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Double-L, twin-L, and single-L hypernuclear productions for stoppedJ2 particles in 12C
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The production rates perJ via the 12C1J2-atomic states are investigated for theLL
12 Be1p, LL

12 B1n,

LL
11 Be1d, LL

10 Be1t, LL
9 Li1a, LL

6 He17Li, LL
5 H18Be, L

9Be1L
4H, L

8Li1L
5He, andL

12B1L channels~including
their excited channels! within the frame of the doorway double-L hypernuclear picture~direct reaction picture!.
We found that in the stoppedJ2 reaction~1! the excited double-L hypernuclear states forLL

12 B, LL
12 Be, and

LL
11 Be are produced more strongly than other double-L hypernuclei, and~2! the production rates perJ depend
considerably on the atomic orbital angular momentum of theJ2 particle absorbed into nuclei. The calculated
production rates perJ are discussed in comparison with the KEK-E176 experimental data.
@S0556-2813~97!00412-3#

PACS number~s!: 25.80.Pw, 21.80.1a, 21.60.Gx, 27.20.1n
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I. INTRODUCTION

One of the important subjects in hypernuclear physics
to study the spectroscopy of the strangenessS522 hyper-
nuclei. The study ofS522 hypernuclei should lead to th
entrance for the structure study of multistrange hadronic s
tems, and provide interesting information on the unified
scription of baryon-baryon interactions among the bary
octet, since all the hyperon (Y)-nucleon (N) andY-Y inter-
actions among the baryon octet are active in theS522 hy-
pernuclei@1#.

The J2-atomic capture reaction at rest in emulsion
gether with the (K2,K1) reaction is a good tool to searc
double-L hypernuclei. The double-L hypernuclei are pro-
duced viaJ2-atomic and/orJ-hypernuclear states by th
elementary process ofJ21p→L1L128 MeV. Accord-
ing to the recent emulsion-counter hybrid experiment
KEK-E176 @2,3#, two kinds of interesting findings have bee
reported; one is the observation of a double-L hypernucleus
~one event! @2#, and another is twin-L hypernuclear produc
tion ~two events! @3#. The double-L hypernucleus is inter-
preted toLL

13 B, produced by the sequential decay proces
of (14N,J2)atom→LL

14 C* 1n→LL
13 B1p1n, @4# in which the

L-L interaction energy (DBLL54.9 MeV) is attractive and
is consistent with the old emulsion data (LL

6 He and LL
10 Be!

@5,6#. It is noted that another experimental interpretation
the observed double-L hypernucleus is possible,LL

10 Be with
DBLL524.9 MeV ~repulsive! @2#. However, the theoretica
study suggests that theLL

13 B hypernucleus is favorable rathe
than LL

10 Be @7#. On the other hand, the twin-L hypernuclear
production events are found by the following proce
~12C,J2!atom→L

9Be~01!1L
4H and L

9Be* ~21!1L
4H, and the ex-

perimental analysis showed that both the two events
curred from theJ2-atomic states with the binding energy
BJ.0.5 MeV @3#.

Three pictures have been proposed so far for the prod
tion mechanism of double-L and twin-L hypernuclei in the
J2 capture reaction: First is the quasideuteron model@8#, in
which a J2 particle in an atomic orbit or a hypernucle
state is absorbed into a quasideuteron in the nucleus to
560556-2813/97/56~6!/3216~15!/$10.00
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duce aLL pair ~which is trapped to nucleus! and high-
energy neutron~which is emitted from nucleus!, ‘ ‘ d’ ’
1J2→ ‘ ‘ LL ’ ’ 1n, so that a double-L hypernucleus is
formed. This picture is able to explain the production
double-L hypernuclei. However, it is difficult to describe th
twin-L hypernuclear production, because a high-energy n
tron emission does not accompany the production. The
ond picture is the compound double-L hypernuclear picture,
@9# and a third picture is the doorway double-L hypernuclear
picture ~direct reaction picture!, which was proposed by the
present authors@10#. The difference between the two picture
is given as follows: AJ2 particle in an atomic orbit or a
hypernuclear state interacts with a proton in nucleus to p
duce twoL particles, and then a highly excited double-L
hypernuclear state@A21(Z21)% L % L# ~with the excitation
energy ofEx.40 MeV in the case of the12C1J2 atomic
system! is formed as an intermediate state with the config
ration of twoL particles coupled with proton-hole core. Th
highly excited double-L hypernuclear state is fragmented
double-L hypernucleus or single-L hypernucleus by emitting
some nucleons or clusters:

~AZ,J2!atom→@A21~Z21! ^ L ^ L#

→@~A1Z11A2Z2! ^ L ^ L#→LL
A112Z11A2Z2 ,

L
A111Z11L

A211Z2 , L
A~Z21!1L, etc. ~1!

where A11A25A21 and Z11Z25Z21. The compound
double-L hypernuclear picture claims that the highly excit
double-L hypernuclear state is fragmented mainly in t
compound-nuclear stage~statistical fragmentation!, while the
doorway double-L hypernuclear picture insists that th
highly excited double-L hypernuclear state is fragmente
mainly in the doorway stage. Therefore, in the compou
double-L hypernuclear picture, the production rates perJ
for double-L and single-L hypernuclei depend mainly on
their Q values measured from theAZ1J2 threshold,
namely, that the finalL-hypernuclear channel@see Eq.~1!#
with the largerQ value has the larger production rate perJ.
On the other hand, in the doorway double-L hypernuclear
3216 © 1997 The American Physical Society
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56 3217DOUBLE-L, TWIN-L, AND SINGLE-L HYPERNUCLEAR . . .
picture, the following dynamical factors play an importa
role in getting the production rates perJ large;~1! the spec-
troscopic factor for the fragmentation of theproton-hole
state A21(Z21) to the A1Z11A2Z2 channel~if the spectro-
scopic factor is large, the production rates perJ for such
channels asLL

A112Z11A2Z2 and LL
A212Z21A1Z1 become gen-

erally large!, and~2! whether the finalL-hypernuclear chan
nel such asLL

A112Z11A2Z2 and L
A111Z11L

A211Z2 has resonan
states around theAZ1J2 threshold or not~if there appear
resonant states, the production rate perJ becomes large!.
Since both the doorway process and compound pro
should contribute in the actual situation, it is important
study the hypernuclear production mechanism in theJ2

capture reaction from both the doorway double-L hyper-
nuclear picture and compound double-L hypernuclear pic-
ture.

The purposes of this paper are given as follows. The fi
is to investigate the production rates perJ for double-L and
twin-L hypernuclei viaJ2-atomic capture reaction in12C
~which is a typical reaction inp-shell hypernuclei! within the
framework of the doorway double-L hypernuclear picture
@10#. The second purpose is to clarify the characteristic of
double-L and single-L hypernuclear productions via th
J2-atomic capture, especially, (3d)J- and (2p)J-atomic
captures. It is noted that the KEK-E176 experimental res
@2,3# and the cascade calculation@11# suggest theJ2 par-
ticles absorbed mainly from the (3d)J-atomic orbit as well
as (2p)J .

Figure 1 shows the various thresholds for double-L and
single-L hypernuclear production channels in the12C1J2

system, in which the energy is measured from the12C
1J2 threshold. We see that many production chann
are open between theLL

13 B ground state and12C1J2 thresh-
old. The double-L hypernuclear production channel wit
the largest Q value is the LL

12 Be1p channel (Q
526.2 MeV), which is almost degenerate in energy w
the LL

12 B1n channel (Q526.0 MeV). The Q values for
other double-L hypernuclear production channels a
given as follows; Q(LL

9 Li1a)522.8 MeV, Q(LL
11 Be1d)

519.4 MeV, Q(LL
10 Be1t)519.2 MeV, Q(LL

6 He1 7Li)
515.0 MeV, Q(LL

10 Be1d1n)517.0 MeV and
Q(LL

5 H18Be)58.7 MeV. It is noted that the binding ene
gies for the unknown double-L hypernuclei (LL

12 B, LL
12 Be,

LL
11 Be, LL

9 Li, and LL
5 H! are referred from the theoretica

analyses~see Sec. III!, in which theL-L interaction is used
so as to reproduce the experimentalL-L binding energies of

LL
6 He, LL

10 Be, and LL
13 B. On the other hand, there appe

only three channels for the twin-L hypernuclear production

L
8Li1L

5He (Q513.6 MeV), L
9Be1L

4H (Q510.0 MeV) and

L
10Be1L

3H (Q56.0 MeV), and theirQ values are generally
smaller than those for the double-L hypernuclear channels
For the single-L hypernuclear production channel, theL

12B
1L channel is the largestQ-value channel (Q
523.9 MeV), which appears below theLL

9 Li1a channel.
In the present paper, we show the production rates peJ

particle for the following seven double-L hypernuclear chan
nels, two twin-L hypernuclear channels and one singleL
hypernuclear channel, including their excited channe

LL
12 Be1p, LL

12 B1n, LL
9 Li1a, LL

11 Be1d, LL
10 Be1t,
t

ss

st

e

ts

ls

:

LL
6 He17Li, LL

5 H18Be, L
8Li1L

5He, L
9Be1L

4H, and L
12B1L.

Their production rates perJ are evaluated with use of th
distorted-wave impulse approximation~DWIA !. Since it is
well known that the SU~3!~lm!-state classification is very
good to describe the structure of light normal nuclei@12#, we
employ the SU~3!~lm! wave functions for the nuclear-cor
parts of single-L and double-L hypernuclei. The single-L
and double-L hypernuclear wave functions are obtain
within the frame of the core1L and core1L1L models,
respectively.

