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The production rates peE via the ’C+E ~-atomic states are investigated for tfgBe+p, 32B+n,
L Be+d, 1%Be+t, ,Li+a, §Het+'Li, 3,H+Be, SBe+41H, SLi+3He, and}B+ A channeldincluding
their excited channelsvithin the frame of the doorway doubl&-hypernuclear picturéirect reaction pictune
We found that in the stoppe8 ~ reaction(1) the excited doublekx hypernuclear states fd¢, B, 3% Be, and
klABe are produced more strongly than other doubleypernuclei, and2) the production rates pé&t depend
considerably on the atomic orbital angular momentum offheparticle absorbed into nuclei. The calculated
production rates peE are discussed in comparison with the KEK-E176 experimental data.
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PACS numbgs): 25.80.Pw, 21.80xa, 21.60.GX, 27.26:n

[. INTRODUCTION duce aAA pair (which is trapped to nucledsand high-
energy neutron(which is emitted from nucleys *‘ d”
One of the important subjects in hypernuclear physics istZ~—‘“ AA” +n, so that a doubléx hypernucleus is
to study the spectroscopy of the stranger®ss-2 hyper- formed. This picture is able to explain the production of
nuclei. The study oS= —2 hypernuclei should lead to the doubleA hypernuclei. However, it is difficult to describe the
entrance for the structure study of multistrange hadronic syswin-A hypernuclear production, because a high-energy neu-
tems, and provide interesting information on the unified deiron emission does not accompany the production. The sec-
scription of baryon-baryon interactions among the baryorPnd picture is the compound doublehypernuclear picture,
octet, since all the hyperonvj-nucleon () andY-Y inter- [9] and a third picture is the doorway doublehypernuclear

actions among the baryon octet are active in$se—2 hy- picture (direct reaction pictune which was proposed by the
pernuclei[1]. present authorisl0]. The difference between the two pictures
The E~-atomic capture reaction at rest in emulsion to—is given as fOHOWS:. A" parti_cle in an atqmic orbit or a
gether with the K~,K*) reaction is a good tool to search hypernuclear state interacts with a proton in nucleus to pro-
doubleA hypernuclei. The doubld- hypernuclei are pro- duce twoA part|cle§,1 and then a hlghly excited d_ou_tzﬂe—
duced viaE ~-atomic and/or=-hypernuclear states by the hypemuclear statg" (Z-1)@ASA] (W'tzh the excitation
elementary process GE +p—A + A +28 MeV. Accord-  SN€rgy ofE,=40 MeV in the case of thé*C+E~ atomic
fsysten) is formed as an intermediate state with the configu-
ration of two A particles coupled with proton-hole core. The

ing to the recent emulsion-counter hybrid experiment o
KEK-E176[2,3], two kinds of interesting findings have been © ) .

[2,3], two ki ! ng IATING v highly excited doubleh hypernuclear state is fragmented to
doubleA hypernucleus or singléd-hypernucleus by emitting

reported; one is the observation of a douldlévypernucleus

(one event[2], and another is twink hypernuclear produc- | | )
tion (two event$ [3]. The doubleA hypernucleus is inter- some nucleons or clusters:
preted tof’AB, produced by the sequential decay processes A7 = AL Z_ 1)@ A®A
of (**N,E ™) aiom— 4 C* +n—13 B+ p+n, [4] in which the (°22 Daonr ™72 1) |

A-A interaction energy AB, ,=4.9 MeV) is attractive and H[(A121+A222)®A®A]H’;1A+221+Azzz,
is consistent with the old emulsion daty,He and %°, Be)
[5,6]. It is noted that another experimental interpretation for ﬁl+121+ﬁ2+122, ﬁ(Z—1)+A, etc. (1)

the observed doubla- hypernucleus is possiblé%, Be with

ABj A= —4.9 MeV (repulsive [2]. Howevgr, the theoretical \yhere A, +A,=A—1 andZ,;+Z,=Z—1. The compound
study suggests that thg, B hypernucleus is favorable rather goubleA hypernuclear picture claims that the highly excited
than },Be [7]. On the other hand, the twi-hypernuclear doubleA hypernuclear state is fragmented mainly in the
production events are found by the following process,compound-nuclear stagstatistical fragmentationwhile the
(*°CE7)aioni—1B(0")+4H and 3Be* (21)+1H, and the ex- doorway doubleA hypernuclear picture insists that the
perimental analysis showed that both the two events ochighly excited doubleh hypernuclear state is fragmented
curred from theE ~-atomic states with the binding energy of mainly in the doorway stage. Therefore, in the compound
B==0.5 MeV[3]. doubleA hypernuclear picture, the production rates fer
Three pictures have been proposed so far for the produder doubleA and singleA hypernuclei depend mainly on
tion mechanism of doubld- and twinA hypernuclei in the their Q values measured from théZ+ =" threshold,
=~ capture reaction: First is the quasideuteron m@8glin ~ namely, that the final\-hypernuclear channékee Eq.(1)]
which a 2~ particle in an atomic orbit or a hypernuclear with the largerQ value has the larger production rate per
state is absorbed into a quasideuteron in the nucleus to pr&n the other hand, in the doorway doulehypernuclear
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picture, the following dynamical factors play an important

role in getting the production rates pgrlarge;(1) the spec-
troscopic factor for the fragmentation of th@oton-hole
state”1(Z—1) to the A1Z,+ %27, channel(if the spectro-
scopic factor is large, the production rates perfor such

2 Ay,+2
channels ag ?z,+"27, and 33 ?Z,+%1Z, become gen-

erally large, and(2) whether the final\-hypernuclear chan-
nel such ad ?z, +2z, and\* 'z, + 2" ', has resonant
states around théZ+Z~ threshold or notif there appear

resonant states, the production rate gebecomes large

Since both the doorway process and compound proces
should contribute in the actual situation, it is important to ~

study the hypernuclear production mechanism in He
capture reaction from both the doorway doublehyper-
nuclear picture and compound douldehypernuclear pic-
ture.

The purposes of this paper are given as follows. The first

is to investigate the production rates fz@for doubleA and
twin-A hypernuclei viaZ ~-atomic capture reaction id’C
(which is a typical reaction ip-shell hypernuclgiwithin the
framework of the doorway doubl&- hypernuclear picture

[10]. The second purpose is to clarify the characteristic of the
doubleA and singleA hypernuclear productions via the

E~-atomic capture, especially, §3=- and (2p)=-atomic

captures. It is noted that the KEK-E176 experimental results

[2,3] and the cascade calculatiphl] suggest thég ~ par-
ticles absorbed mainly from the @3=-atomic orbit as well
as ()= -

Figure 1 shows the various thresholds for doublend
singleAA hypernuclear production channels in thec+ =~
system, in which the energy is measured from tHe

+ =~ threshold. We see that many production channels

are open between thg, B ground state and’C+= ~ thresh-

old. The doubleA hypernuclear production channel with

the largest Q value is the }3Be+p channel Q

=26.2 MeV), which is almost degenerate in energy with

the }3B+n channel Q=26.0MeV). TheQ values for
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FIG. 1. Various thresholds for double-and singleA hyper-

nuclear production channels in th&C+ Z ~ system. The energy is
measured from thé’C+ =~ threshold.

