due
to the elementary process K p X 7r+ on hydrogen
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recent CERN experiment by Bertini et al. in the(K, 7r+) reaction on ' C. The binding energy for

is —2.1 + 0.3 MeV. Its intensity is around 0.8% of
the stopped K total. The calculation of Yamazaki
et al. ' predicts the total Op population to be 5% of
the total X 7r+ production and thus 1% of all stopped
K . This is expected to be split into the two spin-
orbit doublet states with intensities 0.7'/o for
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stopped K . Therefore, the observed intensity is in
good agreement with the prediction. The calculated
shape of a the quasifree continuum is shown by a
dashed curve. The absolute scale of this curve is ad-
justed so as to explain the continuum part below 150
MeV/c. The hatched areas correspond to discrete hy-
pernuclear peaks above the quasifree continuum.
An extremely interesting question arises as to where

the X pt/2 level is located. In Fig. 1(a) there is an ad-
ditional peak at 158.0+ 0.6 MeV/c, which corresponds
to Mhy Mz ——28 1 .8 + 0.5 MeV, 5 MeV above the
X p3/2 level. This peak stands out very clearly above
the quasifree continuum. Its intensity is estimated to
be about 40% as much as that of the 277-MeV peak.
Figure 1(b) shows a 7r+ spectrum tagged by a 7r-

like signal in the photon counters. Among the various
sources of m emission the only possible process in
coincidence with the present m+-triggered events is
the free decay of A into n7r (36%). When a X decays
in the nucleus via XN AN conversion, a A is pro-
duced and then a 7r is emitted. Thus, the 7r+ spec-
trum tagged by 7r is expected to enhance the X
states that do not escape the nucleus. Actually, the
spectrum of Fig. 1(b) reveals the hypernuclear peaks
at 158 and 164 MeV/c more distinctly, while the con-
tinuous background is substantially suppressed be-
cause it arises from the quasifree production of X
and the in-flight decay of X+.
In the present case of K absorption at rest each

particle-hole configuration (j~,jr) appears as a mul-
tiplet of states (I = 1j~ jx1, . . . , j»+j@—), which are
split in energy and are also mixed with other config-
urations by the residual XN interaction. On the other
hand, the recoilless method populates dominantly the
I =0 component of the substitutional configuration.
The structure of p-shell hypernuclei with configuration
interactions has been studied theoretically by Auer-
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5. - M e c h a n i s m  t o  r e d u c e  t h e  w i d t h  o f  4He. 

The E-triton potential is defined as the potential term U(r) in the equation 

[ - ~ V Z  + U(r)]~(r)=(-B~-i1"/2)~(r), 

for ~b, the spectroscopic amplitude between E and triton, which is derived from 
the total Hamiltonian and the realistic wave function of the triton. 
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Fig. I. - E-tzSton potential U(r). V(W) is the real ( imaginary) part of U(z). 

The r,-triton potential U(r) is shown in fig. 1. We find two characteristic 
features of this potential. One is a short-range repulsive core in the real part and 
the other is a strong imaginary part due to the E-h conversion process. The 
origin of the repulsion has already been discussed by Kurihara et al. for the case 
of A-~ potential (9). 

If we consider the case without the repulsive core, where the real part of the 
potential is readjusted so as to give the same binding energy B~ = 3.55 MeV, we 
obtain a value 1"= 8.0MeV which is much larger than the value 4.8MeV 
obtained above. The short-range repulsion pushes out the Z wave function. As a 
result, the overlap between the Z wave function and the imaginary part of the 
potential is suppressed. This is the mechanism to reduce the width of ~He. 

(9) y. KURIHARA, Y. AKAISHI and H. TANAKA: Prog. Theor. Phys., 71, 561 (1984), 
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6.  - S u m m a r y .  

We discuss the possible existence of few-body bound E hypernuclei  based on 
the realistic zVJ¢ and ZN interactions. We use an absorptive Z3~ potential  (ASP) 
determined by the S-matr ix equivalent to the Nijmegen potential  (model D). 

As a possible bound E hypernucleus,  we predict  ~He (~H) with isospin = 1/2 
and spin = 0. To determine the binding energy and width, we perform four-body 
calculations for ~He based on the ATMS method. I ts  binding energy  (B~) and 
width (F) are 3.55 MeV and 4.8 MeV (2.3 MeV and 4.6 MeV for the case with the 
effects of Coulomb force and the mass difference between v+ and ~0), 
respectively.  

Fur the r ,  we clarify a mechanism to reduce the width of ~He. The short-range 
repulsion in the E-triton potential  plays an essential role. This mechanism does 
not work however  for heavy hypernuclei,  since the short-range repulsion 
disappears in such systems. 

T h e  authors  would like to thank Profs. T. Yamazaki and H. Band5 for 
valuable and helpful discussions. 

• R I A S S U N T O  (*) 

Basandosi sulle interazioni realistiche X>( e X)V, si esamina la possibile esistenza di 
ipernuclei ~ a pochi corpi. Si prevede l'esistenza di ~He (~H) con isospin 1/2 e spin 0 come 
stato legato. La sua energia di separazione ~ e l'ampiezza sono 3.55 MeV e 4.8 MeV, 
rispettivamente. Si presenta e si chiarifica il meccanismo dell'ampiezza stretta. 

(*) Traduzione a cura della Redazione. 

B03M0)KHOe cymecTnosanxe ~erKnx Z-runepa~ep. 

Pe3mme (*). - -  Ha ocnoae peanHcTH,mbrx NN H .N'N ~anMo/leficTanfi HccnenyeTcs 
BO3MO)KHOe cyUleCTBOBanHe nerKmx E-rnnep~aep. IlpeJIcKa3MBeTC~ cyIUecTaoaarine 
4He(~H) c n3ocmmoM 1/2 n cnanOM 0, KaK CBs3anHO~ CnCTeU~i. 3neprrLq oTaeaeHvL~ E n 
mapHna COOTBercTaeHHo COCTa~Z~aT 3,55 MaB U 4.8 MaB. HpeaaaraeTca H pa3~,ncn~eTc~ 
MexaHH3M y3KOI~ mtlpnubt 3TOrO COCTO~rtHS. 

(*) Hepe6eOerto peOaKt~ue~. 
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Possible Existence of Light ~ Hypernuclei (*)(**). 

T. HARADA and Y. AKAISHI 
Department of Physics, Hokkaido University - Sapporo 060, Japan 

S. SHINMURA 
Department of Physics, Hokkaido University - Sapporo 060, Japan 
Department of Applied Mathematics, Gifu University - Yanagido 1-1, Gifu 501-11, Japan 

H. TANAKA 
Department of Physics, Hokkaido University - Sapporo 060, Japan 
Department of Commercial Science, Sapporo Gakuin University - Sapporo 069-01, Japan 

(ricevuto il 18 Gennaio 1989) 

Summary.  - -  Based on the realistic A~df and E'A r interactions, the possible 
existence of few-body E hypernuclei is examined. The existence of 4He (4H) 
with isospin = 1/2 and spin = 0 is predicted as a bound system. Its 
separation energy and width are 3.55 MeV and 4.8 MeV, respectively. A 
mechanism for the narrow width is presented and elucidated. 

PACS 21.80 - Hypernuclei. 

1. - I n t r o d u c t i o n .  

The observed widths of E hypernuclei  in the (K-, ~) exper iments  at C E R N  (1) 
were  surprisingly narrow in comparison with the value around 20 MeV which 
had been expected theoretically(2) based on the Edf - ,  AN conversion process. 
Af te r  that ,  the problem of narrow widths has been studied intensively. 

(*) Paper presented at the International Symposium on Hypernuclear and Low-Energy 
Kaon Physics, 12-16 September, 1988, Laboratori Nazionali di Legnaro, Padua. 
(**) To speed up publication, the proofs were not sent to the authors and were supervised 
by the Scientific Committee. 
(~) HEIDELBERG-SACLAY-STRASBOURG COLLABORATION (R. BERTINI et al.): Phys. Left. 
B, 90, 375 (1980). 
(2) A. GAL and C. B. DOVER: Phys. Rev. Lett., 44, 379 (1980). 
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We report data which imply the existence of a E-nucleus bound state, formed in a ( K- ,  n-  ) reaction at rest on a 4He target. A 
peak was found, which we attribute to the formation of the 'rile ground state, corresponding to AM_--M( ' rHe) -M( 'He)  
= 267.7 +_ 0.3 (statistical) +_ ~iI (systematic) MeV ( B:c • = 3.2 MeV ). The width of the peak was deduced to be 4.6 ± 0.5 (statistical) 
_+~,i 6 (systematic) MeV. No clear peak was found in the corresponding region of the ( K -, n ÷ ) spectrum. We assign l =  ~ and S =  0 
to this state. 

This letter reports data which we interpret as evi- 
dence for a Z-nucleus bound state, which we assign 
as the ground state of~He. 