The construction of this paper is as follows. Section II
devoted to the formulation of the production rates perJ for
double-L and single-L hypernuclei viaJ2-atomic states
with the use of the DWIA. The double-L and single-L hy-
pernuclear wave functions needed to calculate the produc
rates are discussed in Sec. III. The calculated results of
production rates perJ for double-L, twin-L, and single-L
hypernuclei viaJ2-atomic orbits are given in Sec. IV, to
gether with the comparison with the KEK-E176 experime
tal data@2,3#. Finally, we present a summary in Sec. V.

II. FORMULATION

The hypernuclear production rates for the following rea
tions at rest:

FIG. 1. Various thresholds for double-L and single-L hyper-
nuclear production channels in the12C1J2 system. The energy is
measured from the12C1J2 threshold.
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3218 56TAIICHI YAMADA AND KIYOMI IKEDA
~AZ,J2!atom→LL
A112Z11A2Z2 ,

L
A111Z11L

A211Z2 , and L
A811Z81L, ~2!

are formulated within the framework of the doorwa
double-L hypernuclear picture.~Here, A11A25A215A8
and Z11Z25Z215Z8.! We make the distorted-wave im
pulse approximation~DWIA ! to obtain theT matrix for the
stoppedJ2 reaction.

The production width for the reaction shown in Eq.~1!,
(AZ,J2)atom→C11C2 , with (C1 ,C2)5(LL

A112Z1 ,A2Z2),

(L
A111Z1 ,L

A211Z2) and (L
A811Z8,L), is presented with the us

of the Fermi’s golden rule,

G f i5
2p

\ E dk f

~2p!3 d~Ef2Ei !^uTf i~kf!u2&, ~3!

5
2p

\

1

~2p!3

kfv f

\2 E dVkf
^uTf i~kf!u2&, ~4!

where^•••& denotes the average over the magnetic quan
numbers of the initial state and the sum over those in
final state for the square ofT matrix. The wave numbe
vector k f referring to the relative momentum betweenC1
and C2 in the final channel is determined by the energ
conservingd function, andv f is the relative mass energy fo
the C1 andC2 system.

The elementary process for the reaction in Eq.~1! is

J21p→L1L, ~5!

and the conversion process is assumed to be of the1S0-wave
type ~spinS50 and isospinT50! in this paper. With use of
the DWIA, the many-bodyT matrix in Eq.~4! is given, with
the one-bodyT matrix for the elementary process@Eq. ~5!#
denoted byt,

Tf i~k f !5(
j 51

Z

^F f~k f !ut j uF i&5t~kf !r f i
DW~k f !, ~6!

r f i
DW~k f !5^F f~k f !u(

j 51

Z

d~r j2rJ!

3@aL
1aL

1#S5T50@ap~ j !aJ2#S5T50uF i&, ~7!

where ap( j ) denotes the annihilation operator for thej th
proton in the target nucleus, andaJ2 andaL

1 represent, re-
spectively, theJ2-particle annihilation operator and theL-
particle creation operator. The vectorsr j andrJ are, respec-
tively, coordinates for thej th proton and J2 particle
measured from the center-of-mass coordinate of the total
tem, and the integral for Eqs.~6! and~7! is taken over all the
baryon coordinates.

The in-medium two-body production width for the rea
tion at rest given in Eq.~4! is expressed as

ḡ5
kf v f

p\3 ut~kf !u2, ~8!

wherekf andv f are the Fermi-averaged in-medium quan
ties for the wave number and energy of theL particle. Then,
the production width in Eq.~3! is expressed as
m
e

-

s-

G f i5
kfv f

kf v f

ḡE dVkf
^ur f i

DW~kf!u2&/4p. ~9!

It is found that the Fermi-averaged in-medium quantitieskf
andv f do not change seriously from the elementary-proc
quantities.~Their differences are within about 10%.! In the
present study, we use the following values forkf and v f ;
kf50.909 fm21 andv f51130 MeV.

The wave function of the initial state given in Eq.~6! is
expressed as

F i5F I cMcTctc
~AZ!xnJ l JmJ

~rJ!, ~10!

whereF I cMcTctc
(AZ) andxnJ l J j JmJ

denote the target wave

function with the angular momentumI c ~the magnetic quan-
tum numberMc! and isospinTc ~the z componenttc!, and
the J2-atomic wave function with the principal numbernJ

and the orbital angular momentuml J ~the magnetic quantum
numbermJ!, respectively. In the present paper, we use
SU(3)@ f #(lm)5@444#(04) wave function for the 12C
ground-state wave function (I c5Tc50) for simplicity,
whose rms of radius is fitted to the experimental value
should be noted that the SU(3)@ f #(lm)5@444#(04) eigen-
state is a main component of the12C ground-state wave
function, according to the microscopic-cluster-model a
shell-model analyses. For convenience of the practical ca
lation, the@444#~04! wave function of12C is decomposed a

F„

12C@444#~04!;01
…

5c~0s!@F„

11B@443#~04!;01
…^ fp~0s!#01

1c~0p!@F„

11B@443#~13!;12
…^ fp~0p!#01, ~11!

where c(0s) „c(0p)… are the expansion coefficients, an
F„

11B@443#(04);01
… @F„

11B@443#(31);12
…# and f(0s)

„fp(0p)… represent, respectively, the SU(3)@ f #(lm)
5@443#(04) „@443#~31!… wave function of 11B and proton
wave function in the 0s (0p) orbit. It is noted here that the
SU(3)@ f #(lm)5@443#(04) „@443#~31!… state of 11B corre-
sponds to thes-hole ~p-hole! state of11B @13#. In the calcu-
lation of r f i

DW(kf) in Eq. ~9!, we need the spectroscopic am
plitudes for the fragmentation of the11B(s-hole) and
11B(p-hole) states to theA1Z1 and A2Z2 channel. As will be
given in Sec. III, theA1Z1 and A2Z2 nuclei are described by
the SU(3)@ f #(lm) wave functions. Therefore, the spectr
scopic amplitudes obtained by the SU(3)@ f #(lm) wave
functions are employed in the present calculation.

For the J2-atomic wave function, we solve the Schro¨-
dinger equation with the uniform-charged Coulomb poten
and theJ-nucleus potentialVJ(R) @1# expressed by

VJ~R!52
V0J

11exp@~R2RA!/a#
, ~12!

RA5R0A1/3, R051.2 fm. ~13!

In the present study, the strengthV0J in Eq. ~12! is treated as
a real quantity not a complex quantity. The reason is given
follows: The imaginary part of theJ-nucleus optical poten-
tial which gives the total width of the relevantJ2-atomic
system comes mainly from the elementary process ofJ2

1p→L1L128 MeV. Since the elementary process cau
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variousL-hypernuclear productions shown in Fig. 1, the
tal width of theJ2-atomic system is presented mainly as
sum over partial production widths for variousL-
hypernuclear production channels, whose quantities are
culated in the present paper. Therefore, the imaginary pa
the J-nucleus optical potential which simulates variousL-
hypernuclear production processes is not required in
present framework. This treatment, of course, is based o
assumption of a relatively low strength of theJ21p→L
1L process. The assumption is supported by the theore
studies@1,14# based on the Nijmegen one boson exchan
potentials@15#. Since the strengthV0J in Eq. ~12! is un-
known experimentally, we study the dependence of the p
tial production widths (G f i) and production rates perJ (Rf i)
on the strengthV0J .

The final-state continuum wave function adopted in E
~6! is described within the frame of the microscopic clus
model and expressed as

F f~k f !5A A1!A2!

~A11A2!!

3A8$@f I 1T1
~C1!f I 2T2

~C2!# I f M fTf t f
wkf

~R!%,

~14!
n
-
p

c

-

al-
of

e
an

al
e

r-

.
r

where f I 1T1
(C1) @f I 2T2

(C2)# denotes the intrinsic wave
function of theC1 (C2) cluster with the angular momentum
I 1 (I 2) and isospinT1 (T2), for which the explicit expression
is shown in Sec. III. The operatorA8 antisymmetrizes nucle
ons belonging to different clusters as well as twoL particles.
The wave functionwkf

(R) with respect to the relative coor
dinateR between theC1 andC2 clusters is given in terms o
the partial-wave expansion

wkf
~R!5(

L
i L~2L11!wL~kf ,R!PL~kf•R̂!. ~15!

The radial wave functionwL reduces to the spherical Bess
function j L(kfR) for the case without the Coulomb an
nuclear potentials. The way to obtain the continuum wa
function is given in Sec. III.

The total width is defined as the summation over the p
duction widths given in Eq.~9! and presented as

G5(
f

G f i , ~16!

which corresponds to the width of theJ2-atomic state com-
ing from the conversion process,J2p→LL. In order to
estimate the value ofG, we use the closure approximation fo
the summation over all final states, neglecting thekf depen-
dence of the final states, replacing it bykk andv f by v f in
Eq. ~9!,
G5ḡ^F~12C!xJ~r !u(
j 51

Z

@ap
1~ j !aJ2

1
#S5T50@ap~ j !aJ2#S5T50uF~12C!xJ~r !&. ~17!

Here, we make the matter approximation for the matrix element in Eq.~17!,

G5ḡ
1

16
^F~12C!xJ~r !u(

~ST!
(
j 51

A

@aN
1~ j !aJ

1#ST@aN~ j !aJ#STuF~12C!xJ~r !&, ~18!

5ḡ
1

16 E dr rC~r !uxJ~r !u2, ~19!
e
e

e

whereaN andaJ ~aN
1 andaJ

1! are, respectively, the nucleo
andJ-particle annihilation~creation! operators and the num
ber 16 corresponds to the number of channels for total s
(S) and total isospin (T) in nucleon andJ-particle systems.
The nucleon density of12C, rC(r ), is normalized as

E dr rC~r !512. ~20!

Then, the production rate perJ particle is defined as

Rf i5G f i /G, ~21!

which calculated values are discussed in Sec. IV.