8 \He+'Li, 3 ,H+%Be, SLi+3He, $Bet+1H, and 1B+ A.

other doubleA hypernuclear production channels are Thejr production rates peE are evaluated with use of the

given as follows; Q(3,Li+a)=22.8 MeV, Q(}}Be+d)
—19.4MeV, Q(1Be+t)=19.2MeV, Q(5,He+Li)
—15.0 MeV, Q(}%,Be+d+n)=17.0 MeV and

Q(f\AH+BBe)=8.7 MeV. It is noted that the binding ener-

gies for the unknown doubla- hypernuclei ¢4 B, 32 Be,

1L Be, 3,Li, and 3,H) are referred from the theoretical

analysegqsee Sec. ), in which theA-A interaction is used
so as to reproduce the experimemal\ binding energies of

distorted-wave impulse approximatigbpWIA). Since it is
well known that the S(B)(\w)-state classification is very
good to describe the structure of light normal nu€led], we
employ the SIB)(\w) wave functions for the nuclear-core
parts of singleA and doubleA hypernuclei. The singléx
and doubleA hypernuclear wave functions are obtained
within the frame of the core A and core- A+ A models,
respectively.

The construction of this paper is as follows. Section Il is

6 10 13 . . —
aaHe, \3Be, and ;’iB. On the other hand, there appear devoted to the formulation of the production rates Refor

only three channels for the twin-hypernuclear production,
8Li+3He (Q=13.6 MeV), 3Be+4H (Q=10.0 MeV) and
Be+3H (Q=6.0 MeV), and theilQ values are generally

smaller than those for the double-hypernuclear channels.

For the singleA hypernuclear production channel, tlj@B
+A channel is the largestQ-value channel @
=23.9 MeV), which appears below thg, Li+ a channel.

In the present paper, we show the production ratessper

particle for the following seven doubl&-hypernuclear chan-

nels, two twinA hypernuclear channels and one sindle-
hypernuclear channel, including their excited channels:

2Betp, ¥ B+n, {,Li+te, },\Betd, X Be+t,

doubleA and singleA hypernuclei viaZ ~-atomic states
with the use of the DWIA. The doubl&-and singleA hy-
pernuclear wave functions needed to calculate the production
rates are discussed in Sec. lll. The calculated results of the
production rates peE for doubleA, twin-A, and singleA
hypernuclei viaZ ~-atomic orbits are given in Sec. IV, to-
gether with the comparison with the KEK-E176 experimen-
tal data[2,3]. Finally, we present a summary in Sec. V.

Il. FORMULATION

The hypernuclear production rates for the following reac-
tions at rest:
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(AZ,E Y aom—= L 22, +R2Z,, Koy
oy L1t Po=ct 3] do ok Pam. @

Kt oy

A+l

Mtz 482z, and Tz +A, )

A It is found that the Fermi-averaged in-medium quantikes

are formulated within the framework of the doorway andw¢ do not change seriously from the elementary-process
doubleA hypernuclear picture(Here, A, +A,=A—1=A’  duantities.(Their differences are within about 10p4n the

andz,+Z,=Z—1=2'.) We make the distorted-wave im- Present stud}/l, we use the following values fgrand ws;
pulse approximatiolDWIA) to obtain theT matrix for the  Kr=0.909 fm " and w¢=1130 MeV.

stopped= ~ reaction. The wave function of the initial state given in E@®) is
The production width for the reaction shown in Hg),  €xPressed as
—— . Ai+2
('ZE Jaom2Crt Coy Wit (C1,C=( 21,"20), D=, 11,7, 2) Xzt (1), 10
Mz, 2717,) and @ 712, A), is presented with the use

where(I),cMCTctc(AZ) and xn_i_j_m_ denote the target wave
) dk function with the angular momentuiy (the magnetic quan-
_c7 f tum numberM ;) and isospinT. (the z componentt.), and
Tii=— S(Ei—EN{|Tri(k)|?), 3 _ e e e o)
"R (2m)* E—EX[Ta(k0lD @ the = ~-atomic wave function with the principal numbeg
5 1 K and the orbital angular momentum (the magnetic quantum
I dQ, (T (k)2 4 numbermgz), respectively. In the present paper, we use the
2 3 2 kf<| fl( f)| >’ ( ) -~ . 12,
ho (2m)° h SU(3) f](Au)=[444](04) wave function for the *2C

of the Fermi’s golden rule,

. round-state wave functionl{=T.=0) for simplicity,
where(:--) denotgs_ _the average over the magnetic qugntura/hose rms of radius is fitted to the experimental value. It
numbers of the initial state and the sum over those in th%hould be noted that the SUEF)(\ ) =[444](04) eigen-
final state for the square of matrix. The wave number state is a main component of th’élét ground-state wave
vezt(():r kf rf;e”]l.”g ltor;[he rellz_mv; tmon_wen(tjurtr; btﬁtweé]a function, according to the microscopic-cluster-model and
and L, In the final channel 1S determined by e energy-qpa)_mogel analyses. For convenience of the practical calcu-

conservings function, andw; is the relative mass energy for lation, the[444](04) wave function of*2C is decomposed as
the C, andC, system. '

The elementary process for the reaction in Eg.is & (12C[ 444](04);0)
ETHp—AtA, 5 =c(0s)[® (1B[443](04);0")® ¢ (0S) Jo+
and the conversion process is assumed to be of$javave +c(0p)[ P (*'B[443](13);17)® $p(0p) 1o+, (11)

type (spin S=0 and isospinT =0) in this paper. With use of . o
the DWIA, the many-bodyl’ matrix in Eq.(4) is given, with thlre c(0s) (C(OE)) arellthe expansion coefficients, and
the one-bodyl matrix for the elementary proce§gq. (5)] P (+B[443](04);07) [P (7B[443](31);17)] and ¢(0s)

denoted byt, (¢p(0p)) represent, respectively, the SU[8)(\u)
=[443](04) ([443](31)) wave function of 1B and proton

_ _ DW wave function in the 8 (Op) orbit. It is noted here that the
ka)—,Zl (@r(kolt| P =ttkpi™ (ko). O) g3y () =[443](04) ([443](3D) state of 1B corre-
, sponds tthvr\l/es-hole(p-hole) state of 1B [13]. In the calcu-
bW lation of p;"(ks) in EQ. (9), we need the spectroscopic am-
Pti (kf):<q)f(kf)|j21 orj—rz) plitudes for the fragmentation of thé'B(s-hole) and
1B(p-hole) states to thé1Z, and 2Z, channel. As will be
X[aya 15 T Yay(j)az-15"T"%®;), (7)  given in Sec. lll, the*1Z, and “2Z, nuclei are described by
) o _ the SU(3)f](Au) wave functions. Therefore, the spectro-
where a,(j) denotes the annihilation operator for thth scopic amplitudes obtained by the SU[B)Aw) wave
proton in the target nucleus, amd- anda, represent, re- functions are employed in the present calculation.
spectively, the= ~-particle annihilation operator and the For the 2 ~-atomic wave function, we solve the Schro
particle creation operator. The vecteisandrz are, respec-  dinger equation with the uniform-charged Coulomb potential

tively, coordinates for thejth proton and=~ particle  and the=-nucleus potential/=(R) [1] expressed by
measured from the center-of-mass coordinate of the total sys-

tem, and the integral for Eqé6) and(7) is taken over all the Voz

z

baryon coordinates. Va(R)=- 1+exgd(R—Ra)/a]’ (12
The in-medium two-body production width for the reac- U3
tion at rest given in Eq(4) is expressed as Ra=RoA™, Ry=1.2fm. (13