The search for Z hypernuclear bound states, ground 
states in particular, is extremely important in clari- 
~'ing many existing problems regarding Z hypernu- 
clei. Since narrow resonance structures in light Z hy- 
pernuclei were reported [ 1-5 ], serious questions have 
been raised as to why the escaping and conversion 
widths are so small. This problem attracted much 
theoretical interest [ 6-10 ], although the situation is 
still far from being settled. What makes the situation 
more problematic is the experimental status, since the 
identification ofthe peaks made so far on the existing 
data involves large ambiguities. To overcome the 
present situation we started systematic studies of Z 
bound states by using the (stopped K-,  ~+- ) method, 
with a large production rate [ 11 ]. Since no ground 
state has been found so far in p-shell nuclei, including 
our previous work on tzC [12], we extended the 
search to a lighter system, namely A --4. 

Theoretically, the few-body systems involving a E 
particle have recently been studied by Akaishi et al. 
[ 13 ] starting from the realistic two-body ZN inter- 

actions. They predict the existence of only one bound 
state o f / =  ~ and S = 0  with a narrow width in ~He, 

We have undertaken high-statistics measurements 
of the pion momentum spectra from K- absorption 
at rest on a liquid helium target using a magnetic 
spectrometer system at the low-energy separated beam 
at the 12 GeV proton synchrotron of the National 
Laboratory for High Energy Physics (KEK). The ex- 
perimental arrangement was essentially the same as 
in the previous works [ 5,12 ]. 

The target section of the cryostat was an aluminum 
cylinder of 1 mm thickness, approximately 23 cm in 
diameter and 5.8 ~ in volume. The outer 80 K radia- 
tion shield and vacuum vessel had three windows, two 
on the beam axis and the other toward the magnetic 
spectrometer. The average helium thickness exposed 
to the incoming kaon beam was 2.8 g/cm-', while the 
thickness of each window was 0.3 g/cm 2. Negative 
kaons of 650 MeV/c were moderated and were 
stopped in the helium target, and the pion momenta 
were measured by the spectrometer. A typical kaon 
stop rate was 600 per beam spill (every 2.5 s) when 
10 '2 protons were incident on the primary, target. The 
contribution of ~- scattering from 4He to the spec- 
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continuum around p ~  100 MeV/c,  whose tail ex- 
tends up to around 175 MeV/c.  

In fig. 2, we show the same data plotted in the hy- 
pcrnuclear mass scale, AM = M(~ He ) - M  ( 4He ). The 
Y,+/Z ° binding encrgy scales arc also indicated. As 
wc noted, the spectrum does not fall off smoothly at 
the quasi-free threshold, but reveals a peak-like struc- 
ture around A.,~,l~ 268 MeV in the Z bound region. 
Wc also present in fig. 2 the corresponding 7t + data, 
collccted for about 200 h for comparison. The rc + 
spectrum shows a peak around A M ~  258 MeV with 
tails on both sides due to the Z + - ,x+n decay, and a 
Z -  production continuum, which rises sharply from 
the threshold energy (278.9 McV ). In contrast to the 
re- spectrum, no peak-like enhancement is visible in 
the Z -  bound region. 

Wc show in the following that there indeed is a sta- 
tistically significant peak in the 7t- data. A ;(2 fit of  
the region between A M = 2 5 6  MeV and 276 MeV to 
a third-order polynomial yielded ;(2= 58.5 per 35 de- 
grees of  freedom (DOF) ,  showing that this region 
cannot be well represented by a smooth function. A 
fit was then tried by adding a peak, assumed to be of  
a Brcit-Wigncr form folded by a gaussian spectrom- 
eter resolution. The peak position, width and height 
as wcll as polynomial cocfficients were varied, while 
the resolution was kept fixed. The ;(2 value dropped 
to 25.0 per 32 DOF; the position of  the peak was 
267.7_+ 0.3 McV in the hypernuclcar mass scale, or 
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Fig. 2. (a) The x- spectrum plotted in the hypernuclear mass 
scale, M(~He) -M(4He). Binding energy scales for Z* and Z ° 
are indicated in the figure. (b) The n + spectrum observed in the 
( K-, n "~ ) reaction at rest on a helium target, shown in the hyper- 
nuclear mass scale. 

3.2 MeV in terms of  the Z ÷ binding energy, the full 
width of  the peak was deduced to be 4 .6+0.5  MeV, 
and the integrated peak intensity was 1486+85 
(about 6X 10 -3 per stopped K). The errors are sta- 
tistical only. This analysis shows that there is a statis- 
tically significant peak in this region. 

What process can cause such a peak in the ~ -  spec- 
trum? Other than a Z-hypcrnuclear bound-state for- 
mation, the following processes can emit a 7t- in this 
momentum region: ( 1 ) Z ÷/° quasi-free production, 
(2) decay of  Z - ,  ( 3 ) decay of  A, (4) A quasi-free 
production, (5) K-  decay in flight in the target vol- 
ume, and (6) K -  in-flight reaction with 4He. Monte 
Carlo studies confirmed that none of  the above-men- 
tioned processes ( I ) - ( 6  ) can cause such a peak. The 
studies also showed that the contribution of  the back- 
ground processes (5) and (6) was small (less than 
30 counts/0.5 MeV in this region). The threshold- 
cusp behavior, as observed in the K - d - , A n  exclu- 
sivc channcl [ 15 ], is irrelevant to the present case 
because the peak position is distinctly away from the 
thrcshold. We therefore conclude that the observed 
peak is due to the formation of  a 4He hypernuclear 
bound state, which can naturally be assigned to the 
ground state. 

Clearly, exact knowledge of  the spectral shapes and 
intensity on each of  Z continuum, Z---*Tt-n decay 
and A--,Tt-p decay is required for more accurate 
analysis. Although the subtraction of  the Z -  decay 
component  can be done with little ambiguity based 
on the observed spectrum, the reliable determination 
of  shape and magnitude of  the other two contribu- 
tions is rather difficult at present, and is only possible 
with theoretical inputs. Wc examined how the peak 
energy and width are affected by the assumption of  a 
background shapc. One extreme would be to assume 
that the background is represented by two straight 
lines; the Z quasi-free component was assumed to rise 
linearly from the threshold, on top of  a linear contin- 
uum obtained by titling to the slope around A M ~  260 
MeV. While the peak position was affected less 
(268 .8+0.2  MeV),  a much larger peak width was 
obtained by such a fit, 6.2 + 0.3 MeV. The integrated 
intensity was 3534_+ 182 counts. Wc also tried the 
other extreme by assuming a linear background. Based 
on such examination, we quote the peak parameters 
deduced by using a simple polynomial background 
shape, and assign systematic crrors from the two ex- 
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(Received 11 September 1997)
We have observed a clear peak below the S1-production threshold in the 4HesK2, p2d reaction at

600 MeVyc and uKp ≠ 4±. This is confirmation of the existence of the bound state of 4
SHe, which

was reported in the 4Hesstopped K2, p2d reaction. As in the case of stopped kaons, no such peak
was found in the 4HesK2, p1d spectrum. Quantitatively reliable parameters for this level have been
established. The binding energy and the width of the bound state are 4.4 6 0.3sstatd 6 1ssystd MeV
and 7.0 6 0.7sstatd11.2

20.0ssystd MeV, respectively. [S0031-9007(98)05364-2]

PACS numbers: 21.80.+a, 21.45.+v, 25.80.Nv

It has long been debated whether there exist any
bound states of hypernuclei containing the S hyperon.
In the experiment E905, performed at the Brookhaven
National Laboratory Alternating Gradient Synchrotron
(BNL-AGS), we have unambiguously confirmed the ex-
istence of a 4

SHe bound state, originally claimed in the
4Hesstopped K2, p2d reaction [1]. The state appears
as a clear peak in the S bound region in the in-flight
4HesK2, p2d reaction.
Very little information concerning the SN interaction

is known. From early work with He bubble chambers
at the zero gradient synchrotron (see Ref. [2]) it was
known that its magnitude was comparable to the LN
interaction, and that a dominant role was played by
S-L conversion. Later, more quantitative estimates of
the S-nucleus potential were made on the basis of an
analysis of S2-atom x-ray data by Batty et al. [3]. They
estimated the potential at the center of a nucleus to be

2s25 30d MeV for the real part and 2s10 15d MeV for
the imaginary part, with a form proportional to the nuclear
density. Thus, it was believed that the conversion width
would be too broad to obtain spectroscopic information.
Subsequent reanalyses [4,5] of the S2-atom x-ray data
were performed with a potential form nonlinear in the
nuclear density. In these the real part has become very
shallow or even repulsive [4], so that formation of any
bound states is very unlikely. However, the S2-atom x-
ray data are sensitive only to the potential depth near the
nuclear surface, and do not probe the nuclear interior.
In this context, it was surprising that the

Saclay-Heidelberg group reported narrow structures
(G , 8 MeV) in the unbound region of the 9BesK2, p2d
spectrum in 1980 [6]. After several inconclusive attempts
to establish similar narrow structures at CERN, BNL,
and KEK [7], a recent BNL-AGS experiment, E887,
concluded that there were no narrow structures in the
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FIG. 3. Excitation energy spectra of 4HesK2, p2d and
4HesK2, p1d at 600 MeVyc K2 momentum measured at 4±.
The binding energy threshold for the sK2, p2d reaction is
that of S0 production, and S2 for the sK2, p1d reaction.
The threshold for the S1 production is also indicated by an
arrow. Statistical error bars are shown in the region of the
peak. Small contributions from the cryostat materials are not
subtracted.