III. SINGLE- L AND DOUBLE- L HYPERNUCLEI

As will be discussed in Sec. IV, we calculate the produ
tion rates for the following two-body channels from12C
1J2-atomic states;LL

12 Be1p, LL
12 B1n, LL

9 Li1a, LL
11 Be
in

-

1d, LL
10 Be1t, LL

6 He17Li, LL
5 H18Be, L

8Li1L
5He,

L
9Be1L

4H, and L
12B1L channels. For this purpose, th

single-L and double-L hypernuclear wave functions ar
needed to calculate the production rates.

A. Single-L hypernuclear wave function

Concerning theL
4 H, L

5 He, L
8 Li, L

9 Be, and L
12B hypernu-

clei, the single-L wave function with the angular momentum
JL and isospinTL is described within the frame of the cor
(AZ)1L model ~t1L, a1L, 7Li1L, 8Be1L, and 11B
1L, respectively!, and is given as

FJLTL
~L

A11Z!5(
c,nr

ac~nr !Fc~nr !, ~22!

Fc~nr !5@F IT~AZ!@unr l r
~r !xsL

# j L
#JLTL

, ~23!

c5~ I ,l r ,sL51/2,j L ,JL!, ~24!
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with jL5 lr1sL andJL5I1 jL . ac(nr) represents the expan
sion coefficient and,F IT(A1Z1) denotes the core-part wav
function with the angular momentumI and isospinT. The
relative wave function referring to the relative coordinater
between the core andL particle is expanded in terms of th
harmonic oscillator wave functionunr l r

with the relative co-

ordinate angular momentuml r and node numbernr @see Eq.
~23!#.

For the t and a nuclei, we use the lowest shell-mod
wave functions with the (0s)3 and (0s)4 configurations, re-
spectively. The nucleon size parameterbN is chosen to re-
produce the experimental rms of radius~bN51.67 fm and
1.358 fm for t and a nuclei, respectively!. Concerning the
7Li, 8Be, and 11B wave functions, the SU~3!~lm! wave
functions are employed as (lm) l p5(30)12,32, (40)01,21,41

and (13)12,22,3242, respectively. It should be noted that th
SU~3!~lm! classification is very good to describe the stru
ture of light nuclei. Their wave functions are described
the microscopic cluster models,a13N, a1a, 8Be13N,
respectively, with the nucleon size parameterbN51.48 fm,
where 3N denotes thet-3He cluster. For example, th
8Be(lm)5(40) and 11B(lm)5(13) wave functions are
given

F l~
8Be!5

1

An~40!
A4!4!

8!
A8$fafaunl~r 44!%2n1 l 54 ,

~25!

F ls j t~
11B!5

1

An~13!
(

l 44 ,n83l 83

al 44 ,n83l 83

ls j t F ls j t~ l 44,n83,l 83!,

~26!

F ls j t~ l 44,n83l 83!5A8!3!

10!
A8$f3N~s,t !

3@F l 44
~8Be!un83l 83

~r 83!# l% j t , ~27!

with l5 l441 l83 and 2n831 l 8353. The internal wave func-
tions,fa andf t , are given as the lowest shell-model wa
functions with the (0s)4 and (0s)3 configurations, respec
tively. The operatorA8 antisymmetrizes nucleons belongin
to different clusters. The relative wave function referring
the relative coordinater 44 (r 83) between thea anda clusters
~ 8Be andt! is expanded in terms of the harmonic oscillat
wave functionun44l 44

(un83l 83
) with the relative orbital angu-

lar momentuml 44 ( l 83) and node numbern44 (n83). The
expansion coefficiental 44 ,n83l 83

ls j t and eigenvaluen~13! in Eq.

~26! are obtained by diagonalization of the norm kernel m
trix on the basis ofF ls j t( l 44,n83l 83) given in Eq.~27!.

The total Hamiltonian of the core1L system is given as

HL5h~core!1Tr1(
i 51

A

uLN~L; i !, ~28!

whereh(core) andTr denote, respectively, the Hamiltonia
of core part and the relative kinetic energy operator. In
present paper, the eigenvalues for the nuclear core s
^F ITuh(core)uF IT& are replaced by values of the experime
tal energies averaged with respect to the nuclear spin. T
-

-

e
tes
-
eir

energies are shown in Table I. TheL-N interactionvLN is
given by the one-range Gaussian, for simplicity,

vLN~r !5vLN
0 exp@2~r /bLN!2#, bLN51.034 fm,

~29!

where the rangebLN is equivalent to the two-pion exchang
Yukawa. The strengthvLN

0 is chosen to reproduce the expe
mentalL binding energy for the ground state~see Table II!.
In the case ofL

12B, we derive the11B2L potential from the
8Be2L and t2L folding potentials for simplicity. The
strength of the11B2L potential is adjusted to reproduce th
experimental binding energy of theL particle in L

12B. We
neglect the spin-orbit and spin-spin terms of theL-N inter-
action because of their small effects. Therefore, the singlL
hypernuclear states obtained by the present model are de
erate in energy with respect to theL-particle spin and/or
core-part spin, and their eigenstates are characterized by
total orbital angular momentumL.

The model space is characterized by the angular mom
tum channelc and number of nodesnr @see Eq.~22!#. For

L
4 H, L

5 He, L
8 Li, and L

9 Be, the following model space is
taken:l r50 andnr50,1, . . . 5. ForL

12B, we takel r50,1 and
nr50,1 . . . 5. Themodel space is enough to describe t
low-lying states of the single-L hypernuclei. The Hamil-
tonian matrix elements on the basis ofFc(nr) @see Eqs.~23!
and ~28!# are diagonalized to obtain the eigenenergies a
expansion coefficientsac(nr) given in Eq.~22!. As a result,
we found that the effect of the channel coupling among
states of nuclear core part is small. Therefore, in the ca
lation of the L-hypernuclear production rates for th
J2-atomic capture reaction, we use the single-L hyper-
nuclear wave functions with no channel coupling for sim
plicity.

B. Double-L hypernuclear wave function

The double-L hypernuclear wave function~the total an-
gular momentumJLL and isospinTLL! for LL

12 B, LL
12 Be,

TABLE I. Excitation energies for the nuclear-core states of7Li,
8Be, and 11B. They are obtained from the experimental energ
averaged over the nuclear-core spin.

7Li( l p) Ex ~MeV! 8Be(l p) Ex ~MeV! 11B( l p) Ex ~MeV!

12 0.0 01 0.0 12 0.0
32 5.8 21 2.9 22 3.9

41 11.4 32 6.8
42 10.3

TABLE II. Values for the strengthvLN
0 of the one-rangeLN

interaction. They are determined so as to reproduce the experim
tal binding energy of theL particle within the frame of thet1L,
a1L, 7Li1L, and 8Be1L models, respectively.

L
4 H L

5 He L
8 Li L

9 Be

vLN
0 ~MeV! 255.80 238.19 236.60 232.85
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LL
11 Be, LL

10 Be, LL
9 Li, LL

6 He, and LL
5 H is described by the

core(AZ)1L1L model (AZ510B, 10Be, 9Be, 8Be, 7Li, a,
and t, respectively!:

FJLLTLL
~LL

A12Z!5 (
c,nr ,np

ac~nr ,nr!Fc~nr ,nr!, ~30!

Fc~nr ,nr!5@F IT~A1Z1!

3@@unr l r
~r !unr l r

~r!#LLL
xSLL

# I LL
#JLLTLL

,

~31!

c5~ I ,l r ,l r ,LLL ,SLL ,I LL ,JLL!, ~32!

with LLL5 lr1 lr , ILL5LLL1SLL and JLL5I1ILL .
ac(nr ,nr) represents the expansion coefficient. The relat
wave function referring to the relative coordinater ~r ! be-
tween the twoL particles~the core and center-of-mass
two L particles! is expanded in terms of the harmonic osc
lator wave functionunr lr (unr l r

) with the relative coordinate

angular momentuml r ( l r) and node numbernr (nr). The
antisymmetrization between the twoL particles demands th
relation ofl r1SLL5even, whereSLL denotes the total spin
for the twoL particles.

The total Hamiltonian of the core1L1L system is given
as

HLL5h~core!1Tr1Tr1 (
k51

2

(
i 51

A

vLN~Lk; i !1vLL ,

~33!

whereTr (Tr) denotes the relative kinetic energy opera
referring to the relative coordinater ~r!, and vLN (vLL)
represents theL-N ~L-L! interaction. In the presen
paper, the eigenvalues for the nuclear-core sta
^F ITuh(core)uF IT& are replaced by values of the experime
tal energies averaged with respect to the nuclear-core
~see Sec. III A!. Their energies are shown in Table I. For t
L-N interaction, we use the one-range Gaussian-type in
action given in Eq.~29!. The strengthvLN

0 in Eq. ~29! is
chosen to reproduce the experimentalL binding energy of
the core1L system~see Sec. III A!. On the other hand, the
YNG-D effective interaction@14# is employed for theL-L
interaction, which is obtained by applying theG-matrix
theory to the Nijmegen model-D potential@15#. In the
present study, only the1S0-typeL-L interaction is taken into
account. The YNG-DL-L interaction is given as

vLL~r !5 (
k51

3

vLL
~k! exp@2~r /bLL

~k! !2#, ~34!

where the ranges and strengths are given in Table III. I
noted that the YNG-D interaction@14# gives the attractive
L-L binding energy, which is consistent with the experime
tal L-L binding energy (DBLL

exp.4–5 MeV) for LL
6 He,

LL
10 Be, andLL

13 B @5,6,4#.
Concerning the wave function of core part@F IT(AZ)#

given in Eq. ~31!, we use the SU~3!~lm! wave functions,
(lm) l p5(13)12,22,32,42 for 11B, (22)01,2

1
1,2

2
1,31,41 for 10B,

(22)01,2
1
1,2

2
1,31,41 for 10Be, (31)12,22,32,42 for 9Be,
e

r

s
-
in

r-

is

-

(40)01,21,41 for 8Be, and (30)12,32 for 7Li, with the
nucleon size parameterbN51.48 fm. They are obtained b
the microscopic cluster model technique, within the frame
the microscopic cluster models,8Be13N, 8Be12N, 8Be
12N, 8Be1N, a1a and a13N, respectively~see Sec.
III A !.