_ kiws, — ) In the present study, the strength= in Eq.(12) is treated as
YT 3 [t(kol%, ®) a real quantity not a complex quantity. The reason is given as
follows: The imaginary part of th&-nucleus optical poten-
wherek; and w; are the Fermi-averaged in-medium quanti- tial which gives the total width of the releva@ ~-atomic
ties for the wave number and energy of thearticle. Then, system comes mainly from the elementary proces& of
the production width in Eq(3) is expressed as +p—A+A+28MeV. Since the elementary process causes
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various A-hypernuclear productions shown in Fig. 1, the to-where ¢, 1 (C1) [¢,7,(C2)] denotes the intrinsic wave

tal width of the =~ -atomic system is presented mainly as afunction of theC, (C,) cluster with the angular momentum
sum over partial production widths for various\- |, (I,) and isospifl; (T,), for which the explicit expression
hypernuclear production channels, whose quantities are cals shown in Sec. Ill. The operatot’ antisymmetrizes nucle-
culated in the present paper. Therefore, the imaginary part ajns belonging to different clusters as well as tarticles.
the E-nucleus optical potential which simulates variohls  The wave functionp, (R) with respect to the relative coor-
hypernuclear production processes is not required in thginateR between thec; andC, clusters is given in terms of
present framework. This treatment, of course, is based on afe partial-wave expansion

assumption of a relatively low strength of tie +p—A

+ A process. The assumption is supported by the theoretical ok (R)zz it(2L+ 1)@ (k¢ ,R)PL(ﬁ)- (15)
studies[1,14] based on the Nijmegen one boson exchange f L

potentials[15]. Since the strengtlVyo= in Eq. (12) is un-
known experimentally, we study the dependence of the pa

tial production widths ['y;) and production rates p& (Rri)  pyclear potentials. The way to obtain the continuum wave

on the strengttoz . function is given in Sec. Ill.

The final-state continuum wave function adopted in EQ.  The total width is defined as the summation over the pro-
(6) is described within the frame of the microscopic clusterguction widths given in Eq(9) and presented as

model and expressed as

The radial wave functiorp, reduces to the spherical Bessel
'function jL(kiR) for the case without the Coulomb and

= Z Ty, (16)
AJA)
®i(ks)= Bt which corresponds to the width of tf# ™ -atomic state com-
1 ing from the conversion proces§ p—AA. In order to
XA{[¢1,1,(C1)b1,1,(C)]i M, 2 (R)}, estimate the value df, we use the closure approximation for

the summation over all final states, neglecting khelepen-
dence of the final states, replacing it ky and w; by ws in

(14 Eq.(9),
|
z
F:7<¢(12C)X5(r)|j§=:l [ay(1)az-13"""ay(j)az-15"T" %@ (**C)x=(1)). 17
Here, we make the matter approximation for the matrix element inEf,

_1 a
F=y 76 (®(C)x=(N| 2 2 [ay(i)az]%Tan(i)a=1"T®(**C)x=(n). (18

(ST j=1

_1

=716 J dr pe(r)|x=(n)?, (19

whereay andaz (ay andaf) are, respectively, the nucleon +d, 1% Be+t, §,Het+’Li, 5, H+®Be, SLi+5He,
andE-particle annihilation(creation operators and the num- iBeJFf\H: and }\ZB+A channels. For this purpose, the
ber 16 corresponds to the number of channels for total spigingleA and doubleA hypernuclear wave functions are
(S) and total isospinT) in nucleon andE-particle systems. needed to calculate the production rates.

The nucleon density ot?C, pc(r), is normalized as

A. Single-A hypernuclear wave function

f drpe(r)=12. (20 Concerning thetH, 3He, §Li, $Be, and}’B hypernu-
_ _ o _ clei, the singleA wave function with the angular momentum
Then, the production rate péf particle is defined as J, and isospirT, is described within the frame of the core

(AZ)+ A model (t+A, a+A, 'Li+A, ®Be+A, and B

Ri=T /T, (22) + A, respectively, and is given as
which calculated values are discussed in Sec. IV.
®; 7,(A712)=2 a(n)d(ny), (22)
IIl. SINGLE- A AND DOUBLE- A HYPERNUCLEI &
As will be discussed in Sec. IV, we calculate the produc- De(n) =[P 1(*Z)[Un (Nxs,]j, J3,7,0 (23)

tion rates for the following two-body channels frodfC
+E~-atomic states;}3,Be+p, ¥ B+n, 3,Li+a, }\Be c=(1,l,,5,=1/2j,J,), (24)
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withj,=I,+s, andJ,=1+j, . a;(n,) represents the expan-
sion coefficient and®,1(*1Z,) denotes the core-part wave
function with the angular momentuiand isospinT. The
relative wave function referring to the relative coordinate
between the core andl particle is expanded in terms of the
harmonic oscillator wave functiounr,r with the relative co-

ordinate angular momentuh and node numbaer, [see Eq.
(23)].

For thet and « nuclei, we use the lowest shell-model
wave functions with the (§)2 and (Gs)* configurations, re-
spectively. The nucleon size paramelgy is chosen to re-
produce the experimental rms of radi(s,=1.67 fm and
1.358 fm fort and a nuclei, respectively Concerning the
Li, ®Be, and B wave functions, the S@)(A\n) wave
functions are employed as\ f);»=(30);- 3-, (40)p+ 2+ 4+
and (13) - ,- 3-4-, respectively. It should be noted that the

SU(3)(\u) classification is very good to describe the struc-
ture of light nuclei. Their wave functions are described by

the microscopic cluster models,+ 3N, a+«, ®Be+ 3N,
respectively, with the nucleon size paramdig= 1.48 fm,
where N denotes thet-2He cluster. For example, the
8Be(Au)=(40) and ™B(:Au)=(13) wave functions are
given

1 4141
D|(°Be)= a0 Vel A{babalni(Taa)tonsi-a,
(25
BB = Sl Pyl |
isjt( )_mmvnas'ss A, ngdgLisit(144:N83.183),

(26)

813!
D5l 44, Ng3l g3) = Tor A'{psn(s,1)

X[ @, (°Be)Unyy, (rsd]i}jes (27)

with I=144+lg3 and Zhgz+1g3=3. The internal wave func-
tions, ¢, and ¢, are given as the lowest shell-model wave
functions with the (8)* and (Gs)3 configurations, respec-
tively. The operatotd’ antisymmetrizes nucleons belonging

to different clusters. The relative wave function referring to

the relative coordinate,, (rg3) between ther anda clusters
(8Be andt) is expanded in terms of the harmonic oscillator
wave functionuw44 (un83|83) with the relative orbital angu-

lar momentuml, (lg3) and node numben,, (ng3). The

expansion coefficiera;®, | and eigenvalue/(13) in Eq.

(26) are obtained by diagonalization of the norm kernel ma-

trix on the basis ofbsi(l44,Ngd g3) given in Eq.(27).
The total Hamiltonian of the coreA system is given as

A

HA=h(core)+T,+izl uyn(AsD), (28)

whereh(core) andT, denote, respectively, the Hamiltonian

of core part and the relative kinetic energy operator. In the

TAIICHI YAMADA AND KIYOMI IKEDA

56

TABLE I. Excitation energies for the nuclear-core stategIdf
8Be, and!'B. They are obtained from the experimental energies
averaged over the nuclear-core spin.