As shown in the figure, the quasifree S2 production is
clearly seen in the sK2, p1d spectrum in the excitation
energy region of 0 , 2BS2 , 50 MeV. The spectrum
shape of the sK2, p2d reaction in this energy region
is very similar to that of the sK2, p1d reaction, except
near the threshold energy s2BS ≠ 0 MeVd. The cross
section at the quasifree peak in the sK2, p1d reaction is
,25 smbysrdyMeV, which is in good agreement with the
calculation done by Harada and Akaishi [15] before the
experiment.
A clear peak is seen in the sK2, p2d spectrum at about

2BS0 ≠ 27 MeV. As shown in the figure, the peak
structure is statistically very significant. No such peak is
observed in the sK2, p1d spectrum, which is consistent
with the observation in the (stopped K2, p7) reactions.
Since the 4HesK2, p2d reaction can populate both T ≠
3y2 and T ≠ 1y2 states, while the 4HesK2, p1d reaction
can produce only a T ≠ 3y2 final state, the experimental
data suggest this 4

SHe bound state has T ≠ 1y2. The
existence of this T ≠ 1y2, S ≠ 0 bound state in 4

SHe was
first predicted by Harada et al. [16]. The unique nature
of this state is due to the large isospin dependence in
their potential. The T ≠ 1y2 state is attractive while the
T ≠ 3y2 state is strongly repulsive. The existence of a
central repulsion in the S-nucleus potential reduces the

overlap between the S wave function and the core nucleus,
which results in the reduction of the conversion width due
to the SN ! LN process.
A small enhancement at about 2BS ≠ 215 MeV in

the sK2, p1d spectrum is a contribution from protons
in the cryostat Mylar sheets. The same background
could also contribute to the sK2, p2d spectrum through
the reaction K2p ! p2S1. It is, however, negligible
because the cross section is smaller than that of the
K2p ! p1S2 reaction [14].
As seen in Fig. 3, the bound state peak rests on a large

continuum. The magnitude of this continuum is too large
to explain with the one-step L-quasifree process alone.
It is likely that we need to take into account two-step
processes and other complex processes in such a high-
excitation region well above the L-production thresh-
old. Since we have no available theoretical models for
such processes at this moment, we applied three phe-
nomenological shapes to fit the tail: an exponential tail,
a Gaussian tail, and a constant. From these fits, we
found that the peak position was rather stable, while the
peak width was somewhat dependent on the background
shapes. The threshold energy for the S1 production is
lower than the S0 production by 2.65 MeV, and the bind-
ing energy of the 4

SHe system should be measured for
the BS1 . Thus, we obtain the binding energy of 4.4 6
0.3sstatd 6 1ssystd MeV and the width (FWHM) of 7.0 6
0.7sstatd11.2

20.0ssystd MeV. The experimental energy resolu-
tion is taken into account in extracting the width. The
integrated cross section for the peak is about 100 mbysr.
These values may be compared with those reported

from the latest stopped kaon analysis of Outa et al. [9].
They obtained BS1 ≠ 2.8 6 0.7 MeV and GS ≠
12.1 6 1.2 MeV. The binding energy is thus reasonably
consistent, while the width is significantly narrower.
Comparing with the theoretical calculation by Harada
et al. [16], the present values are in good agreement with
BS1 ≠ 4.6 MeV and GS ≠ 7.9 MeV for their SAP-1
potential, which was constructed to be an S matrix
equivalent to the Nijmegen model-D potential.
In summary, we have confirmed the existence of

the 4
SHe bound state in the 4HesK2, p2d reaction at

600 MeVyc and uKp ≠ 4±. The binding energy and
the width of the state are 4.4 6 0.3 6 1 MeV and 7 6
0.711.2

20.0 MeV, respectively. No bound state was found in
the 4HesK2, p1d reaction, which suggests the state has
T ≠ 1y2 and S ≠ 0, as predicted by Harada et al. [16].
We would like to thank Mr. E. Meier for his techni-

cal support in the operation of the Moby Dick spectrome-
ter system. We are indebted to Dr. S. Bart for providing
the data acquisition and analysis codes. We also acknowl-
edge valuable discussions with Dr. T. Harada, Dr. Y.
Akaishi, Dr. D. J. Millener, Dr. A. Gal, and the late
Dr. C. B. Dover. This work was partly supported by
the Monbusho International Scientific Research Program
Grant No. 07041103 and by USDOE Contract No. DE-
AC02-76CH00016 and DE-AS05-76ERO-3948.
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bubble-chamber experiments. It should be straightfor-
ward to examine experimentally whether the at-rest de-
cay particles are really delayed or not with respect to the
stopped mesons.
The present experiment was a byproduct of an experi-

ment to search for X hypernuclei produced in He
(stopped K, m) reactions. ' The K mesons from the
K3 beam line of the KEK 12-GeV proton synchrotron
were stopped in a liquid-He target. The incoming K
beam trajectory as well as the trajectory of each
charged-particle event in the magnetic spectrometer was
recorded to obtain information about the reaction or de-
cay vertex and the particle momentum. The particle
identi6cation was made by using range and time-of-fiight
(TOF) information. After particle identi6cation as m or
p, the TOF information with respect to the timing of the
incoming kaon was used to deduce the total cascade
time.
Figure 1 shows a gross momentum spectrum of all

negative particles emitted from K stopped in liquid He.
Surprisingly, the most dominant peaks are the 235-
MeV/c p and the 205-MeV/c n, which provide
unique signatures of K„2 and K 2 decays at rest, respec-
tively. The total fraction of K decay at rest was ob-
tained in two ways: (1) from comparison of the decay
peak in the stopped-K spectrum with that in the
stopped-K+ spectrum, and (2) from comparison of the
decay peak with the total x +p in the same spec-
trum. The final value thus obtained is f» 0.019
0.003 which is in good agreement with the earlier

values of f» deduced from the 3m decay in He bubble
chambers (see Table I).
Figure 1 also shows a delayed spectrum (3.5 & r & 30

nsec), which clearly indicates that the K„2 and K 2
peaks are indeed delayed. Now let us look at the time
distribution of these at-rest decay peaks, as shown in Fig.

8000

pprompt
TBV x g ' ~ 1.4x10 sec,fprompt (3)

which supports the theoretical estimates of Day includ-
ing the molecular Stark effect.
In conclusion, we have demonstrated for the first time

that the at-rest decay peaks of K mesons stopped in
liquid He are delayed and that a signi6cant fraction of
the K mesons are trapped in metastable states and
then mostly decay with the free lifetime, as asserted by
Condo. This also means that the majority of the K
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2. For comparison, Fig. 2 also includes the time distri-
bution of K+ decays measured with the same experi-
mental setup, showing a lifetime of 12.6~0.2 nsec, in
good agreement with the K+ lifetime of 12.37 nsec. In
contrast, the time distribution of the K decay in liquid
helium shows a faster exponential decay with an effective
lifetime of 9.5~0.3 nsec. The reason for the shorter
lifetime in liquid helium is that a fraction f f»r ' /
r(K ) of K mesons are trapped in metastable states,
and the fraction f of trapped mesons is also depleted by
the decay of the metastable states (which results in the
nuclear absorption of the K rather than its decay).
From the measured effective K lifetime and the free
K lifetime, the lifetime of the metastable state is
Tt p 41 ~ 6 nsec.
The spectra also show unambiguously that the

"prompt" fraction is negligibly small (fp" p' ~ 1.2
x 10 ). If the average cascade time were around
10 ' sec, then a significant fraction of the prompt com-
ponent would be seen. The present experiment thus ex-
cludes the "slow cascade time" conjecture and indicates
that the average cascade time for the majority of K
mesons (which do not undergo trapping) is
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FIG. l. Momentum spectra of a11 the negative particles
emitted from K mesons stopped in liquid He, exhibiting
well-standing K„z and K 2 peaks from at-rest decays; with no
time selection, and with a time gate 3.5 & t & 30 nsec.
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FIG. 2. Time distributions of the 235-MeV/c K„2 decay
peak (open circles) together with the K„2 peak (closed circles).
The data points are fitted by a single exponential function,
showing r(K+) 12.6 ~ 0.2 nsec and r(K ) 9.5+'0.3 nsec.
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We observed two distinct peaks, 205-MeV/c n and 235-MeV/c p, associated with E,2 and EC„q de-
cays at rest, respectively, from negative kaons stopped in liquid helium. These peaks were found to be
delayed with respect to the stopping K, showing that about a 2% fraction of the stopped K mesons
are trapped in metastable states with an overall lifetime of about 40 nsec. This observation provides
direct evidence for Condo s trapping hypothesis for the at-rest decay components of K and x in liquid
helium.