The model space is characterized by the angular mom
tum channelc and number of node (nr ,nr) @see Eq.~30!#.
Since the elementary conversion process (J21p→L1L)
is assumed to be of the1S0 type, the total spin of twoL
particles is fixed toSLL50 andl r50. For theLL

5 H, LL
6 He,

LL
9 Li, LL

10 Be, and LL
11 Be hypernuclei, only (l r ,l r)LLL

5(0,0)0 is taken withnr50,1 . . . 5 andnr50,1 . . . 5, for
which the model space is enough to describe the low-ly
states of the double-L hypernuclei. The angular momentum
channel (l r ,l r)LLL

5(0,0)0 means that both the twoL par-

ticles occupy in the (0s)L orbit, namely, (0s)L
2 , according to

the shell-model terminology. On the other hand, for theLL
12 B

and LL
12 Be hypernuclei, the following model space is take

( l r ,l r)LLL
5(0,0)0 and (1,0)1 with nr50,1 . . . 5 andnr

50,1 . . . 5. The (l r ,l r)LLL
5(1,0)1 channel is in correspon

dence with the fact that one of twoL particles occupies in
the (0s)L orbit and other in (0p)L , namely, (0s)L(0p)L ,
according to the shell-model terminology. Then, we can
scribe the following double-L hypernuclear states;

LL
5 H; Lp501 with ~s,t !5~1/2,1/2!,

LL
6 He; Lp501 with ~s,t !5~0,0!,

LL
9 Li; Lp512,32 with ~s,t !5~1/2,1/2!,

LL
10 Be; Lp501,21,41 with ~s,t !5~0,0!,

LL
11 Be; Lp512,22,32,42 with ~s,t !5~1/2,1/2!,

LL
12 Be; Lp501,21,31,41,1222,32,42,52

with ~s,t !5~0,1!,

LL
12 B; Lp501,21,31,41,12,22,32,42,52

with ~s,t !5~0,1! and ~1,0!,

whereL denotes the total orbital angular momentum, ans
andt represent the nuclear-core part spin and isospin, res
tively. The Hamiltonian matrix elements on the basis
Fc(nr ,nr) are diagonalized to obtain the eigenenergies a
expansion coefficientsac(nr ,nr) given in Eq.~30!. Since the
effect of the channel coupling among the states of the nuc
core part is found to be small, we use the double-L hyper-

TABLE III. Ranges and strengths of the YNG-NDLL interac-
tion, Ref. @14#.

k 1 2 3

bLL
(k) ~fm! 1.5 0.9 0.5

vLL
(k) ~MeV! 28.951 2223.1 948.9
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TABLE IV. Production rates perJ (R/J) for double-L and single-L hypernuclei in the case of the absorption from the (2p)J- and
(3d)J-atomic orbits with aJ-nucleus potential strength ofV0J516 and 24 MeV. Ls (Lp) denotes theL particle in thes (p) state.

Channel Q ~MeV!

V0J516 MeV V0J524 MeV

(2p)J ~%! (3d)J ~%! (2p)J ~%! (3d)J ~%!

LsLs

12 B(01) t50s511n 26.0 0.02 0.02 0.01 0.02

LsLs

12 B(21
1) t50s511n 22.6 0.02 0.00 0.02 0.00

LsLs

12 B(22
1) t50s511n 14.1 2.28 0.10 1.93 0.10

LsLs

12 B(01) t51s501n 24.0 0.01 0.01 0.01 0.01

LsLs

12 B(21
1) t51s501n 20.9 0.01 0.00 0.01 0.00

LsLs

12 B(22
1) t51s501n 12.4 0.95 0.04 0.80 0.04

LsLp

12 B(11
2,12

2,22,32) t50s511n 7.0–11.9 0.49 0.92 0.41 0.91

LsLp

12 B(11
2,12

2,22,32) t51s501n 5.0–9.9 0.19 0.39 0.16 0.38

Sum 3.96% 1.47% 3.35% 1.45%

LsLs

12 Be(01)1p 26.2 0.03 0.02 0.03 0.02

LsLs

12 Be(21
1)1p 22.8 0.02 0.00 0.02 0.00

LsLs

12 Be(22
1)1p 14.3 2.03 0.07 1.71 0.07

LsLp

12 Be(11
2,12

2,22,32)1p 7.0–11.9 0.34 0.91 0.31 0.90

Sum 2.43% 1.00% 2.07% 0.99%

LsLs

11 Be(12)1d 19.4 0.12 0.04 0.11 0.03

LsLs

11 Be(32)1d 13.5 0.42 0.04 0.36 0.04

LsLp

11 Be(01)1d 4.7 0.00 0.30 0.00 0.29

LsLp

11 Be(21
1)1d 5.1 0.04 1.68 0.03 1.65

LsLp

11 Be(22
1)1d 0.1 0.00 0.00 0.00 0.00

Sum 0.59% 2.05% 0.50% 2.01%

LsLs

10 Be(01)1t 19.2 0.06 0.00 0.05 0.00

LsLs

10 Be(21)1t 16.3 0.06 0.00 0.05 0.00

LsLs

10 Be(41)1t 7.8 0.02 0.02 0.02 0.02

Sum 0.14% 0.02% 0.12% 0.02%

LsLs

9 Li(1 2)1a 22.8 0.04 0.00 0.04 0.00

LsLs

9 Li(3 2)1a 17.0 0.01 0.02 0.01 0.02

Sum 0.05% 0.02% 0.05% 0.02%

LsLs

6 He17Li ~12! 15.0 0.02 0.15 0.02 0.15

LsLs

6 He17Li ~32! 9.2 0.03 0.11 0.02 0.10

Sum 0.05% 0.26% 0.04% 0.25%

LsLs

5 H18Be~01! 8.7 0.06 0.09 0.05 0.09

LsLs

5 H18Be~21! 5.8 0.05 0.13 0.05 0.13

LsLs

5 H18Be~41! 22.7

Sum 0.11% 0.22% 0.10% 0.22%

Ls

9 Be(01)1Ls

4 H 10.0 0.08 0.03 0.06 0.03

Ls

9 Be(21)1Ls

4 H 7.1 0.14 0.04 0.11 0.03

Ls

9 Be(41)1Ls

4 H 21.4

Sum 0.22% 0.07% 0.17% 0.06%

Ls

8 Li(1 2)1Ls

5 He 13.6 0.12 0.02 0.10 0.02

Ls

8 Li(3 2)1Ls

5 He 7.8 0.09 0.02 0.08 0.02

Sum 0.21% 0.04% 0.18% 0.04%
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TABLE IV. (Continued).

Channel Q ~MeV!

V0J516 MeV V0J524 MeV

(2p)J ~%! (3d)J ~%! (2p)J ~%! (3d)J ~%!

Ls

12B(12)1L 23.9 0.64 0.25 0.88 0.33

Lp

12 B(21)1L 12.9 0.97 0.67 1.17 0.74

Lp

12 B(11)1L 12.9 0.00 0.00 0.00 0.00

Lp

12 B(01
1)1L 12.9 0.23 0.16 0.45 0.24

Ls

12B(02
1)1La 3.0 0.22 0.06 0.32 0.08

Sum 2.07% 1.13% 2.82% 1.38%

a
Ls

12B(02
1) has the@11B ~s-holê SL] configuration.
al
e
ct
y

tu
c

e

e
fo

s

d
-

he
nuclear wave function with no channel coupling in the c
culation of the double-L hypernuclear production rate for th
J2-atomic capture reaction. The calculated energy spe
of LL

12 B and LL
12 Be are shown in Fig. 2, in which the energ

levels are assigned by the total orbital angular momen
and are degenerate in energy with respect to the nuclear
spin.

C. Intracluster potential and continuum wave function
in the final channel

The intracluster potential betweenLL
A112Z1 and A2Z2

~ L
A111Z1 and L

A211Z2 , L
A811Z8 and L! is derived with the

folding potential model. As the wave functions for th
double-L hypernuclei (LL

A12Z), single-L hypernuclei (L
A11Z)

and normal nuclei (AZ), we use those presented in the pr
vious subsections. In this section, the isospin is ignored
simplicity.

The folding potential betweenLL
A112Z1 ~nuclear core part

C1[A1Z1! and A2Z2 (C2[A2Z2) with the total angular mo-
-

ra

m
ore

-
r

mentumJ and the relative orbital angular momentumL re-
ferring to the relative coordinateR between the two cluster
is given as

VJHLJ
double2L~R!5^~JLLI c!JHL;Ju (

i PC1
(

j PC2

$vNN~ i , j !

1vCoulomb~ i , j !%

1(
i 51

2

(
j PC2

vLN~L i , j !u~JLLI c!JHL;J&,

~35!

u~JLLI c!JHL;J&5@@fJLL
~L1L2

A112Z1!F I c
~A2Z2!#JH

YL~R̂!#J ,

~36!

wherevCoulomb and vLN denote, respectively, Coulomb an
L-N interactions. For theL-N interaction, we use the one
range Gaussian-type interaction given in Eq.~29!, where the
strengthvLN

0 in Eq. ~29! is determined so as to reproduce t
experimentalL binding energy of theA2Z21L system. As
(
FIG. 2. Calculated energy spectra ofLL
12 B and LL

12 Be, where each energy level is assigned by the total orbital angular momentumLp)
and isospin (t). Energy levels with isospint50 for LL

12 B are degenerate in energy with respect to the nuclear-core spin (s51).
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for the N-N interaction denoted byvNN , we employ the
Hasegawa-Nagata-Yamamoto~HNY! effective interaction
@16#.