Li(I™)  E, (MeV) 8Be(l™ E, (MeV) MB(I™) E, (MeV)

1~ 0.0 ot 0.0 1 0.0
3" 5.8 2t 2.9 2" 3.9
4* 11.4 3 6.8

4~ 10.3

energies are shown in Table |. TheN interactionv ,y is
given by the one-range Gaussian, for simplicity,

van(D) =0y exd—(r/Ban)?],  Ban=1.034fm,

(29

where the rang@, v is equivalent to the two-pion exchange
Yukawa. The strength?  is chosen to reproduce the experi-
mental A binding energy for the ground stateee Table I\.
In the case ofi?B, we derive the''B— A potential from the
8Be— A and t—A folding potentials for simplicity. The
strength of the'’B— A potential is adjusted to reproduce the
experimental binding energy of th& particle in °B. We
neglect the spin-orbit and spin-spin terms of theN inter-
action because of their small effects. Therefore, the single-
hypernuclear states obtained by the present model are degen-
erate in energy with respect to the-particle spin and/or
core-part spin, and their eigenstates are characterized by the
total orbital angular momenturn.

The model space is characterized by the angular momen-
tum channek and number of nodes, [see Eq.(22)]. For
2H, 3He, 8Li, and $Be, the following model space is
taken:l,=0 andn,=0,1, ... 5. Fori’B, we takel,=0,1 and
n,=0,1...5. Themodel space is enough to describe the
low-lying states of the singlé- hypernuclei. The Hamil-
tonian matrix elements on the basis®{(n,) [see Eqs(23)
and (28)] are diagonalized to obtain the eigenenergies and
expansion coefficienta.(n,) given in Eq.(22). As a result,
we found that the effect of the channel coupling among the
states of nuclear core part is small. Therefore, in the calcu-
lation of the A-hypernuclear production rates for the
E ~-atomic capture reaction, we use the singleayper-
nuclear wave functions with no channel coupling for sim-

plicity.

B. Double-A hypernuclear wave function

The doubleA hypernuclear wave functiofthe total an-
gular momentumJ,,, and isospinT,,) for ¥4 B, 2 Be,

TABLE 1. Values for the strengthy$, of the one-range\N
interaction. They are determined so as to reproduce the experimen-
tal binding energy of the\ particle within the frame of the+ A,
a+A, 'Li+ A, and®Be+ A models, respectively.

tH 3He 8L ‘Be

present paper, the eigenvalues for the nuclear core states
(®,7|h(core)®,;) are replaced by values of the experimen-,9  (Mev)
tal energies averaged with respect to the nuclear spin. Their

—55.80 —38.19 —36.60 —32.85
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1lxlABev iOABe, ?\ALi, iAHe, and 15\AH is described by the TABLE lll. Ranges and strengths of the YNG-NDA interac-
core(Z)+ A+ A model Z=18, 1%Be, °Be, ®Be, ’Li, a,  ton Ref.[14]
andt, respectively.

k 1 2 3
(k)

(DJAATAA ﬁ+2 ) 2 ac(nr 1np)q)c(nr 1np)1 (30) B/iA (fm) 15 09 05

¢.Nr.Np v (Mev) -8.951 -223.1 948.9

D (n, 1np):[q)lT(AlZl)
(40)g+ o+ 4+ for ®Be, and (30)-5- for 7Li, with the
X[[Up (Nu ,
(Lt (T) nplp(p)]L""XSM]'“]J""T“ nucleon size parametén,=1.48 fm. They are obtained by
(32 the microscopic cluster model technique, within the frame of
the microscopic cluster model§Be+ 3N, ®Be+2N, ®Be
c=(11 15, LaasSanstan Jdan), (320 42N, ®Be+N, a+a and a+3N, respectively(see Sec.
nA).

The model space is characterized by the angular momen-
&um channek and number of nodeny( ,np) [see Eq.(30)].
Since the elementary conversion process (Fp—A+A)
is assumed to be of théS, type, the total spin of twao\
particles is fixed tcSAA 0 andl,=0. For the3 \H, § \He,
AAL| Be and Be hypernuclei only I¢, Ip),_u
—(0,0)0 is taken W|thnr 0,1...5 andn,=0,1...5, for
which the model space is enough to describe the low-lying
for the two A particles. states of the doubld- hypernuclei. The angular momentum

The total Hamiltonian of the coreA + A system is given ehannel G ’IP)_LAA: (0,0)o means that boti; the twn_par-
as ticles occupy in the (6) , orbit, namely, ()%, according to
the sheII model terminology. On the other hand, for {A&8

y and Be hypernuclei, the following model space is taken:
HAA:h(COVE‘)”r”ﬁIZl 2‘1 vAN(AKD + s, (. P)LAA (0,0 and (1,0) with n,=0,1...5 andn,

with LAA | +| lAA:LAA+SAA and ‘]AA:|+IAA'
ac(n,,n,) represents the expansion coefficient. The relativ
wave function referring to the relative coordingiger) be-
tween the twoA particles(the core and center-of-mass of
two A particles is expanded in terms of the harmonic oscil-
lator wave functiomnp|p (unr|r) with the relative coordinate

angular momentunt, (I,) and node numben, (n;). The
antisymmetrization between the twoparticles demands the
relation ofl ,+ S, y =even, where5, , denotes the total spin

2 A

33 =0.1...5 Thel,l,)., =(1,0), channel is in correspon-

hereT. (T.) denotes th lative Kineti ¢ dence with the fact that one of twA particles occupies in
whereT, (T,) denotes the relative kinetic energy operator,, (Gs) , orbit and other in (@), , namely, (&) ,(0p), .,

referring tto :EeAreiliatlvi Xooidlnatetip), alnd l;rA]N (vxn) . according o the shell-model terminology. Then, we can de-
represents thea- (A-A) “interaction. In the presen scribe the following doublé: hypernuclear states;
paper, the eigenvalues for the nuclear-core states

(@7[h(core) @) are replaced by values of the experimen- S H: L™=0"  with (s,t)=(1/2,1/2,

tal energies averaged with respect to the nuclear-core spin

(see _Sec. I A Their energies are shown in Tanle l. For_the 6 He; L™=0" with (s,)=(0,0

A-N interaction, we use the one-range Gaussian-type inter-

action given in Eq.(29). The str_engtiv%N in Eqg. (29 is o Li; L™=17,3" with (s,t)=(1/2,1/2,
chosen to reproduce the experimenfabinding energy of

the corer A system(see Sec. Il A. On the other hand, the 0 Be: L7=0%,2",4" with (s,)=(0,0),

YNG-D effective interactior{14] is employed for theA-A
interaction, which is obtained by applying th@-matrix
theory to the Nijmegen model-D potentigl5|. In the
present study, only th&S,-type A-A interaction is taken into
account. The YNG-DA-A interaction is given as

ll\lABe; L™=1",2",3",4" with (s,t)=(1/2,1/2,
2Be; L"=0",2",3"4"172"3 4,5

with (s,t)=(0,1),
vAA(r)= E exil —(r/ 83?1, (34)
k= 2B; L™=07,2",3"4"1"2" 3 45
where the ranges and strengths are given in Table IIl. It is

noted that the YNG-D interactiofil4] gives the attractive

A-A binding energy, which is ‘gS”SiSte”t with the eéperim‘c‘\n'whereL denotes the total orbital angular momentum, and
tal A-A binding energy AB{P=4-5MeV) for {,He,

andt represent the nuclear-core part spin and isospin, respec-
\Be, and B [5,6,4. _ A tively. The Hamiltonian matrix elements on the basis of
. Concerning the wave function of core pd®r("2)] ¢ (n, .n,) are diagonalized to obtain the eigenenergies and
given in Eqg.(31), we use H]e SWB)(\w) wave functions, expansion coefficients.(n, ,n,) given in Eq.(30). Since the
(Aw)17=(13)1- o~ 34~ for =B, (22)o+ of of 3+ 4+ for B, effect of the channel coupling among the states of the nuclear
(22)o+ ot 2t 3+ 4+ for %Be, (31)-, 3 4 for °Be, core partis found to be small, we use the doubléyper-

with (s,t)=(0,1) and (1,0,
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TABLE IV. Production rates peE (R/E) for doubleA and singleA hypernuclei in the case of the absorption from th@)2 and
(3d)z-atomic orbits with a=-nucleus potential strength &,==16 and 24 MeV. A4 (A,) denotes the\ particle in thes (p) state.