PACS numbers: 36.10.—k

In this Letter we report on the first direct observation
of possible trapping times during the atomic cascade of
negative kaons in liquid He. This has become possible as
a result of the high-resolution spectroscopy of decay and
reaction products from K mesons stopped in a liquid-
He target we were able to isolate the K„2 and K 2

monoenergetic peaks as signatures of at-rest decays and
to measure their time distributions.
In early experiments using He bubble chambers it was

observed that at-rest decays of negative pions ' and neg-
ative kaons ' occur with significant fractions. They
were well characterized by the unique p range at large
decay angles in the case of x and by the zero center-
of-mass momentum of the K in the 3x decay mode.
The observed at-rest fractions,

N(decay at rest)
&StoP

are given in Table I. At-rest decays of Z particles in
liquid He were also observed, ' but they can be under-
stood in terms of the slower stopping time of Z which is
of the order of the Z lifetime (1.48 x 10 ' sec). On
the other hand, since the stopping times of x and K
rnesons are shorter and the lifetimes are much longer,
the presence of such large at-rest decay components ap-
peared to be surprising.
In the early days these at-rest decay fractions were as-

cribed to "average cascade times" as defined by

TABLE I. Fraction of at-rest decays of z and K in
liquid He.

Particle Fraction f (%) Reference

the molecular Stark effect, and the polarization absorp-
tion. To remove this discrepancy, questions were raised
as to the absence of the Stark-effect mixing.
At that time Condo proposed an entirely different in-

terpretation, asserting that negative mesons of fraction
f» are trapped into long-lived states (r"~ rt' ) during
the cascade, where they are destined to decay with the
free lifetime. He pointed out that the mesons captured
in circular orbits (l n —1) of large principal quantum
numbers (n ~30) cannot emit an additional internal
Auger electron and hence stay in a neutral mesic atom
(e K He), because the electron binding energy (-25
eV) is too large to allow fast enough Auger processes
(Al ~ 3). This neutral mesic atom is unaffected by
external Auger and molecular Stark effects and deexcita-
tion to lower states proceeds only by a radiative process.
Thus, circular orbits of large l are expected to have life-
times around 10 sec, which is comparable to or longer
than the free-decay lifetime. Although the hypothesis of
Condo was supported by further theoretical argu-
ments, ' "it has not been examined in a direct way sim-
ply because no time information was obtained from

The average cascade times thus deduced were in the
range of 2x10 ' sec and turned out to be 2 orders of
magnitude larger than the theoretical values of Day
(around 10 ' sec), who showed that the cascade of a
mesonic He ion is enhanced by the external Auger effect,

1.0 ~ 0.5
1.2 ~ 0.1
2.0 W 0.43
2.6 ~ 0.44
2.5 ~ 0.4
1.9 4 0.3

Fetkovich and Pewitt (Ref. 2)
Block et al. (Ref. 3)

Block, Kopelman, and Sun (Ref. 4)
Fetkovich et al. (Ref. 5)
Comber et al. (Ref. 6)
Present work
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bubble-chamber experiments. It should be straightfor-
ward to examine experimentally whether the at-rest de-
cay particles are really delayed or not with respect to the
stopped mesons.
The present experiment was a byproduct of an experi-

ment to search for X hypernuclei produced in He
(stopped K, m) reactions. ' The K mesons from the
K3 beam line of the KEK 12-GeV proton synchrotron
were stopped in a liquid-He target. The incoming K
beam trajectory as well as the trajectory of each
charged-particle event in the magnetic spectrometer was
recorded to obtain information about the reaction or de-
cay vertex and the particle momentum. The particle
identi6cation was made by using range and time-of-fiight
(TOF) information. After particle identi6cation as m or
p, the TOF information with respect to the timing of the
incoming kaon was used to deduce the total cascade
time.
Figure 1 shows a gross momentum spectrum of all

negative particles emitted from K stopped in liquid He.
Surprisingly, the most dominant peaks are the 235-
MeV/c p and the 205-MeV/c n, which provide
unique signatures of K„2 and K 2 decays at rest, respec-
tively. The total fraction of K decay at rest was ob-
tained in two ways: (1) from comparison of the decay
peak in the stopped-K spectrum with that in the
stopped-K+ spectrum, and (2) from comparison of the
decay peak with the total x +p in the same spec-
trum. The final value thus obtained is f» 0.019
0.003 which is in good agreement with the earlier

values of f» deduced from the 3m decay in He bubble
chambers (see Table I).
Figure 1 also shows a delayed spectrum (3.5 & r & 30

nsec), which clearly indicates that the K„2 and K 2
peaks are indeed delayed. Now let us look at the time
distribution of these at-rest decay peaks, as shown in Fig.

8000

pprompt
TBV x g ' ~ 1.4x10 sec,fprompt (3)

which supports the theoretical estimates of Day includ-
ing the molecular Stark effect.
In conclusion, we have demonstrated for the first time

that the at-rest decay peaks of K mesons stopped in
liquid He are delayed and that a signi6cant fraction of
the K mesons are trapped in metastable states and
then mostly decay with the free lifetime, as asserted by
Condo. This also means that the majority of the K
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2. For comparison, Fig. 2 also includes the time distri-
bution of K+ decays measured with the same experi-
mental setup, showing a lifetime of 12.6~0.2 nsec, in
good agreement with the K+ lifetime of 12.37 nsec. In
contrast, the time distribution of the K decay in liquid
helium shows a faster exponential decay with an effective
lifetime of 9.5~0.3 nsec. The reason for the shorter
lifetime in liquid helium is that a fraction f f»r ' /
r(K ) of K mesons are trapped in metastable states,
and the fraction f of trapped mesons is also depleted by
the decay of the metastable states (which results in the
nuclear absorption of the K rather than its decay).
From the measured effective K lifetime and the free
K lifetime, the lifetime of the metastable state is
Tt p 41 ~ 6 nsec.
The spectra also show unambiguously that the

"prompt" fraction is negligibly small (fp" p' ~ 1.2
x 10 ). If the average cascade time were around
10 ' sec, then a significant fraction of the prompt com-
ponent would be seen. The present experiment thus ex-
cludes the "slow cascade time" conjecture and indicates
that the average cascade time for the majority of K
mesons (which do not undergo trapping) is
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FIG. l. Momentum spectra of a11 the negative particles
emitted from K mesons stopped in liquid He, exhibiting
well-standing K„z and K 2 peaks from at-rest decays; with no
time selection, and with a time gate 3.5 & t & 30 nsec.

~ 100

50

D

10 ~- 0

K P, 1Jp
o" "4&

II
I I I I

o +~

,

" 'Tlr
10 20 30
Time (nsec)

FIG. 2. Time distributions of the 235-MeV/c K„2 decay
peak (open circles) together with the K„2 peak (closed circles).
The data points are fitted by a single exponential function,
showing r(K+) 12.6 ~ 0.2 nsec and r(K ) 9.5+'0.3 nsec.
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Discovery of Antiproton Trapping by Long-Lived Metastable States in Liquid Helium

M. Iwasaki, S. N. Nakamura, K. Shigaki, Y. Shimizu, H. Tamura, T. Ishikawa, and R. S. Hayano
Department of Physics and Meson Science Laboratory, Faculty of Science, University of Tokyo, Tokyo I I3, Japan

E. Takada
National Institute ofRadiological Sciences, Chiba 260, Japan

E. Widmann, H. Outa, M. Aoki, P. Kitching, ' and T. Yamazaki
Institute for Nuclear Study, University of Tokyo, Tokyo I88, Japan

(Received 20 May 1991)
Delayed annihilation of antiprotons stopped in liquid helium has been observed, revealing that about

3.6% of stopped antiprotons are trapped in long-lived metastable states. No delayed component was
found either in liquid nitrogen or in liquid argon. The observed time distribution of delayed annihilation
shows fast-decaying components followed by a major part with a decay time constant of 3 psec.

PACS numbers: 36.10.—k

Negative hadron s such as z, E, and p, when
stopped in material, are believed to vanish immediately
by nuclear absorption after forming hadronic atoms. Re-
cently we found that a few percent of the K mesons
stopped in liquid helium show free decay with a lifetime
around 10 nsec, indicating the presence of long-lived
trapping states of about 50 nsec lifetime (trapping time),
while there are no such delayed EC decays observed in
other materials (Li, Be, C, and Ca) [1]. This experiment
definitely supported Condo's interpretation in terms of a
trapping hypothesis [2] of earlier data showing at-rest de-
cays of tr [3] and E [4] in helium bubble chambers,
which had been ascribed to slow "average cascade times"
in the range of 10 ' sec without justification. Condo as-
serted a model for trapping states, that is, circular orbits
of large principal quantum numbers in a neutral exotic
helium atom e X He++, where A is a negatively
charged hadron. More recently, we have studied experi-
mentally z absorption in liquid helium at TRIUMF,
finding that a similar fraction of ~ s are also trapped in
liquid helium, but with a much shorter trapping time
(—10 nsec) [5]. A more spectacular case is expected for
antiprotons in liquid helium, where much longer trapping
times were predicted by Russell [6]. Since antiprotons
are stable, there is in principle no limitation on the ob-
servable time window. So, we attempted to search for
this interesting phenomenon at KEK, and have discovered
that antiprotons do survive in liquid helium up to 15 psec.
In the present experiment we measured the time distri-