Concerning the twin-L hypernuclear channel, the foldin
potential betweenL

A111Z1 (C1[A1Z1) and L
A211Z2 (C2

[A2Z2) with the total angular momentumJ and the relative
orbital angular momentumL referring to the relative coordi
nateR between the two clusters is given as

VJHLJ
twin2L~R!5^~JL1

JL2
!JHL;Ju (

i PC1
(

j PC2

$vNN~ i , j !

1vCoulomb~ i , j !%1 (
i PC1

vLN~L2 ,i !

1 (
j PC2

vLN~L1 , j !

1vLL~L1 ,L2!u~JL1
JL2

!JHL;J&, ~37!

u~JL1
JL2

!JHL;J&

5@@FJL1
~L1

A111Z1!FJL2
~L2

A211Z2!#JH
YL~R̂!#J ,

~38!

with the HNY N-N interaction (vNN) and the YNG-DL-L
interaction (vLL) given in Eq.~34!. As for theL-N interac-
tion vLN(L2 ,i ) with i PC1 @vLN(L1 , j ) with j PC2#, we use
the one-range Gaussian interaction given in Eq.~29!, whose
strength is chosen to reproduce the experimentalL binding
energy of the A1Z11L (A2Z21L) system. It should be
noted that all theN-N, L-N, andL-L interactions are in-
corporated in the twin-L hypernuclear channel. On the oth

hand, the folding potential betweenL
A811Z8 ~nuclear core

part C8[A8Z8! andL is given as

VJHLJLJ
single2L~R!5^JHLJL ;Ju (

i PC8
vLN~L2 ,i !

1vLL~L1 ,L2!uJHLJL ;J&, ~39!

uJHLJL ;J&5@FJH
~L1

A811Z8!@YL~R̂!x1/2~L2!#JL
#J ,

~40!

with JL5L61/2 and the YNG-DL-L interaction (vLL). As
for the L-N interaction, we use the one-range Gaussian
teraction given in Eq.~29!, whose strength is determined
reproduce the experimentalL binding energy of theA8Z8
1L system.

The continuum wave functionwL(R,kf) given in Eq.~15!
is derived from solving the potential problem, in which w
use the intracluster potentials given in Eqs.~35!, ~37!, and
~39!. Here, we require the radial wave functionwL(R,kf) to
be orthogonal to the Pauli-forbidden states between the
clusters in the final channel. The Pauli-forbidden states
usually expressed as harmonic oscillator wave functi
uNL(R). This procedure corresponds to taking into acco
approximately the antisymmetrization effect between the
clusters in the final channel. For example, in theLL

12 B1n,

LL
11 Be1d, L

9Be1L
4H, and L

8Li1L
5He cases, their radial wav

functions must be orthogonal to the harmonic oscillator wa
-

o
re
s
t
o

e

functionsuNL(R) with quantaQ52N1L less than one, two
three, and four quanta, respectively. We obtain such
continuum-state radial wave function with the use of the m
croscopic cluster model technique.

IV. RESULTS AND DISCUSSION

The calculated production rates perJ (R/J) for the

LL
12 B1n, LL

12 Be1p, LL
11 Be1d, LL

10 Be1t, LL
9 Li1a,

LL
6 He17Li, LL

5 H18Be, L
9Be1L

4H, L
8Li1L

5He, and L
12B1L

channels~including their excited channels! via the 12C1
J2-atomic capture reaction are given in Table IV~are sum-
marized in Table V! together with their excited channels
where theJ2 particle is absorbed from the (2p)J and
(3d)J atomic orbits with theJ-nucleus potential strength
V0J516 and 24 MeV. In Table IV, the notation ofLsLs
(LsLp) represents the twoL particle configuration with one
L in thesL state (sL) and another in thesL state (pL). The
KEK-E176 experimental results@2,3# for the twin-L hyper-
nuclear productions and the cascade-calculation results@11#
suggest theJ particles are absorbed from the (2p)J- or
(3d)J-atomic orbits. On the other hand, the value ofV0J5
24 MeV is derived from the old emulsion data@1#. However,
the recent KEK-E224 experimental result@17# indicates that
V0J516 MeV is preferable to reproduce the excitation fun
tion of the (K2,K1) reaction.

First, the dependence of theL-hypernuclear production
rates on the (2p)J and (3d)J atomic states are discussed
subsections A and B, respectively. Then, we compare
calculated results with the experimental ones in the sub
tion C.

A. L-hypernuclear production via the „2p…J-atomic state

In the case of the (2p)J-atomic capture withV0J

516 MeV, the channel with the largest production rate p
J is the LL

12 B1n channel withR/J53.96% ~see Tables IV
and V!. The main component comes from the excited ch
nels, LL

12 Bt50s51(Lp522
1)1n (R/J52.28%) and

LL
12 Bt51s50(Lp522

1)1n (R/J50.95%) with the double-L
hypernuclear configurations @10Bt50s51( l p522

1) ^ sL

^ sL#Lp521 and @10Bt51s50( l p522
1) ^ sL ^ sL#Lp521, re-

TABLE V. Summary of production rates perJ (R/J) for
double-L and single-L hypernuclei. See Table IV and the text.

Channel

V0J516 MeV V0J524 MeV

(2p)J ~%! (3d)J ~%! (2p)J ~%! (3d)J ~%!

LL
12 B1n 3.96 1.47 3.35 1.45

LL
12 Be1p 2.43 1.00 2.07 0.99

LL
11 Be1d 0.59 2.05 0.50 2.01

LL
10 Be1t 0.14 0.02 0.12 0.02

LL
9 Li1a 0.05 0.02 0.05 0.02

LL
6 He17Li 0.05 0.26 0.10 0.26

LL
5 H18Be 0.11 0.22 0.10 0.22

L
9Be1L

4H 0.22 0.07 0.17 0.06

L
8Li1L

5He 0.21 0.04 0.18 0.04

L
12B1L 2.07 1.13 2.82 1.38
2 2



-
e
m
s

ne

m

an

nd

tio
a

te

he

ct

si

y

e
in

so
um

ta

l

2

he
-

so

se
to

se
or

at

le:

56 3225DOUBLE-L, TWIN-L, AND SINGLE-L HYPERNUCLEAR . . .
spectively. Here,l , s, and t denote the orbital angular mo
mentum, spin and isospin for the nuclear core part, resp
tively, andL represents the total orbital angular momentu
of the double-L hypernucleus. The second large
production-rate-per-J channel is theLL

12 Be1p channel with
R/J52.43%, in which the main channel is the excited o

LL
12 Be(Lp522

1)1p (R/J52.03%) with the double-L hy-
pernuclear configuration @10Bet51s50( l p522

1) ^ sL

^ sL#Lp52
2
1. The third largest one is theLL

11 Be1d channel

with R/J50.59%, where the main component comes fro
the excited channelLL

11 Be(Lp532)1d (R/J50.42%) with
the double-L hypernuclear configuration@9Bet51/2 s51/2( l p

532) ^ sL ^ sL#Lp532.
From Table IV, we notice that the production rates perJ

of the excited channels,LL
12 B(Lp522

1)1n and LL
12 Be(Lp

522
1)1p, are larger than those of their ground-state ch

nels, LL
12 B(Lp501)1n and LL

12 Be(Lp501)1p. There are
two reasons why the excited channels ofLL

12 B1n and

LL
12 Be1p have the larger production rates than the grou
state channels. As an example, in the case of theLL

12 B1n
channel, we discuss them as follows: In the direct reac
picture, theJ2 particle in an atomic state interacts with
proton in 12C to produce the highly excited double-L hyper-
nculear state with the configuration of@11B(proton-hole)
^ L ^ L# as an intermediate state, and then it is fragmen
mainly at the doorway stage to the channelsLL

A1 Z11A2Z2 ,

L
A1Z11L

A2Z2 , etc. according to the fragmentation mode of t
nuclear-core proton-hole state:

~12C,J2!atom→@11B~proton-hole! % L % L#

→@~A1Z11A2Z2! % L % L#

→LL
A112Z11A2Z2 , L

A111Z11L
A211Z2 , etc.

~41!

Therefore, increasing the value of the spectroscopic fa
for the fragmentation of11B to two-body channels (A1Z1
1A2Z2) leads to a larger production rate of double-L hyper-
nuclei (LL

A112Z11A2Z2 or LL
A212Z21A1Z1!. Table VI shows

the spectroscopic factorsS2 for the fragmentation of11B
to two-body channels (A1Z11A2Z2). We see that the
spectroscopic factor for11B(p-hole)→10Bt50s51(22

1)1n
@10Bt50s51(01)1n# is as large asS252.36 ~1.10!. It is
noted that this characteristic persists also in the case of u
the Cohen-Kurath wave functions@18#, although their com-
ponents are dispersed in some states of11B due to the spin
coupling ofj5 l1s. This is one of the important reasons wh
the excited channels ofLL

12 B1n and LL
12 Be1p have the pro-

duction rate larger than that for the ground-state chann
The other important reason is given as follows: Reflect
the fact that theQ value for LL

12 Bt50s51(Lp522
1)1n (Q

514.1 MeV) is smaller than that forLL
12 Bt50s51(Lp501)

1n (Q526.0 MeV), the former channel has a broad re
nancelike state with the relative orbital angular moment
LR

p532 betweenLL
12 B andn around the12C1J2 threshold,

while the latter channel does not have such a resonant s
It is noted that the total angular momentum (Jp) of the

LL
12 B1n system isJp512, and the height of the centrifuga
c-

t

-

-

n

d

or

ng

ls.
g

-

te.

barrier for theLR
p532 partial wave is as large as about 1

MeV, which is estimated from theLL
12 B2n folding potential

plus the centrifugal potential. Even if taking into account t
spin-orbit splitting betweenLL

12 B andn, the broad resonan
celike state withLR

p532 might persist around12C1J2

threshold due to the broad width (;5 MeV). ~For the LR
p

512 partial wave of theLL
12 Bt50s51(Lp522

1)1n channel,
the height of the centrifugal barrier is about a few MeV,
that its contribution to the production of theLL

12 Bt50s51(Lp

522
1)1n channel becomes small in comparion with the ca

for the LR
p532.! The above-mentioned two reasons lead

the considerably larger value ofr f i
DW @see Eq.~7!# for the

LL
12 Bt50s51(22

1)1n channel than that for the

LL
12 Bt50s51(01)1n channel, although the value of the pha
spacekfv f for the former is somewhat smaller than that f
the latter@see Eq.~9!#. Therefore, the production rate perJ
for the LL

12 Bt50s51(22
1)1n channel becomes larger than th

for the LL
12 Bt50s51(01)1n channel.