Vo=z=16 MeV Voz =24 MeV
Channel Q (MeV) (2p)z (W) (3d)z (%) (2p)=z (%) (3d)= (%)
YA B(07) "% 4n 26.0 0.02 0.02 0.01 0.02
A B(2)) 7% 40 22.6 0.02 0.00 0.02 0.00
A B(2)7% 40 14.1 2.28 0.10 1.93 0.10
LA B(01) 71 %40 24.0 0.01 0.01 0.01 0.01
YA B(20)' 7 %n 20.9 0.01 0.00 0.01 0.00
VaB(27) 7 %n 12.4 0.95 0.04 0.80 0.04
N B(11.1,,27,37) 7% 4 7.0-11.9 0.49 0.92 0.41 0.91
}\iApB(ll_,lz_,Z’,3’)‘:1S:°+n 5.0-9.9 0.19 0.39 0.16 0.38
Sum 3.96% 1.47% 3.35% 1.45%
1A Be(0")+p 26.2 0.03 0.02 0.03 0.02
A jBe(2)+p 22.8 0.02 0.00 0.02 0.00
A jBe(2)+p 14.3 2.03 0.07 1.71 0.07
iiApBe(1;,1;,2*,3*)+p 7.0-11.9 0.34 0.91 0.31 0.90
Sum 2.43% 1.00% 2.07% 0.99%
A Be(1)+d 19.4 0.12 0.04 0.11 0.03
A Be(3)+d 135 0.42 0.04 0.36 0.04
Ao Be(07)+d 4.7 0.00 0.30 0.00 0.29
Aor,Be(2) +d 5.1 0.04 1.68 0.03 1.65
Aor,Be(2) +d 0.1 0.00 0.00 0.00 0.00
Sum 0.59% 2.05% 0.50% 2.01%
A Be(0") +t 19.2 0.06 0.00 0.05 0.00
LA Be(2")+t 16.3 0.06 0.00 0.05 0.00
aBe(4)+t 7.8 0.02 0.02 0.02 0.02
Sum 0.14% 0.02% 0.12% 0.02%
ALl ta 22.8 0.04 0.00 0.04 0.00
A L3 ) +a 17.0 0.01 0.02 0.01 0.02
Sum 0.05% 0.02% 0.05% 0.02%
R He+Li(1) 15.0 0.02 0.15 0.02 0.15
R He+Li(3) 9.2 0.03 0.11 0.02 0.10
Sum 0.05% 0.26% 0.04% 0.25%
R H+°Be(0) 8.7 0.06 0.09 0.05 0.09
R HTBe(2) 5.8 0.05 0.13 0.05 0.13
R H+oBe(4") —27
Sum 0.11% 0.22% 0.10% 0.22%
.Be(0")+1H 10.0 0.08 0.03 0.06 0.03
i.Be(2)+i H 7.1 0.14 0.04 0.11 0.03
iBe(d)+i H -1.4
Sum 0.22% 0.07% 0.17% 0.06%
RALi(L7)+] He 13.6 0.12 0.02 0.10 0.02
RLi(B7)+3 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)

Voz=16 MeV Voz=24 MeV

Channel Q (MeV) (2p)=z (%) (3d)z (%) (2p)= (%) (3d)z (%)
1255(1*)+A 23.9 0.64 0.25 0.88 0.33
,1\2pB(2+)+A 12.9 0.97 0.67 1.17 0.74
}pr(l*)+A 12.9 0.00 0.00 0.00 0.00
}\iB(OI)-i-A 12.9 0.23 0.16 0.45 0.24
12B(03) +A? 3.0 0.22 0.06 0.32 0.08

Sum 2.07% 1.13% 2.82% 1.38%

aiiB(O}) has the/ *'B (s-hole® S,] configuration.

nuclear wave function with no channel coupling in the cal-mentumJ and the relative orbital angular momentunre-
culation of the doubleX hypernuclear production rate for the ferring to the relative coordinate between the two clusters
=~ -atomic capture reaction. The calculated energy spectrig given as

of X2 B and 3%, Be are shown in Fig. 2, in which the energy

levels are assigned by the total orbital angular momentum Vgotﬂgl&A(R):<(JAA|C)JHL;J|_E 2 {foan(ini)

and are degenerate in energy with respect to the nuclear core ™ ieCy jeCy
spin. -
P + v coulomt 1)}
2
C. Intracluster potential and continuum wave function . .
in the final channel +i21 16262 OANALDITAal)InL:I),

The intracluster potential betweeﬁlA+221 and #27, (35)
Mz and 1271z,, A 712" and A) is derived with th -
A 1 and 2 and A) is derived with the | L-Jy= AMt25 o Ay V. (R
folding potential model. As the wave functions for the |Gaale)Inbi D =[16a, (4,20 21 (P2 1o, VLRI,

doubleA hypernuclei {%22), singleA hypernuclei {*'2) (36)
and normal nuclei{z), we use those presented in the Pre-wherew couomp aNd v, denote, respectively, Coulomb and
vious subsections. In this section, the isospin is ignored fol -\ interactions. For the\-N interaction, we use the one-
simplicity. range Gaussian-type interaction given in E2p), where the
The folding potential betweeﬁlA+zzl (nuclear core part  strengthu$,, in Eq. (29) is determined so as to reproduce the
C,="2,) and *2Z, (C,="2Z,) with the total angular mo- experimentalA binding energy of the2Z,+ A system. As

E. (MeV) E, (MeV)
12
B 14 Be
371
200 —— 4o 21 20
— 30 —_— 371
—_— 2 Il —_— 8 Heto
—_— 170 — —
11 171 ——— XBe+2
- — 171 —— KB+A - . AA n
1-0 _ 241 ———— Hlita -1 UBet+A
[sapa) 20 411 AhBe+d [ | o
SAPA 2
+03+1 —_— 1 R
10 | 410 AaB+n 10 |— 41 hBe+n
—_— o —_— 3+1
L Be+p
- — 9 i
—_— 20 S
E—— 0+1
0 L +
0%0 0 —_— 1

foasal fsnsal

FIG. 2. Calculated energy spectraﬁ(B and }\ZABe, where each energy level is assigned by the total orbital angular momebfym (
and isospin (). Energy levels with isospib=0 for 32 B are degenerate in energy with respect to the nuclear-core spifh)(
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for the N-N interaction denoted by,y, We employ the
Hasegawa-Nagata-Yamamoi®INY) effective interaction
[16].