bution of the annihilation products (mostly pions) with
respect to p stopping. A separated p beam from the K3
beam line at the KEK 12-GeV proton synchrotron was
stopped in liquid helium. We used a liquid-helium target
of cylindrical shape with 23 cm diam. The present p in-
tensity at beam momentum of 519 MeV/c was 28/sec,
but the beam contained 1000 times more x 's. Since
these beam pions are scattered and absorbed by the tar-
get material or elsewhere, they fire the detector system
for annihilation products independently of the p stop, and
may produce fake "delayed-annihilation" events. To

discriminate genuine p annihilation from scattering or
reaction of background pions, we used 128 pieces of
6.5 x 6.5 x 25 cm Nal(Tl) scintillator, which covered
about 30% of the total solid angle.
We identified particles from the beam line by using

four sets of plastic scintillators and one Lucite Cerenkov
counter (LC). The P's were well separated from pions
and kaons by time of flight and the LC. The in-flight re-
actions within these beam-line counters were clearly
recognizable in the pulse-height spectra of the counters.
The trajectories of the p's were measured by two sets of
two-dimensional multiwire proportional chambers. The p
annihilation products were detected by two plastic scintil-
lators (T counters) and two chambers, which were placed
at 90 with respect to the beam. This detector assembly
covered about 10% of the total solid angle. The vertex at
the p annihilation point was reconstructed with a spatial
resolution of 5 mm (FWHM) in the horizontal plane and
15 mm (FWHM) in the vertical axis by using the infor-
mation from the chambers. This vertex point was used to
identify the p stopping point, and to calculate the range
in helium and the flight time between the beam-defining
counter and the p stopping point.
We measured p annihilation products in the time win-

dow from —120 nsec to 30 psec, with respect to the p
stopping time in the target. The negative time window
was set to see the accidental background level. We moni-
tored the particles from the beam line and rejected events
which recorded "second p hit" or "EC hit" in the beam-
line counters in the time range from —12 to 30 psec.
Since pions coming from the beam line every 20 @sec on
average cause a number of fake delayed events, it was vi-
tally important to eliminate the pion scattering and reac-
tion events from the p annihilation events by other means.
To do this, we rejected (1) events which have a large

discrepancy in the annihilation vertex () 12 mm in verti-
cal axis), and (2) events in which a beam pion hits the
beam-line counters at the same time as one of the "an-
nihilation products" hits the T counters (within 40 nsec).
After application of these cuts, the accidental background
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First Observation of Laser-Induced Resonant Annihilation
in Metastable Antiprotonic Helium Atoms
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We have observed the first laser-induced resonant transitions in antiprotonic helium atoms.
These occur between metastable states and Auger dominated short lived states, and show that the
anomalous longevity of antiprotons previously observed in helium media results from the formation
of high-n high-t atomic states of )He+. The observed transition with vacuum wavelength 597.259 +
0.002 nm is tentatively assigned to (n, l) = (39,35) ~ (38, 34).

PACS numbers: 36.10.Gv

Unusual atoms with exotic constituents such as muons
and positrons have always played an important role in the
development of physics. One might wonder if exotic an-
tiprotonic atoms would show similar promise. However,
theory and experiment alike have generally implied that
their lifetimes ought in all cases to be very short. The
entire process from capture to annihilation from high-n
S states should be over in less than a picosecond, plac-
ing antiprotonic atoms beyond the reach of many of the
powerful modern techniques which have revolutionized
atomic spectroscopy.
This conventional wisdom was called into question in

1991 when, in an experiment at KEK, Japan [1], a few
percent of the antiprotons stopped in liquid helium were
observed to have anomalously long lives, some of them
annihilating up to 15 ps after their entry into the liq-
uid. This intriguing effect seems peculiar to helium, and
has been further studied in the gaseous, liquid, and solid
phases by some of the present authors using the Low En-
ergy Antiproton Ring (LEAR) facility at CERN. Among
the wealth of new results, we found a 14%%up reduction in
the mean lifetime of these delayed annihilations when
sHe was used to stop the antiprotons instead of 4He [2,3].
This is in good agreement with an estimate [4] based on
a model proposed by Condo [5] and theoretically stud-
ied by Russell [6], in which the antiprotons are trapped
in large-n and large-t states of neutral antiprotonic he-
lium @He+. The initially formed states most likely have
n no = (M/rn, )t/2 38, where M is the reduced mass

of the pHe+ system. Here, Auger emission is strongly
suppressed, because a large jump in n and l would be
necessary to provide the energy (~ 24.6 eV, the ioniza-
tion energy of a helium atom) required to liberate the
remaining electron. The only competitive process is then
a slow radiative cascade producing ~ 2 eV (visible re-
gion) photons. Furthermore, the presence of an electron
in the p He+ atom during this cascade strongly suppresses
collisional quenching of the metastability by (a) ensuring
the atom's neutrality, (b) removing the l degeneracy of
the p atomic levels, and (c) providing a Pauli-repulsion
effect. The isotope effect alone could not, however, be
unequivocally attributed to the formation of particular
atomic structures. It was clear that a more informative
and conclusive experiment would be to induce resonant
transitions between internal energy levels of the exotic
atom in question by laser irradiation.
In the present Letter we report results on the first laser

spectroscopy experiment ever done with antiprotonic ex-
otic atoms, and establish the large (n, l) states of neutral
pHe+ as the source of the observed metastability. Our
method, described in detail in [7], is to use a high-power
dye laser pulse to stimulate resonant transitions between
metastable-nonmetastable pairs of states differing by one
unit in l. ARer Auger deexcitation of the newly popu-
lated short lived member to a /He++ ion, annihilation
should follow within picoseconds via Stark mixing, and
produce a sharp peak in the annihilation-time spectrum
at the time the laser pulse is applied. Recent theoretical
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the 10 ps foOowing the p arrival time. Control events
without laser irradiation were accumulated during the
laser dead time of 2.5 ms. We searched the region of the
expected resonance by scanning the wavelength step by
step, the typical run time for one wavelength point being
about 20 min.
Our laser system consisted of two pulsed dye lasers

(Lambda Physik LPD3002) pumped at 308 nm by XeC1
excimer lasers (Lambda Physik LPX240i). In the wave-
length range of the present experiment (594—600 nm) the
dye used was Rhodamine 6G dissolved in methanol. The
two lasers could be scanned in different wavelength re-
gions simultaneously in order to search for the resonance
more quickly. The laser beams were expanded to about
15 mm in diameter to cover the transverse p stopping dis-
tribution and were merged before they entered the target
chamber. Their wavelengths were measured with pulse-
mode wavemeters (Burleigh WA4500), the calibration of
which was periodically verified against optogalvanic sig-
nals from an argon discharge cell, using an air gap etalon.
The energy in each dye laser pulse was measured by
p-i-n photodiodes, the values obtained being frequently
calibrated against a calorimeter (Scientech AC2501).
The excimer pulse energies were also recorded pulse
by pulse using biplanar detectors and were calibrated
against another calorimeter (Scientech AC50UV). Typ-
ical excimer pulse energies were in the region 80—140 mJ,
and produced dye laser pulses of energy 3—5 mJ.
In Fig. 3 (left), we show a series of annihilation-time

spectra obtained at vacuum wavelengths near 597.2 nm.
The delay in igniting the laser after receiving a "no
prompt annihilation" B signal was in each case 1.8 ps
(the minimum we could achieve with the present setup).
As the wavelength passes through the value 597.26 nm,
a sharp peak appears in the spectrum, indicating forced
annihilation via the mechanism described above. An en-
larged view of the peak near the wavelength of maxi-
mum excitation is given in Fig. 3 (upper right). The
peak profile showed an exponential decay with a time
constant of 15 6 1 ns, which reflects the lifetime of the
Auger-dominated short lived state (although it also de-
pends on the laser power and pulse profile). Even though
this particular state contains only a fraction of the to-
tal metastable-state population, the laser-induced spike
shows a striking peak/background ratio ( 10:1on reso-
nance). No other resonances were found over the ranges
of vacuum wavelength scanned (from 594.152 to 594.370
and from 596.662 to 598.273 nm).
The resonance curve of Fig. 3 (lower right) displays

the background subtracted number of delayed annihila-
tions in the peak region normalized to their total number,
plotted against wavelength. When the laser bandwidth
of 0.007 nm (assumed Gaussian) has been deconvoluted,
we find a mean vacuum wavelengt;h of 597.259+0.002 nm
and a FWHM of 0.018 nm. Minor perturbations in the
antiproton beam position during the scan could not be
followed in the CCD image and could give rise to small
systematic effects. Taking these as well as systematic
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FIG. 3. Left: Observed time spectra of delayed annihilation of antiprotons vrith laser irradiation of various vacuum wave-
lengths near 597.2 nm, normalized to the total delayed component. Spikes due to forced annihilation through the resonance
transitions are seen at 1.8 ps. Upper right: Enlarged time profile of the resonance spike. A damping shape with s time constant
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the observed (stopped K-, 7c+) spectrum with the 
predicted shape one can m principle obtain an al- 
lowed combmatlon of the depth parameters V, and 
I+‘,, but cannot determine V, and W, separately from 
the present spectrum [ 111 

In view of the posslblhty that the C potential 1s 
shallow and/or strongly absorptive we are conslder- 
mg seriously how to disentangle this difficult prob- 
lem In this letter we point out that m the case of C- 
m medium nuclei the attractive Coulomb potential 
will help observe bound C- states of narrower width 