From Fig. 2, we note that theLL
12 Bt50s51(Lp522

1) state
can be fragmented to theLL

11 B1n and LL
11 Be1p channels as

well as theg decay. Then, the following process is possib

~12C,J2!2p-atom→LL
12 B* 1n

→LL
11 Be1p1n, LL

11 B1n1n, etc.

~42!

TABLE VI. Calculated spectroscopic factors (S2) for the frag-
mentation of 11B to two-body channels (A1Z11A2Z2), where l p

denotes the relative orbital angular momentum betweenA1Z1 and
A2Z2 . The SU(3)(lm)Lp5(13)12 and (04)01 states correspond to
the p-hole ands-hole states of11B.

Channel

11B(lm)Lp5(13)12
11B(lm)Lp5(04)01

l p S2 l p S2

10BT50(01)1n 12 1.10 01 0.03
10BT50(21

1)1n 12 0.25 21 0.01
10BT50(22

1)1n 12 2.36 21 0.07
10BT51(01)1n 12 0.37 01 0.01
10BT51(21

1)1n 12 0.08 21 0.00
10BT51(22

1)1n 12 0.79 21 0.02

10Be(01)1p 12 0.73 01 0.02
10Be(21

1)1p 12 0.17 21 0.00
10Be(22

1)1p 12 1.58 21 0.05

9Be(12)1d 01 1.00 12 0.18
21 0.80

9Be(32)1d 21 1.60 32 0.16

8Be(01)1t 12 0.41 01 0.14
8Be(21)1t 12 0.36 21 0.17

32 0.15
8Be(41)1t 32 0.52 41 0.17

7Li(1 2)1a 01 0.41 12 0.00
21 0.36

7Li(3 2)1a 21 0.15 32 0.00
41 0.51
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The sequential process is the same as the production pro
of LL

13 B observed in the KEK-E176 experiment@2,3#,
(14N,J2)atom→LL

14 C* 1n→LL
13 B1p1n. This result sup-

ports the interpretation of Doveret al., @4# for the double-L
hypernucleus observed in the KEK-E176 experiment@2,3#.

The fourth largest production-rate-per-J channel is the

LL
10 Be1t channel withRJ50.14%, in which the values o
R/J for the LL

10 Be(01)1t, LL
10 Be(21)1t, and LL

10 Be(41)
1t channels are 0.06, 0.06, and 0.02%, respectively. As
the LL

5 H18Be, LL
9 Li1a, and LL

6 He17Li channels, their
production rates perJ areR/J50.11, 0.05, and 0.05%. Th
reason why the production rates forLL

10 Be1t, LL
9 Li1a,

LL
6 He17Li, and LL

5 H18Be are smaller than those forLL
12 B

1n, LL
12 Be1p and LL

11 Be1d is due to the following
facts: ~1! the spectroscopic factors for the fragmentation
11B to the 10B1n, 10Be1p and 9Be1d channels are con
siderably larger than those to the8Be1t and 7Li1a chan-
nels ~see Table VI!, and ~2! the Q values for LL

12 B1n,

LL
12 Be1p, and LL

11 Be1d are larger than those forLL
10 Be

1t, LL
9 Li1a, LL

6 He17Li, and LL
5 H18Be, and therefore, the

values of the phase space for the former channels bec
large in comparison with those for the latter. It is noted th
the compound double-L hypernuclear picture@9# predicts the
very large production rate ofLL

6 He. However, the KEK-
E176 experimental data showed no evidence ofLL

6 He @2,3#.
Our calculated result that the production rate perJ for the

LL
6 He17Li channel is as small as 0.05% is consistent w
the experimental data.

Concerning the twin-L hypernuclear production, theR/J
for the L

9Be1 L
4 H channel is 0.22% withR/J@L

9Be1(01)
1L

4 H] 50.08% and R/J@L
9Be1~21!1L

4H#50.14%. It is
noted that theL

9Be~41!1L
4H channel is forbidden because

its negativeQ value~see Fig. 1!. On the other hand, theR/J
for the L

8Li1L
5He channel is 0.21% with

R/J@L
8Li ~12!1L

5He#50.12% and R/J@L
8Li1~32!1L

5He#
50.09%. In both the twin-L hypernuclear channels, th
R/J value for the excited channel is almost the same as
larger than that for the ground-state channel. This is the c
acteristic of our model, as will be shown also in th
(3d)J-atomic capture case~see Sec. IV B!. The reason, for
example, in theL

9Be1L
4H channel, is given as follows:~1!

the spectroscopic factors for the11B(p-hole)→8Be(21)1t
channel is almost the same as those for11B→8Be(01)1t
~see Table VI!, and~2! the difference of theQ value between
the L

9Be~01!1L
4H and L

9Be~21!1L
4H channels is not so larg

(;3 MeV). The same situation is realized also in t

L
8Li1L

5He channel. When we compare the values of the p
duction rates perJ for the twin-L hypernuclear production
channels with those for theLL

12 B1n and LL
12 Be1p channels,

the production rates perJ for the double-L hypernuclei are
larger than those for the twin-L hypernuclei. This is due to
the fact that~1! the spectroscopic factors for11B→8Be1t
and 7Li1a are smaller than those for11B→10B1n and
10Be1p ~see Table VI!, and~2! the LL

12 B1n and LL
12 Be1p

channels have broad resonancelike states around the12C
1J2 threshold, while the twin-L channels do not have suc
states in the present calculation.

As for the L
12B1L channel, the total production rate p

J is R/J52.07%. We see that theR/J for the excited
ess

or

f

e
t

or
r-

-

channel L
12B(Lp521)1L with the single-L hypernuclear

configuration@11B(12) ^ pL#Lp521 is largest and amounts t
0.97%, and the secondary largest channel is the ground-
channelL

12B(Lp512)1L (R/J50.64%) with the single-L
hypernuclear configuration@11B(12) ^ sL#Lp512. It is noted
that the excited hypernuclear stateL

12B(Lp521) is produced
as much as the ground state ofL

12B in our calculation.
The calculated production rates perJ for the

(2p)J-atomic capture in the case ofV0J524 MeV are listed
in Tables IV and V together with those in the case ofV0J

516 MeV. As shown in Table VII, theJ binding energyBJ

for the (2p)J-atomic state with V0J516 MeV (BJ

50.55 MeV) is larger than that withV0J524 MeV (BJ

50.24 MeV). This reason is given as follows: In the case
V0J524 MeV, there appear twoJ hypernuclear bound
states, namely, the ground state~J particle in thes state!
with BJ511.51 MeV @denoted as (1s)J# and excited state
~J particle in thep state! with BJ52.25 MeV @denoted as
(1p)J#, together with theJ-atomic states, (2s)J , (2p)J ,
(3d)J , etc.~see Table VII!. On the other hand, in the case
V0J516 MeV, there appears only oneJ hypernuclear
bound state, namely, the ground hypernuclear state w
BJ56.71 MeV @denoted as (1s)J#, together with theJ-
atomic states, (2s)J , (2p)J , (3d)J , etc. @see Table VII#.
Since the (1p)J-hypernuclear state does not appear in
case of V0J516 MeV, the (2p)J-atomic state forV0J

516 MeV corresponds to the (1p)J-hypernuclear state fo
V0J524 MeV. Therefore, theJ binding energy of the
(2p)J-atomic state forV0J524 MeV which has one node in
the radial wave function~the nodal point is outside the radiu
of 12C! is smaller than that forV0J516 MeV which has no
node in the radial wave function. This binding energy diffe
ence leads to somewhat smaller values for the calcula
results of the production rates perJ for V0J524 MeV than
those forV0J516 MeV. However, the qualitative differenc
between them is not clearly seen in Tables IV and V.

It is an interesting problem in theL-hypernuclear produc-
tion reaction via theJ2-atomic capture whether theJ2

particle in an atomic orbit interacts mainly with a proton
thes or p states in12C. Since theQ value for the elementary
processJ21p→L1L is 28 MeV, which is almost the
same as the separation energy of ans-state proton in12C or
light nuclei, the fragmentation mode of the11B(s-hole! state
might play a more important role than that of thep-hole state

TABLE VII. Calculated J binding energies for theJ2112C
hypernuclear and atomic states with the Woods-Saxon pote
strengthV0J516 and 24 MeV@see Eq.~12!#. In the table, H.N. and
atom denote, respectively, theJ hypernuclear and atomic states.

V0J524 MeV V0J516 MeV

BJ ~MeV! BJ ~MeV!

(1s)J 11.51 H.N. 6.71 H.N.

(1p)J 2.25 H.N.