Concerning the twink hypernuclear channel, the folding

potential between’\'"'z, (C,="1z;) and ?''z, (C,

="27,) with the total angular momentuthand the relative
orbital angular momenturh referring to the relative coordi-

nateR between the two clusters is given as
Vo MR =((Ia ) Iulid] 2 > {onn(in)
H 172 ieCy jeCy
+couomi 1)} 2 van(Az,i)
et1
+ 2 van(ALL))
jeCy
+uAa(A1, AR5, 00 ,)IHL3), (3D
|(Ix,92,)IHL3T)
:[[q)JAl(ﬁllﬂzl)q)JAz ﬁ22+122)]JHYL(é)]Ja
(38)

with the HNY N-N interaction ¢yyn) and the YNG-DA-A
interaction ¢, ) given in Eq.(34). As for theA-N interac-
tion v \n(A,,i) withi e Cq [van(A4,]) with j e C,], we use
the one-range Gaussian interaction given in €§), whose
strength is chosen to reproduce the experimentainding
energy of the1Z,+ A (*2Z,+A) system. It should be
noted that all theN-N, A-N, and A-A interactions are in-

corporated in the twink hypernuclear channel. On the other

hand, the folding potential betweefl "z’ (nuclear core
partC’'="'Z") and A is given as

VSIS MR)=(ILdn ;I 2 van(Agii)
ieC’

+vaa(A1,A5)[IuLIy ), (39

[IuL Iy d)= [(I)JH(ﬁrlJrlZ,)[YL(é)XlIZ(AZ)]JA]J ,
(40)

with J, =L+ 1/2 and the YNG-DA-A interaction ¢, ). As

for the A-N interaction, we use the one-range Gaussian in
teraction given in Eq(29), whose strength is determined to

reproduce the experimental binding energy of the?'z’
+ A system.
The continuum wave functiog, (R,k;) given in Eq.(15)

is derived from solving the potential problem, in which we

use the intracluster potentials given in E¢R5), (37), and
(39). Here, we require the radial wave functign(R,k;) to
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TABLE V. Summary of production rates peE (R/Z) for
doubleA and singleA hypernuclei. See Table IV and the text.

Voz =16 MeV Voz =24 MeV
Channel  (2p)z (%) (3d)z (%) (2p)z (%) (3d)z (%)
2B+n 3.96 1.47 3.35 1.45
2 Betp 2.43 1.00 2.07 0.99
.Be+d 0.59 2.05 0.50 2.01
2 Be+t 0.14 0.02 0.12 0.02
QuLlita 0.05 0.02 0.05 0.02
¢ \He+Li 0.05 0.26 0.10 0.26
°\H+%Be 0.11 0.22 0.10 0.22
SBe+1H 0.22 0.07 0.17 0.06
8Li+3He 0.21 0.04 0.18 0.04
B+ A 2.07 1.13 2.82 1.38

functionsuy (R) with quantaQ=2N+L less than one, two,
three, and four quanta, respectively. We obtain such a
continuum-state radial wave function with the use of the mi-
croscopic cluster model technique.

IV. RESULTS AND DISCUSSION

The calculated production rates pgr (R/E) for the
éZAB%—nf _ }\EABe+ P, SZ\lABe:l—d, . }\()AEée+t, /9\/\1I5i+a,
Q\He+'Li, 3,H+%Be, iBe+iH, SLi+3He, and B+ A
channels(including their excited channélsiia the °C+
E ~-atomic capture reaction are given in Table (A&fe sum-
marized in Table VY together with their excited channels,
where theE~ particle is absorbed from the 2z and
(8d)z atomic orbits with theE-nucleus potential strength
Vo==16 and 24 MeV. In Table IV, the notation 0f A
(AsAp) represents the twa particle configuration with one
A in thes, state §,) and another in the, state ,). The
KEK-E176 experimental resul{®,3] for the twin-A hyper-
nuclear productions and the cascade-calculation regliis
suggest the= particles are absorbed from the g&- or
(3d) z-atomic orbits. On the other hand, the valueVgt =
24 MeV is derived from the old emulsion ddth. However,
the recent KEK-E224 experimental res|i{7] indicates that
Vo==16 MeV is preferable to reproduce the excitation func-
tion of the (K ~,K*) reaction.

" First, the dependence of th&-hypernuclear production
rates on the (B)z and (3d)z atomic states are discussed in
subsections A and B, respectively. Then, we compare our
calculated results with the experimental ones in the subsec-
tion C.

A. A-hypernuclear production via the (2p)z-atomic state

be orthogonal to the Pauli-forbidden states between the two In the case of the (@)z-atomic capture withVoz
clusters in the final channel. The Pauli-forbidden states are 16 MeV, the channel with the largest production rate per
usually expressed as harmonic oscillator wave functions is the \’,B+n channel withR/= = 3.96% (see Tables IV
unL(R). This procedure corresponds to taking into accoun@nd V). The main component comes from the excited chan-

approximately the antisymmetrization effect between the twaels,

clusters in the final channel. For example, in tfeB-+n,

1L Be+d, 9Be+4H, andiLi+3He cases, their radial wave hypernuclear

R2BUS=Y(L"=21)+n (RIE=2.28%) and
12 BIs=0(L"=2])+n (RIE=0.95%) with the doublet
configurations [1°B=05=1(|"=2])®s,

functions must be orthogonal to the harmonic oscillator waves's, ] =—,+ and [1B'=15=0(|"=2]) @5, @S\ | ne 25, Te-
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spectively. Here|, s, andt denote the orbital angular mo- TABLE VI. Calculated spectroscopic factor§?) for the frag-
mentum, spin and isospin for the nuclear core part, respednentation of B to two-body channels(Z;+"2Z,), where!™
tively, andL represents the total orbital angular momentumdenotes the relative orbital angular momentum betwééh and
of the doubleA hypernucleus. The second largest ?Z2. The SU(3)Q\H)L’7:(13)11* and (04)+ states correspond to
production-rate-peE channel is thel2 Be+ p channel with  the p-hole ands-hole states of 8.

R/E=2.43%, in which the main channel is the excited one
2Be(L™=2;)+p (RIE=2.03%) with the double: hy-

llB()\M)Lﬂ:(13)1* llB()\M)Lﬂ: (04)o+

pernuclear configuration [1Be=15=0(I"=27)®s,  Channel | s? | s?
®.SA]L7=22+. The third largest ong is thg',Be+d channel 108T-0(0") + 1- 110 o 0.03
with R/E=0.59%, where the main component comes fromiogT-0(5+y 4y 1- 0.25 oF 0.01
the excited channe{Be(L™=3")+d (RIE=0.42%) with  1057=0(51) 1 1- 236 of 0.07
the doubleA hypernuclear configuratiof®Be™2 " V417 1057-10%) 1, 1 037 o 001
=3 )®S\ @Sy Jimg-. _ . 9BTL2f)4n 1- 0.08 2 0.00

From Ta}ble IV, we no'ilzce th?Tt thei productlonlzrates Eer 108T=1(21) +n 1- 0.79 o 0.02
of the excited channels,;B(L"=2,)+n and 3 Be(L
=27)+p, are larger than those of their ground-state chan-iZBe(Oi)er 1- 0.73 0" 0.02
nels, 13 B(L"=0")+n and }3,Be(L"=0")+p. There are loBe(2l+)+p 1 0.17 2" 0.00
two reasons why the excited channels B+n and Be(Z)+p 1 1.58 2 0.05
12, Be+p have the larger production rates than the ground-ge(1-)+d o* 1.00 1 0.18
state channels. As an example, in the case Of}@QB-i-n 2+ 0.80
channel, we discuss them as follows: In the direct reactiorge(3-)+d 2+ 1.60 3 0.16
picture, theE ~ particle in an atomic state interacts with a 6 ) ~
proton in 2C to produce the highly excited doublehyper- SBe(0+)+t 1 0.41 0" 0.14
nculear state with the configuration §f'B(proton-hole) “Be(2")+t 1 0.36 2 0.17
®@A®A] as an intermediate state, and then it is fragmented 3" 0.15 §
mainly at the doorway stage to the channglsz, +427,, Be(4")+t 3 0.52 4 0.17
ﬁlzl+ﬁ222, etc. according to the fragmentation mode of the "Li(1 ") + « 0" 0.41 1 0.00
nuclear-core proton-hole state: 2" 0.36