In medium nuclei the C- feels both the long-range 
Coulomb potential and the short-range nuclear mter- 
action, as shown m fig 1 for Z=20 The Coulomb 
potential inside the nucleus behaves like a harmonic 
oscillator potential (its depth - SZe2/R, being com- 
parable with the nuclear potential depth, say, 
VO= - 10 MeV), and extends outside as -Ze2/r 
Thus, we expect low-lying levels of nearly equldls- 
tance The bound states are of hybrid nature, namely, 
the wave-functions extend outside the nuclear 
boundary, as shown on the right-hand side of fig 1 
In this example, the ground state 1s well confined 
within the nuclear boundary, but with the increase of 
excitation the density distributes more and more m 
the outer region 

Now let us switch on the EN-AN conversion pro- 

“Ca(K- II+ ):“Ar “,,-10Me” 

-5 P 
Fig 1 Hybrid bound states of Z- m the case of 40Ca(stopped 
K-, a+) reactlon In the middle the hybrid potentials (both real 
and lmagmary ) as well as bound states and then widths are shown 
To the right are shown the radial densltles of the Z- states To 
the left 1s shown the calculated (Km, IT+ ) spectrum including the 
unbound contmuum region 
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cess which makes bound states broad This effect can 
be described by mtroducmg an lmagmary part 1 W(r) 
m the potential In general, the level width r 1s re- 
lated to W(v) as follows 

= -2Wo P,I,(~) dr, I 
0 

where the last approximate equality 1s meant only to 
stress the Importance of the nuclear mterlor Smce 
the absorptive potential exists only inside, an excited 
state of more outward extension 1s expected to have 
a smaller width As an example, level broademng m 
the case of W. = - 3 MeV is shown m fig 1, where 
the ground state has a large width of around 5 MeV, 
but the first excited level m fig 1 is less broad (3 
MeV), thus readily visible as a peak, and the second 
excited level 1s narrower, and so on The higher ex- 
cited states look more like E- atomic states and the 
level density increases toward the threshold 

How can we populate these bound states? We ex- 
pect the K- absorption at rest will be the most effi- 
clent way, because the elementary cross sectlon for 
C- production 1s large and the momentum transfer 
around 170 MeV/c is suitable [ 12 ] We calculated 
the spectrum of 40Ca (stopped K-, x+ )i"-Ar mclud- 
mg the unbound contmuum region according to the 
prescription of Morlmatsu and Yazakl [ 141 For the 
sake of slmphclty we assumed that K- IS absorbed by 
a d3,2 proton only The population intensities calcu- 
lated are shown on the left-hand side of fig 1 

Typical hybrid states, such as the second and third 
levels m fig 1, have medium narrow widths because 
of the large exterior density, but, nevertheless, have 
large population mtensltles because of the equally 
large density m the nuclear region On the other hand, 
extreme atomic states of much narrower widths which 
reside m the far outer region are hardly populated be- 
cause of the very small overlapping with the nuclear 
core 

The (stopped K-, B+ ) method 1s suitable to pop- 
ulate medium broad states of C-, m particular, a spm- 
orblt doublet of p3,2 and pL12 So, let us present some 
more examples taking mto account the spin-orbit 
potential For medium-heavy nuclei, however, the 
bound states are of less hybrid character and further- 
more, the level density becomes too high to resolve 
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COULOMB-ASSISTED HYBRID BOUND STATES OF Xc- 
IN MEDIUM NUCLEI POPULATED BY K- ABSORPTION AT REST 
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To seek for a possible way to determine Z--nuclear mteractlons even in the case of a shallow nuclear potential and/or a strong 
Z-A conversion, theoretical discussIons are given on the formatlon of Coulomb-asslsted hybrid bound states of Z- m nuclei, 
where the short-range strongly absorptive potential coexists with the long-range Coulomb potential Bound states of hybrid char- 
acter of medium widths are predicted, which can well be populated m (stopped Km, a+) reactions 

Since the first report of narrow resonance states of 
X hypernuclel produced m m-flight 9Be (K-, n- ) re- 
actions [ 11, an experimental search for other C hy- 
pernuclei has been attempted So far, narrow 
resonance states have been reported m ‘*C (K-, x’ ) 
1212 160(K-, n+) [3], 6L1(K-, 7c+) [4], 
‘*C(stoppedK-,n+) [5] and’*C(K-,x’) [6],but 
only m the unbound contmuum region These obser- 
vations are surprlsmg m view of the strong C-A con- 
version m nuclei which 1s expected to cause a width 
as much as 20 MeV for C hypernuclear states [7] 
Furthermore, the reason why these narrow resonance 
states have little escaping widths 1s hard to under- 
stand as well There are a number of theoretical at- 
tempts to explain such narrow structures [ 8-101, but 
the problem has not been settled yet The most cru- 
cial point to be examined experimentally 1s whether 
or not C bound states exist with a narrow width 

A dedicated search for bound states was started at 
KEK by using the (stopped K-, X’ ) method [ 111, 
which was considered to be a powerful method m 
populating non-substltutlonal ground states of C with 
a high efficiency [ 121 In particular, the reaction 
‘*C( stopped K-, n+ )-&*-Be has been studied exten- 
sively So far, the obtained spectrum has exhlblted no 
narrow level in the bound region This 1s m quahta- 

tlve agreement with a recent BNL experiment on the 
m-flight reaction ‘*C( K-, 7c+)k% Be [ 61 though this 
1s not so overwhelmmg m statistics The non-exls- 
tence of narrow bound states infers either that the 
central potential for C- 1s too shallow or that the C- 
A conversion m nuclei 1s too strong (or both) [ 111 
Furthermore, such a distinct narrow resonance struc- 
ture m the unbound region, as indicated from the 
earlier experiments, has not been found m an mclu- 
slve spectrum of high statistics The spectrum sets an 
upper hmlt on the population intensity of a narrow 
peak, which turns out to be below what we expect for 
a C single-particle state under the bound-state ap- 
proxlmatlon [ 12,131 This means that, if a narrow 
resonance exists at all, it may not be a C smgle-partl- 
cle state, but of complicated resonance nature Note 
that none of the earlier experiments 1s helpful in 
making such a quantitative comparison because of the 
lack of absolute cross section (either experimental or 
theoretical) 

Recently, using the Green’s function method 
Morlmatsu and Yazakl [ 141 calculated (K-, n) 
spectra including the unbound contmuum region 
based on the single-particle model The imaginary 
part 1 W(r) responsible for C-h conversion as well as 
the real part of the central potential V(r) are mtro- 
duced as free parameters From the comparison of 
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We calculated the pionic bound-state spectra of heavy nuclei from the lowest ls orbits using the standard pion-nucleus optical 
potential. The energy levels of the s-orbits (/=0) are shifted upward largely by the repulsive S-wave pion-nucleus interaction, 
which also reduces the fraction of n- staying inside the nucleus. Thus, even for n -2°SPb, the deeply bound states have small 
enough level widths so as to be considered as quasi-stable states. We propose possible methods for the creation and detection of 
deeply bound pionic states of heavy nuclei. 

How does a real p ion behave deep inside a nu- 
cleus? Does it keep its ident i ty  at all? To answer these 
questions experimental ly ,  we would have to br ing a 
pion deep inside a nucleus. Whi le  vir tual  pions play 
an impor tan t  role in nuclear  physics, there is no in- 
format ion  on the role and behavior  of  real pions in 
nuclei (here, the " rea l"  pion means  a pion bound  in 
an energy state with a small  enough wid th) .  In what  
form and how long does a pion live in a nuclear  inte- 
rior, is an extremely interest ing quest ion f rom the 
viewpoints  of  both  nuclear  and part icle  physics. It 
would be nice, i f  a p ion could be embedded  in a nu- 
cleus and stay in a deeply bound  state for a long t ime. 

Recently, in connect ion with the way of  how to 
study bound  states of  strongly absorpt ive  particles,  
we considered theoret ical ly Coulomb-ass is ted  hybr id  
bound  states of  Z -  [ 1 ], where Z -  resides par t ia l ly  
inside and par t ia l ly  outside the nucleus so that  the 
s t rong-interact ion widths are somewhat  reduced.  
They can be popula ted  in strangeness exchange reac- 
tions. A n -  should also be bound  deeply inside a 
heavy nucleus assisted by the Coulomb potential .  
Bound n -  states have a hybrid character; namely, they 
lie somewhere between "p ion ic  nucleus" and "p ion ic  
a tom",  and are largely inf luenced by the strong inter- 

action. In principle,  they can be popula ted  by "p ion  
t ransfer"  reactions. In a s imilar  context Gibbs  and 
Kaufmann  [ 2 ] discussed ant i -protonic  bound  states 
formed via (~, p )  reactions. 