(2s)J 0.55 Atom 0.46 Atom

(2p)J 0.24 Atom 0.55 Atom

(3d)J 0.13 Atom 0.13 Atom
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of 11B. However, in the present calculation, theJ2 particle
interacts mainly ap-state proton in12C, when it is absorbed
from the (2p)J-atomic orbit as well as (3d)J . The reasons
are given as follows: ~1! the number ofp-state protons in-
teracting with aJ2 particle in an atomic orbit is larger tha
that of thes-state ones,~2! the spectroscopic factor for th
fragmentation of the ground state of12C to 11B~p-hole! and
a p-state proton is considerably larger than that to11B
~s-hole! and ans-state proton, when we use the SU~3! wave
functions@see Eq.~11!#, ~3! the spectroscopic factors for th
fragmentation of the11B~p-hole! state to two-body cluster
are generally larger than those of11B~s-hole! ~see Table VI!,
~4! the 1S0-wave type conversion forJ21p→L1L favors
that the total sum of the orbital angular momentum for
J2 particle (l J) and the one for the interacting proton
12C (l p) is zero, namely, that the selection rule ofl p5 l J or
l p. l J @8# is realized, and finally,~5! the overlap of the
J2-atomic wave function with thep-state proton wave func
tion is larger than that with thes-state proton wave function
Therefore, the contribution from the11B~s-hole! state is one-
order or two-orders smaller than that from11B~p-hole! in the
(2p)J-atomic capture reaction as well as (3d)J . However,
in the L-hypernuclear production reaction via th
(2s)J-atomic state, or, inJ-hypernuclear states with theJ
particle in the s-orbit, the contribution from the nuclea
s-hole state is comparable to that from the nuclearp-hole
state. The reason is due to the selection rule ofl p5 l J and, in
theJ-hypernuclear cases, due to the goodness of the ove
of the J2-particle wave function with thes-state proton
wave function.

B. L-hypernuclear production via the „3d…J-atomic state

The L-hypernuclear production rates perJ (R/J) in the
case of the (3d)J-atomic state withV0J516 and 24 MeV
are shown also in Tables IV and V. Since the (3d)J state is
the pure atomic state, the effect of theJ2-nucleus potential
on theJ2-atomic wave function is very small. Therefor
the quantitative difference between the calculated produc
rates ofV0J516 and 24 MeV are not seen at all in Tables
and V. Hereafter, we discuss only the results ofV0J

516 MeV.
The largest production-rate-per-J channel is the

LL
11 Be1d channel withR/J52.05%. The main componen
comes from theLL

11 Be(Lp521
1)1d channel with the con-

figuration of LL
11 Be(Lp521

1)5@9Bet51/2s51/2( l 512) ^sL

^pL] Lp52
1
1 ~R/J51.68%!. It should be noted that in

LsLp

11 Be(Lp521
1) oneL particle is in thes state and anothe

in the p state. The secondary largest production-rate-p
J channel is theLL

12 B1n channel withR/J51.47%, in
which the main channel is the excited chann

LL
12 Bt50s51(Lp511

2)1n with the configuration of

LL
12 Bt50s51(Lp511

2)5@10Bt50s51( l 501) ^ sL ^ pL#Lp51
1
2

(R/J50.91%). The third largest one is theLL
12 Be1p chan-

nel with R/J51.00%, where the main component com
from the LL

12 Bet51s501p one (R/J50.91%) with the
(sLpL) configuration.

Here, it is interesting to compare the above results w
those for the (2p)J-atomic capture case. We find that in bo
e

ap

n

r-

l

h

the atomic cases the production rates perJ for the excited
channels are larger than those for the ground-state chan
The reason is the same as that given in the case of
(2p)J-atomic capture~see Sec. IV A!. On the other hand, in
the (3d)J-atomic capture reaction, the double-L hypernuclei
with the (sLpL) configuration are produced more strong
than those with the (sL

2 ) configuration in our calculation
This feature is in contrast to the case of the (2p)J-atomic
capture, in which the twoL particles for the larges
production-rate-per-J channel, LL

12 B1n, occupy mainly in
the (sL)2 configuration. The reason is given as follows: A
discussed in Sec. IV A, theJ2 particle in the atomic state
(nJl J) interacts mainly with a (0p)-state proton in12C.
Owing to the 1S0-wave-type conversion forJ21p→L
1L, the two L particles produced by the (2p)J-atomic
capture reaction should occupy mainly in the (sL)2

configuration due to the parity conservation f
the t matrix ^LLuyJ2p→LL(1S0)u(2p)J-atom(0p)proton&.
However, in the (3d)J-atomic capture, the twoL
particles produced should occupy mainly in the (sLpL) con-
figuration due to the parity conservation for thet matrix
^LLuyJ2p→LL(1S0)u(3d)J-atom(0p)proton&. Therefore, the
double-L hypernuclei with the (sLpL) configuration are pro-
duced largely in the (3d)J-atomic capture. This is aselec-
tion rule for the double-L hypernuclei produced by the
J2-atomic capture reaction.

Another reason why the double-L hypernuclei with the
(sLpL) configuration are produced largely in th
(3d)J-atomic capture is given as a resonant effect as
lows: In the (3d)J-atomic capture, the orbital angular mo
mentumLp521 is transferred to theLL

A1 Z11A2Z2 system. In
our calculation, there appear broad resonancelike states
Lp521 around the12C1J2 threshold for theLL

11 Be1d
and LL

12 B1n channels with the (sLpL) configuration, since
their Q values measured from the12C1J2 threshold are
5–12 MeV, for which the values allow the formation o
broad resonantlike states around the12C1J2 threshold.
Therefore, their production rates become as large asR/J
51.47– 2.05% as mentioned above. For theLL

11 Be1d and

LL
12 B1n channels with the (sL

2 ) configuration, there are no
such resonancelike states around the12C1J2 threshold and
therefore, their production rates are not enhanced. On
other hand, for the (2p)J-atomic capture, the situation i
reversed. In this case, there appear broad resonancelike s
with Lp512 around the12C1J2 threshold for theLL

12 B
1n and LL

12 B1p channels with the (sL
2 ) configuration, while

such resonantlike states do not appear for those with
(sLpL) configuration.

As shown in Fig. 3, theLL
11 Be(Lp521

1) state produced
largely for the (3d)J-atomic orbit can decay to theLL

10 Be
1n and L

10Be1L channels as well as theg decay. Then, the
following sequential decay is possible:

~12C,J2!3d-atom→LL
11 Be* 1d→LL

10 Be1n1d

and L
10Be1L1d. ~43!

On the other hand, theLL
12 Bt50s51(Lp511

2) state can decay
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to the LL
11 B1n and LL

11 Be1p channels as well as theg decay
as shown in Fig. 2. Therefore, the following process is p
sible:

~12C,J2!3d-atom→LL
12 B* 1n→LL

11 B1n1n

and L
11Be1p1n. ~44!

This process reminds us of the sequential process for

LL
13 B production observed in the KEK-E176 experime
(14N,J2)atom→LL

14 C* 1n→ LL
13 B1p1n, as discussed in the

(2p)J-atomic capture case@2,3#.
Concerning the LL

10 Be1t, LL
9 Li1a, LL

6 He17Li, and

LL
5 H18Be channels, their production rates perJ are R/J
50.02, 0.02, 0.26, and 0.22%, respectively. These values
smaller than those forLL

12 B1n, LL
12 Be1p, and LL

11 Be1d.
The reasons are theQ-value effect and the magnitude o
spectroscopic factors, which are the same as those give
the case of the (2p)J-atomic capture.

As for the twin-L hypernuclear channels, the9Be14H
production rate per J is R/J50.07% with
R/J@L

9Be~01!1L
4H#50.03% and R/J@L

9Be~21!1L
4H#

50.04%. On the other hand, theR/J for the L
8Li1L

5He
channel is 0.04% withR/J@L

8Li ~12!1L
5He#50.02% and

R/J@L
8Li ~32!1L

5He#50.02%. In both channels, the value
R/J for the excited channel is almost the same as or lar
than that for the ground-state channel. This feature is
same as that in the case of the (2p)J capture.

For the single-L hypernuclear channel, the total produ
tion rate perJ for L

12B1L is R/J51.13%. The main com-
ponent comes from the excited channelL

12B(Lp521)1L
with the single-L hypernuclear configuration@11B(12)
^ pL#Lp521 (R/J50.67%). The second largest channel
the ground-state one,L

12B(Lp512)1L (R/J50.25%) with

FIG. 3. Calculated energy spectra ofLL
11 Be, where each energ

level is assigned by the total orbital angular momentum (Lp), and
degenerate in energy with respect to the nuclear-core spins
51/2).
-

he
,

re

in

er
e

the single-L hypernuclear configuration @11B(12)
^ sL#Lp512. The characteristics are the same as that in
(2p)J-atomic capture case.

C. Comparison with the experimental data

The calculation of theL-hypernuclear production rate pe
J given in Eq.~3! assumed the transition from single orb
(nJ ,l J) of the J2 atom. In order to compare our resul
with the KEK-E176 experimental results, we have to avera
the calculatedL-hypernuclear production rates over the d
tribution p(nJ ,l J) involved in theJ2 capture process. As
discussed in the L-hypernuclear production via th
K2-atomic capture@19#, we may calculate the expression E
~21! with nJ arbitrarily chosen, consequently averaging ov
the l J distribution P( l J)5SnJ

p(nJ ,l J). The reason is
given as follows: Since Eq.~21! is independent of the nor
malization of the atomic wave functionxnJ l J

, and also since

the amplitudes for the variousxnJ lJ
with a givenl J are, to

an excellent approximation, proportional to each other in
target nuclear region, the dependence of the calculated
duction rates onnJ becomes very small~to be better than
1%!.