_ LB )+« 2" 0.15 3 0.00
(*?C,E7) aron— [ M'B(proton-holg& A& A ] 4+ 051
—[(MZy+R2Z,) @ ABA]
_)ﬁ%jzzl_'_AzZZ,ﬁ1+121+ﬁ2+122, etc. barrier for theL;=3" partial wave is as large as about 12

MeV, which is estimated from th&’, B—n folding potential
(41) plus the centrifugal potential. Even if taking into account the

. . . spin-orbit splitting betweer}’, B andn, the broad resonan-
Therefore, increasing the value of the spectroscopic factor” PIing K

; like state withLF=3" might persist around?C+ ="~
for the fragmentation of*!B to two-body channels®z,  °° R ) -
+%27,) leads to a larger production rate of doutiehyper- threshold due to the broad width-G MeV). (For the L

—1- i 12 pt=0s=1/) m—_ o+
nuclei ({4 °Z;+%2Z, or 42"%Z,+"12,). Table VI shows =1 partial wave of theiyB ~ “(L"=2;) +n channel,
h ? ic fact ISAZAf the f afi dig the height of the centrifugal barrier is about a few MeV, so
€ spectroscopic factors for e fragmemntaton o that its contribution to the production of thg B!=%5=%(L™

- h Is AZ,+"2Z,). Wi hat th ; Y
ts?oei:\/tvr(())sbc%dp%c Cfa?;?(;]re fSOI:Al(llBl(p-hOfe})—) mgtjffl(;f;:; € = 25)+n channel becomes small in comparion with the case
2 for the Lg=3".) The above-mentioned two reasons lead to

[10B'=9=1(0")+n] is as large ass’=2.36 (1.10. It is . W
noted that this characteristic persists also in the case of usintBZe considerably larger value @i [see Eq.(7)] for the

the Cohen-Kurath wave functiori48], although their com- %ZABI;ZS;(Z%HH channel than that for the
ponents are dispersed in some states’8f due to the spin  xaB"~ (07)+n channel, although the value of the phase
coupling ofj =1+s. This is one of the important reasons why Spacekiw; for the former is somewhat smaller than that for
the excited channels df,B+n and 12 Be+ p have the pro-  the latter{see Eq(9)]. Therefore, the production rate p&r
duction rate larger than that for the ground-state channeldor the \’,B'~°=%(2;) +n channel becomes larger than that
The other important reason is given as follows: Reflectingor the {3 B'=%=1(0) +n channel.

the fact that theQ value for }3B=%=}(L™=2])+n (Q From Fig. 2, we note that th§, B'==1(L"=27) state
=14.1 MeV) is smaller than that fof3 B'=%=1(L"=0%)  can be fragmented to thg)B+n and }', Be+ p channels as
+n (Q=26.0 MeV), the former channel has a broad reso-well as they decay. Then, the following process is possible:
nancelike state with the relative orbital angular momentum 1

LZ=3" between}’ B andn around the'’C+ E ~ threshold, (**C,E7)2p-aton— £AB* TN

while the latter channel does not have such a resonant state.
It is noted that the total angular momenturd™ of the

12 B+n system is)™=1", and the height of the centrifugal (42)

—iLBetp+n, i B+n+n, etc.
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The sequential process is the same as the production processTABLE VII. Calculated E binding energies for th& ~ +*°C

i - i ypernuclear and atomic states with the Woods-Saxon potentia
of 3,B observed in the KEK-E176 experimeri2,3], h | d i ith the Woods-S ial
(*N,E ) atom— 24 C* +n— B3 B+p+n. This result sup- strengthVz =16 and 24 MeV[see Eq(12)]. In the table, H.N. and
ports the interpretation of Doveat al, [4] for the doubleA atom denote, respectively, ti® hypernuclear and atomic states.
hypernucleus observed in the KEK-E176 experinéns].

The fourth largest production-rate-pgr-channel is the Voz =24 MeV Voz=16 MeV
1% Be+t channel withR==0.14%, in which the values of B= (MeV) B= (MeV)
R/E for the 1% Be(0")+t, % Be(2")+t, and 1% Be(4") - -
+t channels are 0.06, 0.06, and 0.02%, respectively. As fof1s)= 11.51 H.N. 6.71 H.N.
the 3,H+%Be, $,Li+a, and §,He+'Li channels, their (1p)=z 2.25 H.N.
production rates peE areR/E =0.11, 0.05, and 0.05%. The (2s)z 0.55 Atom 0.46 Atom
reason why the production rates fgf,Be+t, 3, Li+a,  (2p)z 0.24 Atom 0.55 Atom
8aHe+Li, and 3,H+®Be are smaller than those fgf,B  (3d)= 0.13 Atom 0.13 Atom

+n, 2 Betp and Y \Betd is due to the following
facts: (1) the spectroscopic factors for the fragmentation of
1B to the 1%B+n, °Be+p and °Be+d channels are con-

12, T_ o+ : H
. _ =29+
siderably larger than those to tf@e+t and 'Li+ « chan- channel yB(L"=27)+ A with the singleA hypernuclear

. . ll — .
nels (see Table Vi, and (2) the Q values for }\ZAB+n, configuration " B(17)®p, ] »=»+ is largest qnd amounts to
12 11 0 0.97%, and the secondary largest channel is the ground-state
Be+p, and y,Be+d are larger than those fo}\ Be 12 _ ) . .
AA ’ AA A channelyB(L™=1")+A (R/E=0.64%) with the singlex

+t, 9,Li+a, §,He+'Li, and % ,H+°®Be, and therefore, the , e :
valuéé\ of the ?JAhase space férA the former channels becongyPernuclear configuratioft'B(1 )®SA,T]L"=+1_'. Itis noted
large in comparison with those for the latter. It is noted thatnat the excited hypernuclear stef;@(L =27)is produced
the compound doublé-hypernuclear picturf9] predicts the @S much as the ground state'ﬁB In our calcglatlon.

very large production rate of ,He. However, the KEK- ~ The calculated production rates peE for the
E176 experimental data showed no evidenc pHe[2,3].  (2P)=-atomic capture in the case Upz =24 MeV are listed
Our calculated result that the production rate gefor the N Tables IV and V together with those in the caseVE

® He+7Li channel is as small as 0.05% is consistent with=16 MeV. As shown in Table VI, th& binding energyBz

the experimenta| data. for the (2p)5-at0mic state with VOE: 16 MeV (BE
Concerning the twink hypernuclear production, tieyS ~ =0.55MeV) is larger than that withVo==24 MeV (Bz
for the $Be+4H channel is 0.22% witlR/Z[Be+(0") =0.24 MeV). This reason is given as follows: In the case of

+1H]=0.08% and R/E[iBe+(2+)+4AH]=O.14%. It is Voz=24MeV, there appear tw&E hypernuclear bound

i [ , ly, the ground stde particle in thes statg
noted that the}Be(4*)+4H channel is forbidden because of SIS, namely _
its negativeQ value(see Fig. 1 On the other hand, tHe/E with Bz =11.51 MeV [denoted as (9)=] and excited state

- - - =] icle in thep state with Bz=2.25 MeV [denoted as

for the SLi+3He channel is 021% with (= Partic ) -, 2

RIZ[CLi (1*)+A5He]A=0 120 and RIE[CLi+(3)+SHe] (1p)=], together with the=-atomic states, (D=, (2p)=,

=OHO£A)°/ n l;\oth the. winh h ernLTcléar channeAIs the (3d)z, etc.(see Table VI). On the other hand, in the case of
Y70 yp ' Vo=z=16 MeV, there appears only ong& hypernuclear

R/= value for the excited channel is almost the same as %ound state, namely, the ground hypernuclear state with
larger than that for the ground-state channel. This is the cha ~=6.71 MeV [denoted as (9)=], together with the=-
acteristic of our model, as will be shown also in the athic states, (=, (2p)=, (3dH)E, etc. [see Table VI).