Usually,  pionic  a toms are produced  by injecting 
slow n -  in matter .  S topped pions are t rapped  by the 
Coulomb potent ia l  of  a nucleus. Then,  the n -  cas- 
cades down by emit t ing Auger electrons and pionic  
X-rays until  it gets absorbed by the nucleus. Hence, 
the lower orbits  in heavy pionic  a toms (i.e., ls  states 
for Z >  12, 2p states for Z >  30, and  so on)  are never 
popula ted  by this method.  However,  this does not 
mean at all that  there are no deeply bound  states. On 
the contrary,  they should exist as isolated energy lev- 
els as far as the width F is smaller  than the level spac- 
ing (i.e., the pion lives longer than the mot ional  
pe r iod) .  Here, we are talking about  widths as large as 
1 MeV, which is by nearly three orders  of  magni tude  
larger than the typical  widths observed in mesic X- 
ray spectroscopy. Such deeply bound  states, i f  stud- 
ied, will provide  direct  informat ion  on the pion po- 
tent ial  and  its absorpt ion,  but  are guarded by slightly 
absorptive outer orbitals against cascading pions. The 
p rob lem is how to populate  and identify these inner  
states. We propose here direct  methods  to produce 
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Deeply bound 1s states of !! in 115;119;123Sn were preferentially observed using the Sn"d; 3He# pion-
transfer reaction under the recoil-free condition. The 1s binding energies and widths were precisely
determined and were used to deduce the isovector parameter of the s-wave pion-nucleus potential to be
b1 $ !"0:115% 0:007#m!1

! . The observed enhancement of jb1j over the free !N value (bfree1 =b1 $
0:78% 0:05) indicates a reduction of the chiral order parameter, f&!""#2=f2! ' 0:64, at the normal
nuclear density, " $ "0.

DOI: 10.1103/PhysRevLett.92.072302 PACS numbers: 13.75.Gx, 14.40.Aq, 25.45.Hi, 36.10.Gv

Our work deals with characteristic properties of
strongly interacting bound sytems, hadrons, consisting
of light quarks (u and d). Their masses are nearly 2 orders
of magnitude smaller (mu ' 5 MeV, md ' 8 MeV) than
typical hadron masses of ' 1 GeV. This extraordinary
phenomenon is proposed to be produced by spontaneous
breaking of chiral symmetry for massless quarks subject
to the strong interaction [1–3]. It results in a ground state,
the vacuum state, with a finite expectation value of quark-
antiquark pairs, h Nqqqi0 ' !"250 MeV#3 [4]. In such a
scenario the hadrons are considered as quasiparticle ex-
citations of the condensate, h Nqqqi, separated by an energy
gap of ' 1 GeV. The lowest energy excitation modes of
the condensate, so-called Nambu-Goldstone bosons, are
identified as pions. Their s-wave interaction with nucle-
ons is predicted to vanish in its isoscalar part, and deter-
mined by the pion decay constant, f2!, in its isovector
part [5,6] which is consistent with recent experimental
values [7,8]. The f2! is also the order parameter of chiral
symmetry breaking and directly connected to the magni-
tude of h Nqqqi through the Gell-Mann–Oaks–Renner rela-
tion [4].

We examine this chiral symmetry scenario by implant-
ing a !! in a nuclear medium of density " [9,10], where a
new vacuum state with a reduced condensate, h Nqqqi", is
proposed to be created [2]. This is the most basic case of a
large effort to study the density and temperature depen-
dence of the h Nqqqi in relativistic heavy-ion collisions.

The density dependence of the quark condensate is
expressed in the leading order by the pion-nucleon #

term (#N ' 45 MeV) in the following form [11]:

h Nqqqi"
h Nqqqi0

' 1! #N

m2
!f2!

"; (1)

which yields a reduction of about 0.65 for the normal
nuclear density, " $ "0 $ 0:17 fm!3. Likewise, the pion
decay constant in a medium (identified as the time
component of the axial current) is reduced as [12]
f&!""#2=f2! ' 1! $", where the parameter $ is predicted
to be $"0 ' 0:45 from the chiral dynamics [13]. This
reduction of the ratio is associated with the free and the
in-medium isovector !N scattering length (bfree1 and b&1,
respectively) as [14]

R""# $ bfree1

b&1""#
' f&!""#2

f2!
' 1! $": (2)

Our program aims at measuring the isovector !N
interaction parameter in the pion-nucleus potential
[b&1""#] [15] by studying deeply bound 1s states of !!

in heavy N > Z nuclei [16–20]. Such states were pre-
dicted to be produced as discrete states by nuclear reac-
tions [21–25] and to provide unique information on the
s-wave interaction, whereas in most pionic atoms the
repulsive s-wave interaction is nearly counterbalanced
by the attractive p-wave interaction (see, for instance,
Batty et al. [26]). In recent papers we showed that the
density-dependent parameter b&1""# can be well repre-
sented by a constant parameter b1 [27], and developed a
method to deduce the b1 parameter [28]. The data of the
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1s !! state in 205Pb [20], combined with information
on 1s states of light pionic atoms, yielded b1 "
!0:116#0:015

!0:017m
!1
! . A similar conclusion was also obtained

from global fits of pionic atom data by Friedman, b1 "
!$0:122% 0:004&m!1

! [29] and !$0:113% 0:004&m!1
!

[30], although some ambiguity arising from the p-wave
part remains. In order to determine b1 more reliably and
accurately, it is essential to perform high-precision spec-
troscopy on deeply bound 1s !! states in heavy nuclei.

In this Letter we report on systematic experimental
studies of 1s !! states in a series of Sn isotopes, which
were produced with the Sn$d; 3He& reactions. One of the
advantages of using Sn isotopes is that we can produce the
1s !! states as the most dominant quasisubstitutional
states, $1s&!!$3s&!1

n , because of the presence of the 3s
orbital near the Fermi surface, as theoretically predicted
[25]. Another merit is to make use of isotopes over a wide
range of $N ! Z&=A to test the isospin dependence [10].

We used a deuteron beam from the heavy-ion synchro-
tron SIS at GSI, Darmstadt, combined with the fragment
separator as a high-resolution forward spectrometer [18].
The present experiment had many new features and im-
provements. We chose the exact recoil-less condition to
suppress minor states other than the enhanced 1s !!

states with quasisubstitutional 1s !! states, with a deu-
teron beam of a small momentum spread and an accu-
rately measured energy of 503:388% 0:100 MeV. Its
intensity was 1:5' 1011 deuterons per spill. The beam
was focused on a narrow spot with a width of about 1 mm,
hitting a strip target with a width of 1.5 mm and a thick-
ness of 20 mg=cm2. Enriched Sn isotopes with A " 116
(98.0%), 120 (99.2%), and 124 (96.6%) were used as
targets.

The strategy to arrive at high accuracy in determin-
ing the binding energies and widths of the 1s states
was the following. First, we used the nonpionic
ASn$d; 3He&A!1In$g:s:& (A " 112; 116; 120; 124) reactions
to calibrate the spectrometer momentum (with respect to
the incident beam momentum) and dispersion to achieve
an accuracy of 6 keV. The overall energy resolution, which
was crucial for measuring the widths of the 1s !! states,
was also determined from these spectra to be 394%
33 keV (FWHM). Second, we put a thin Mylar layer on
the downstream surface of each Sn target to measure the
3He peak from the p$d; 3He&!0 reaction as a built-in
indicator of absolute calibration. We observed spectra,
d2"=dE=dN, on Mylar-covered 116Sn, 120Sn, 124Sn
targets as a function of the 3He kinetic energy, as shown
in Fig. 1.

The skewed peaks at around 371 MeV arise from
p$d; 3He&!0. Their kinematically broadened shapes were
well explained by a simulation, which took into account
the beam-energy profile at the thin Mylar layer, the
angular distribution, the spectrometer acceptance (i#x (
%15 mr and i#y ( %10 mr), and the kinematical energy
shifts of the 3He particles. It turned out that the energy at
half maximum of the higher-energy edge of the peak

(shown as vertical dotted lines in Fig. 1) represents the
kinetic energy of 3He in the ideal case of 0) emission
from the p$d; 3He&!0 reaction, and serves as an absolute
calibration point with an accuracy of %7 keV. We
adopted this ‘‘edge’’ calibration for our final results, since
this long term calibration was pertinent to all runs of
the three targets. It was found to agree within 13 keV with
the short-term calibration using the Sn$d; 3He&In$g:s:&
reactions.

In each spectrum of Fig. 1 one distinct peak at around
365 MeV was observed, which was assigned to a domi-
nant configuration of $1s&!$3s&!1

n . The overall spectrum
shapes for the three Sn targets were found to be in good
agreement with the predicted ones [25]. The spectra were
decomposed according to the theoretical prescription of
Ref. [25], from which we could precisely determine the 1s
binding energies (B1s) and widths ($1s). The results are
summarized in Table I and in Fig. 2. The quoted errors are
statistical, systematic (arising from the calibration), and

 0

10

20

30
124Sn(d,3He)

0 1 2 3 4 5
B [MeV]

 0

10

20

30
120Sn(d,3He)

0 1 2 3 4 5
B [MeV]

360 365 370
 0

10

20

30
116Sn(d,3He)

0 1 2 3 4 5
 B [MeV]

3He Kinetic Energy [MeV]

d2 σ/
dΩ

dE
 [µ

b/
sr

/M
eV

]

(1s)π- 115Sn

(1s)π- 119Sn

(1s)π- 123Sn

p(d,3He)π0

p(d,3He)π0

p(d,3He)π0

FIG. 1. Double differential cross sections versus the 3He
kinetic energy of the 124;120;116Sn$d; 3He& reactions measured
at the incident deuteron energy of 503.388 MeV. The scales of
the !! binding energies in 123;119;115Sn are also indicated.
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Nuclear K̄ bound states in light nuclei
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The possible existence of deeply bound nuclear K̄ states is investigated theoretically for few-body systems.
The nuclear ground states of a K! in 3He, 4He, and 8Be are predicted to be discrete states with binding
energies of 108, 86, and 113 MeV and widths of 20, 34, and 38 MeV, respectively. The smallness of the widths
arises from their energy-level locations below the #$ emission threshold. It is found that a substantial con-
traction of the surrounding nucleus is induced due to the strong attraction of the I"0 K̄N pair, thus forming an
unusually dense nuclear medium. Formation of the T"0 K!