According to the cascade calculation withV0J

516 MeV @11#, theJ2 particle is mainly absorbed into12C
from the dJ-atomic orbit with the absorption rate o
Ra(dJ).87%. As for thepJ and f J absorptions, their con-
tributions are, respectively,Ra(pJ).5% and Ra( f J)
.8%, while the sJ absorption is as small asRa(sJ)
.0.04%. When we useV0J524 MeV, the qualitative
changes do not occur seriously from the above results. S
the recent KEK-E224 experiment@17# suggests the prefer
ence ofV0J516 MeV from the analysis of the (K2,K1)
reaction, we show in Table VIII the calculated productio
rates perJ averaged over the absorption rates of theJ2

atom only in the case ofV0J516 MeV, where we neglec
the contribution from thef J absorption. The results are a
most the same as those given in the (3d)J-atomic capture
case~see Sec. IV B!, because theJ2 particle is mainly ab-
sorbed from thedJ orbits. The calculated production rate p
J for LL

6 He is as small as 0.23%. This is in contrast to t
calculated results for the compound double-L hypernuclear

(

TABLE VIII. Calculated production rates perJ (R/J) aver-
aged over the absorption rates in the case ofV0J516 MeV.

Channel R/J ~%!

LL
12 B1n 1.48

LL
12 Be1p 0.99

LL
11 Be1d 1.81

LL
10 Be1t 0.02

LL
9 Li1a 0.02

LL
6 He17Li 0.23

LL
5 H18Be 0.20

L
9Be1L

4H 0.07

L
8Li1L

5He 0.04

L
12B1L 1.08
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picture @9# that the LL
6 He hypernucleus is produced ve

much. The KEK-E176 experimental data@2,3# shows no evi-
dence ofLL

6 He, which is consistent with our calculated r
sults. As for the twin-L hypernuclear production, the ave
aged production rate perJ (R/J) for the L

9Be1L
4H channel

(R/J50.07%) is about twice larger than that for th

L
8Li1L

5He channel (R/J50.04%), and the value ofR/J for
the excited channelL

9Be~21!1L
4H is almost the same as tha

for the ground-state channelL
9Be~01!1L

4H. The results are
consistent with the KEK-E176 experimental results@2,3#,
namely, that only theL

9Be1L
4H channel is observed~two

events!, in which one event isL
9Be~01!1L

4H and another is

L
9Be~21!1L

4H.
The calculated double-L sticking probability, which is de-

fined as the sum of the averaged production rates perJ for
double-L hypernuclei ~4.7%! and twin-L hypernuclei
~0.1%!, is PLL

cal 54.8% from Table VIII. It seems that th
value is not seriously changed for the case of theJ2-atomic
capture into other light nuclei such as14N and 16O, since the
threshold energies for double-L and twin-L hypernuclear
production channels forJ2-atomic systems with light nucle
are not varied drastically in comparison with those for t
12C1J2 atomic system as shown in Fig. 1. Therefore, t
value of PLL54.8% may be considered as the typical o
for the J2-atomic capture into other lightp-shell nuclei.
According to theJ2 capture experiment at rest into ligh
nuclei in emulsion~C, N, O! @3#, the experimental double-L
sticking probability is about 5–10%, which is in agreeme
with our value (PLL54.8%). However, our calculated re
sults show that the main component ofPLL54.8% comes
from the double-L hypernuclear productions, while th
KEK-E176 experimental results show that the number
the double-L hypernuclear events is only one, and that
the twin-L hypernuclear events is only two, of about 3
events ofJ2 capture at rest into light nuclei in emulsion~C,
N, O!. ~See Sections IV A and IV B for the reason why th
double-L production rates perJ are larger than the twin-L
ones in the present calculation.! Since the difference betwee
our results and experimental results might come from
poor experimental statistic or other production mechani
we hope that theJ-atomic capture experiment with highe
statistics will be performed in the near future.

V. SUMMARY

The production rates per J (R/J) via the
12C1J2-atomic system with the (2p)J and (3d)J orbits
have been investigated for theLL

12 Be1p, LL
12 B1n, LL

11 Be
1d, LL

10 Be1t, LL
9 Li1a, LL

6 He17Li, LL
5 H18Be, L

9Be1L
4H,

L
8Li1L

5He, and L
12B1L channels~including their excited

channels! within the frame of the doorway double-L hyper-
nuclear picture~direct reaction picture!. The picture is based
on the following production mechanism: aJ2 particle in an
atomic orbit or a hypernuclear state interacts with a proton
12C to produce twoL particles, and then a highly excite
double-L hypernuclear state@11B* ^ L ^ L# is formed as an
intermediate state with the configuration of twoL particles
coupled with theproton-hole core, which is fragmented
mainly in the doorway stage to double-L or single-L hyper-
e

t

r
r

e
,

n

nuclei by emitting some nucleons or clusters. The obtain
results are summarized as follows:

~1! The excited channels ofLL
12 Be1p, LL

12 B1n, and

LL
11 Be1d are produced more strongly than other channe
The reasons are twofold: One is that the spectroscopic
tors for the fragmentation of11B to the excited channels o
10B1n, 10Be1p, and 9Be1d are considerably larger tha
those of their ground-state channels as well as the8Be1t
and 7Li1a channels. Another reason is that the excit
channels ofLL

12 Be1p, LL
12 B1n, and LL

11 Be1d have broad
resonancelike states around the12C1J2 threshold because
of their small-Q values.

~2! The production rates perJ depend on the atomic or
bital angular momentum of theJ2 particle absorbed into
nuclei. In the (3d)J-atomic capture case,~where the process
mainly occurs according to the cascade calculation!, the larg-
est and next largest production-rate-per-J channels are ex-
cited channels, LL

11 Be(Lp521
1)1d and LL

12 Bt50s51(Lp

511
2)1p, respectively, withR/J51.68 and 0.91 %, in

which the double-L hypernuclear states correspond, resp
tively, to @9Be(l p512) ^ sL ^ pL# and @10Bt50s51( l p501)
^ sL ^ pL#, which have the nuclear-core states with oneL
particle in thesL state and another inpL . On the other hand
in the (2p)J-atomic capture case, the largest and seco
largest production-rate-per-J channels are excited channel

LL
12 Bt50s51(Lp522

1)1n and LL
12 Be(Lp522

1)1p, respec-
tively, with R/J52.28 and 2.03 %, in which the double-L
hypernuclear states correspond, respectively,
@10Bt50s51( l p522

1) ^ sL ^ sL# and @10Be(l p522
1) ^ sL

^ sL#, which have the nuclear-core excited states with b
the twoL particles in thesL state.

~3! The reasons why in the (3d)J @(2p)J# atomic capture
the double-L hypernuclei with the (sLpL) @(sL)2# configu-
ration are produced larger than those with (sL)2 @(sLpL)#
are twofold. One reason is given as follows: Owing
the fact that theJ2 particle in the atomic state inter
acts mainly with a (0p) proton in 12C and the
1S0-wave-type conversion undergoes forJ21p→L1L,
the two L particles produced by the (2p)J @(3d)J#
atomic capture reaction should occupy mainly in t
(sL)2 @(sLpL)# configuration due to the parity conservatio
for the t matrix ^LLuvJ2p→LL(1S0)u(2p)J(0p)proton&
(^LLuvJ2p→LL(1S0)u(3d)J(0p)proton&). This is a selection
rule for the double-L hypernuclei produced by the
J2-atomic capture reaction. Another reason is that

LL
11 Be1d and LL

12 B1n channels with the (sLpL) configura-
tion @LL

12 B1n and LL
12 Be1p with (sL)2# and the total angu-

lar momentum withJp521 (12) have broad resonancelik
states around the12C1J2 threshold, while those with the
(sL)2 configuration@LL

12 B1n and LL
12 Be1p with (sLpL)# do

not have them.
~4! Since the excited double-L hypernuclear states

can emit a nucleon or aL particle, the following sequen
tial processes are possible: (12C,J2)3d-,2p-atom→LL

12 B*
1n→LL

11 Be1p1n or LL
11 B1n1n, and (12C,J2)3d-atom→

LL
11 Be* 1d→LL

10 Be1n1d or L
10Be1L1d. These processe

are similar to the sequential process for theLL
13 B production

observed in the KEK-E176 experiment, (14N,J2)atom→
LL
14 C* 1n→LL

13 B1p1n.
~5! The calculated production rate perJ for LL

6 He is as



ul
-
6

-

n

l
at
e

e

K-
ults

-

om
ha-
is
r

3230 56TAIICHI YAMADA AND KIYOMI IKEDA
small as 0.23%. This is in contrast to the calculated res
for the compound double-L hypernuclear picture, which pre
dicts a plethora of theLL

6 He hypernucleus. The KEK-E17
experimental data shows no evidence ofLL

6 He, which is
consistent with our calculated results.

~6! As for the twin-L hypernuclear production, the pro
duction rates perJ are smaller than those for the double-L
hypernuclei. The calculated production rates perJ for the

L
9Be1L

4H channel (R/J50.07%) is about twice larger tha
that for the L

8Li1L
5He channel (R/J50.04%). We found

that the production rate perJ for the excited channe

L
9Be~21!1L

4H is almost the same as that for the ground-st
channel L

9Be~01!1L
4H. The results are consistent with th

KEK-E176 experimental results that only theL
9Be1L

4H
channel has been observed so far~two events!, in which one
event is L

9Be~01!1L
4H and another isL

9Be~21!1L
4H.

~7! The production rate perJ for the L
12B1L channel is
o
1

s.

,

ts

e

comparable to those for the double-L hypernuclei. We found
that the excited states ofL

12B are produced as much as th
ground state.

~8! The calculated double-L sticking probability, the sum
of production rates perJ for double-L and twin-L hypernu-
clei, is about 5%. This value is in agreement with the KE
E176 experimental data. However, our calculated res
show that the main component of the double-L sticking
probability comes from the double-L hypernuclear produc-
tion, while the experimental results show that the doubleL
hypernuclear event is only one, and the twin-L hypernuclear
event is only two, of about 30 events ofJ2 capture at rest
into light nuclei in emulsion~C, N, O!. The difference be-
tween our results and experimental results might come fr
the poor experimental statistic or other production mec
nisms. In order to clarify the production mechanism, it
highly hoped that aJ-atomic capture experiment with highe
statistics will be performed in the near future.
.
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