!
3He#K̄0!

3H state in the 4He !stopped K!, n)
reaction is proposed, with a calculated branching ratio of about 2%.

DOI: 10.1103/PhysRevC.65.044005 PACS number!s": 13.75.Jz, 21.10.Dr, 21.45.#v, 21.80.#a

I. INTRODUCTION

One of the most important, yet unsolved, problems in
hadron physics is how the hadron masses and interactions
change in the nuclear medium !see, for instance, Refs.
%1–3&". In the strangeness sector, the possibility of a drop-
ping K! mass in nuclei has been theoretically asserted
%4–7&. This problem is connected to an exciting issue of
whether strangeness condensation in nuclear matter could
occur. Despite the importance of studying in-medium hadron
masses, no clear experimental method for deducing in-
medium scalar masses has yet been established. It was
pointed out by the present authors %8& that the invariant-mass
spectroscopy, when applied to hadrons embedded in nuclei,
provides information not on the scalar mass itself but only on
the energy state !in a scalar # vector potential", which suf-
fers from collisional shifts and broadening in nuclei. Re-
cently, a new type of ‘‘in-medium hadron-mass spectros-
copy’’ has been carried out. The method involves producing
deeply bound states of a hadron from which the hadron-
nucleus potential, and subsequently the in-medium hadron
mass, can be deduced. The first successful example was the
observation of narrow 1s and 2p states of a $! in 207Pb
%9–12& and 205Pb %13&, which had been predicted to be pro-
duced by using suitable ‘‘pion-transfer’’ nuclear reactions
%14,15&. The effective mass shift of the $! in this nucleus
was deduced to be around #26 MeV %10,12,13,16&, from
which a partial restoration of chiral symmetry breaking was
indicated %17,18&. This type of nuclear spectroscopy is being
extended to search for ' and ( bound states in light nuclei
%19&. In this paper we consider the possible existence of dis-
crete nuclear bound states of a K̄ and how to populate such
exotic nuclear states.
Recently, definite information about the strong-interaction

level shifts of the kaonic hydrogen atom was obtained from
the experiment KpX at KEK %20,21&, which indicates a
‘‘repulsive’’-type shift of (!323$63$11)#i(407$208
$100) eV for the 1s orbit. For heavier nuclei, Batty et al.
%22,23& reanalyzed all of the existing data of K! atoms, in-
cluding a density-dependent term for the K!N scattering
length, and deduced an optical potential with a strongly at-

tractive real part (V0
atom"!183 MeV) and also a strongly

absorptive imaginary part (W0
atom"!70 MeV). The reason

for such a highly attractive potential, despite the fact that the
strong-interaction shifts appear to be negative !of ‘‘repul-
sive’’ type", comes from the assertion that the )(1405) state
is not an ‘‘elementary particle,’’ but the bound state of K̄
#N . From such a potential one expects deeply bound
nuclear states in heavier nuclei, but their widths are esti-
mated to be on the order of 100 MeV or more if their poten-
tial parameters are strictly applied, and thus such nuclear
states may not be identified as discrete states. On the other
hand, a number of narrow deeply bound atomic states are
expected in all nuclei, as studied theoretically by Friedman
and Gal %24&. Such atomic states are, however, not very sen-
sitive to the inner behavior of the asserted strong-interaction
potential. Certainly, direct knowledge about the potential
should be obtained from K̄ nuclear bound states, if they exist
as discrete states. In the following sections, therefore, we
seek possible narrow discrete nuclear states by examining the
K̄N interaction and treating few-body systems of relatively
simple structure. Short versions of the present study have
already been published %25,26&.

II. FORMALISM

A. K̄N interaction

First, we construct phenomenologically a quantitative K̄N
interaction model that is as simple as possible using free K̄N
scattering data %27&, the KpX data of kaonic hydrogen
%20,21& and the binding energy and width of )(1405), which
can be regarded as an isospin I"0 bound state of K̄#N .
Then, the I"0 and I"1 K̄N interactions are found to be

v K̄N
I

!r ""vD
I exp%!!r/0.66 fm"2& , !1"

v K̄N ,$#
I

!r ""vC1
I exp%!!r/0.66 fm"2& , !2"

v K̄N ,$)
I

!r ""vC2
I exp%!!r/0.66 fm"2& !3"

PHYSICAL REVIEW C, VOLUME 65, 044005

0556-2813/2002/65!4"/044005!9"/$20.00 ©2002 The American Physical Society65 044005-1

2002

No. 10] Proc. Jpn. Acad., Ser. B 100 (2024) 607

Kaonic nuclear clusters
— a new paradigm of particle and nuclear physics —

By Yoshinori Akaishi∗1,† and Toshimitsu Yamazaki∗2

(Contributed by Toshimitsu Yamazaki, m.j.a.; Edited by Makoto Kobayashi, m.j.a.)

Abstract: Λ∗=Λ(1405) plays an essential role in the formation of kaonic nuclear clusters
(KNC). The simplest KNC, K−pp, has the structure Λ∗p=(K−p)I=0p, in which a real kaon
migrates between two nucleons, mediating super-strong Λ∗p attraction. Production data of K−pp
have been accumulated by DISTO, J-PARC E27 and J-PARC E15 experiments. For K−K−pp
the attractive covalent bond of Λ∗Λ∗ is doubly enhanced compared to the Λ∗p one. Consequently,
Λ∗ multiplet, (Λ∗)m, with m(m−1)/2 bonds becomes more stable than its corresponding neutron
aggregate, (n)m, at m = 8−12, suggesting the possible existence of stable Λ∗ matter. A long-lived
strangelet of (Λ∗)m=6 is presumed as a precursor. The production of K−K−pp by high-energy
pp or heavy-ion collisions is awaited as a doorway to so-far unknown Λ∗ matter.

Keywords: kaonic nuclei, anti-quarks in nuclei, super-strong nuclear force, Λ∗ strangelet,
Λ∗ matter

1. Introduction

In 2002, we predicted the possible existence of
deeply-bound anti-kaonic nuclear clusters (KNC),
K−pp and K−ppn, based on a phenomenological
K̄N interaction derived from the Λ∗ = Λ(1405) =
(K−p)I=0 ansatz.1),2) Hereinafter, anti-kaon (K̄) is
referred to as “kaon”. Λ∗ = Λ(1405) plays an es-
sential role in forming KNC’s. A microscopic varia-
tional calculation found that K−pp has a structure
of Λ∗p = (K−p)I=0p,3),4) and the migration of a real
kaon between nucleons provides an attractive super-
strong nuclear force5) between Λ∗ and p by molec-
ular bonding of the Heitler–London6)–Heisenberg7)

mechanism.
KNC has a remarkably strong shrinkage

system,1),8) as demonstrated in Fig. 1. The den-
sity goes up by several times higher than the nor-
mal nuclear density, ρ0 = 0.17 fm−3, owing to a
contraction effect by K− being introduced into the
system. Such a high density is never seen in nuclear
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and hypernuclear systems. An essential difference of
KNC from hypernuclei is that an anti-quark, ū, is
implanted into a nuclear system in addition to the s
quark through K− = (ūs). Thus, the fundamental
issues of KNC to be resolved are: “Can an anti-
quark, ū, survive inside a nuclear system of many u
and d quarks?” and “Can a boson, K− = (ūs), be
a constituent of matter?” This study is an investi-
gation toward solving these issues.

2. Experimental evidence for K−pp

The prediction1),2) of KNC stimulated
several theoretical studies9)–13) and experimental
work14)–18) concerning the basic K−pp. Theo-
retical results are grouped into shallow binding
ones of BE ∼ 20 MeV (“chiral K̄N interaction”)
and deep binding ones of BE ∼ 50 MeV (“phe-
nomenological K̄N interaction”). Figure 2(a)
summarizes the recent experimental results of
the K−pp production with good statistical accu-
racy accumulated during 2010–2020. They are
“DISTO”15) by p + p → K+ + X, “J-PARC E27”16)

by π+ + d → K+ + X and “J-PARC E15”17) by
K−+3He → n + X, where X includes K−pp and
others with sufficient statistical confidence.

In the bound region (BE > 0 MeV), there are
two peaks around BE ∼ 50 MeV and BE ∼ 100
MeV. Both the experimental bindings are deeper

doi: 10.2183/pjab.100.039
©2024 The Author(s). Published under the terms of the CC BY-
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