(3d)E—Ttor_nlchc%rl)gtureACHas(ﬁee Slec_. IV_E The rfe:nson,::or Since the (Pp)=-hypernuclear state does not appear in the
example, in the,Be+,H channel, is given as followd1)  c5qe of v o=16 MeV, the ()z-atomic state forVos

the spectroscopic factors for téB(p-hole)—*Be(2")+t  _1g pey corresponds to the p)=-hypernuclear state for
channel is almost the Same as those HB—"Be(0") +t Vo= =24 MeV. Therefore, theZ Hbinding energy of the
(see; Table V)I,4and(2) ghe dlffer(ince of th@ value between 55y _aiomic state foly= = 24 MeV which has one node in
the ;Be&(0™)+3H and yBe(2")+}H channels is not so large e ragial wave functiofthe nodal point is outside the radius
(~3MeV). The same situation is realized also in theof 12) s smaller than that foW o= =16 MeV which has no
iLi +3He channel. When we compare the values of the pronode in the radial wave function. This binding energy differ-
duction rates peE for the twin-A hypernuclear production ence leads to somewhat smaller values for the calculated
channels with those for th§ B+n and }’,Be+p channels, results of the production rates pgrfor Vg =24 MeV than
the production rates pef for the doubleA hypernuclei are  those forVy= =16 MeV. However, the qualitative difference
larger than those for the twin-hypernuclei. This is due to between them is not clearly seen in Tables IV and V.
the fact that(1) the spectroscopic factors for'B—®Be+t It is an interesting problem in th&-hypernuclear produc-
and 'Li+a are smaller than those fot'B—°B+n and  tion reaction via the= ~-atomic capture whether th& -
1%Be+p (see Table V), and(2) the 3, B+n and 3 Be+p  particle in an atomic orbit interacts mainly with a proton in
channels have broad resonancelike states around'¥e thes or p states in**C. Since theQ value for the elementary
+ &~ threshold, while the twink channels do not have such processE~+p—A+A is 28 MeV, which is almost the
states in the present calculation. same as the separation energy ofsastate proton in*?C or
As for the }\ZB+A channel, the total production rate per light nuclei, the fragmentation mode of tHéB(s-hole) state
= is RIE=2.07%. We see that thR/E for the excited might play a more important role than that of fhénole state
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of B. However, in the present calculation, the particle  the atomic cases the production rates Befor the excited
interacts mainly g-state proton in?C, when it is absorbed channels are larger than those for the ground-state channels.
from the (2p)=z-atomic orbit as well as (@)= . The reasons The reason is the same as that given in the case of the
are given as follows: (1) the number of-state protons in- (2p)=-atomic capturésee Sec. IV A On the other hand, in
teracting with a2 ~ particle in an atomic orbit is larger than the (3d)z-atomic capture reaction, the doublehypernuclei
that of thes-state ones(2) the spectroscopic factor for the With the (syp,) configuration are produced more strongly
fragmentation of the ground state &C to 1'B(p-hole) and  than those with the s(i) configuration in our calculation.
a p-state proton is considerably larger than that @  This feature is in contrast to the case of thep)2-atomic
(s-hole) and ans-state proton, when we use the @Uwave  capture, in which the twoA particles for the largest
functions[see Eq(11)], (3) the spectroscopic factors for the production-rate-peE channel,ﬂB+ n, occupy mainly in
fragmentation of the!B(p-hole) state to two-body clusters the (s,)? configuration. The reason is given as follows: As
are generally larger than those BB(s-hole) (see Table V), discussed in Sec. IV A, th& ™~ particle in the atomic state
(4) the 1S,-wave type conversion fd&E ~+p—A+A favors  (nzlz) interacts mainly with a (p)-state proton in'°C.
that the total sum of the orbital angular momentum for theOwing to the 1Sy-wave-type conversion foE ™~ +p—A
E~ particle (z) and the one for the interacting proton in +A, the two A particles produced by the 3=-atomic
12C (1)) is zero, namely, that the selection rulelgflz or  capture reaction should occupy mainly in thes,)?
lp,=1z [8] is realized, and finally(5) the overlap of the configuration due to the parity conservation for
£~ -atomic wave function with thp-state proton wave func- the t matrix (AA|vz—p . Aa(*So)|(2P) =-atord OP) proton -
tion is larger than that with the-state proton wave function. However, in the (8)z-atomic capture, the twoA
Therefore, the contribution from thEB(s-hole) state is one- particles produced should occupy mainly in tisg§,) con-
order or two-orders smaller than that frofB(p-hole) inthe  figuration due to the parity conservation for thematrix
(2p)z-atomic capture reaction as well asd)Z . However, <AA|Ugfp*,AA(lso)|(3d)5_aton(0p)protor>. Therefore, the
in the A-hypernuclear production reaction via the doubleA hypernuclei with theg,p,) configuration are pro-
(2s)z-atomic state, or, irE-hypernuclear states with tti#  duced largely in the (8)=-atomic capture. This is aelec-
particle in thes-orbit, the contribution from the nuclear tion rule for the doubleA hypernuclei produced by the
s-hole state is comparable to that from the nuclpdmole  E ~-atomic capture reaction.
state. The reason is due to the selection rul,efl z and, in Another reason why the double-hypernuclei with the
the E-hypernuclear cases, due to the goodness of the overlajs,p,) configuration are produced largely in the
of the £~ -particle wave function with thes-state proton (3d)z-atomic capture is given as a resonant effect as fol-
wave function. lows: In the (31)=z-atomic capture, the orbital angular mo-
mentumL™=2" is transferred to thélAZlJrAZZZ system. In
our calculation, there appear broad resonancelike states with
_ - _ L™=2" around theC+E~ threshold for theyBe+d
The A-hypernuclear production rates per(R/E) inthe  gng 12 B+n channels with theg,p,) configuration, since
case of the (8)z-atomic state withVo==16 and 24 MeV  hejr Q values measured from th&C+E " threshold are
are shown also in Tables IV and V. Since thel]3 state is  5_12 Mev, for which the values allow the formation of
the pure atomic state, the effect of tBe -nucleus potential proad resonantlike states around tMC+=~ threshold.

on theE‘_—aFomic_ wave function is very small. Therefore, Therefore, their production rates become as largdRis
the quantitative difference between the calculated production. 1 47_2 050 as mentioned above. For t}(erBe+d and

rates ofVyz =16 and 24 MeV are not seen at all in Tables IV 12 B4 channels with thes) configuration, there are no

such resonancelike states around th@+ =~ threshold and
The largest production-rate-p- channel is the therefore, their production ratgs are not enhan_ced._ On_ the
11 ) - X other hand, for the (@)=-atomic capture, the situation is
égri’z: ?r;r:atr;:ﬁll ‘g‘ggﬂ = ;*2).?rscj/o.c:r;rz:r?nga\l/l\/?trfothmep?:gim reversed. In this case, there appear broad resonanclegike states
= - . 1 LA

fouraton of ﬁABe(L’TZZIl)=[9Bet:1’25:1’2(l=1’)®SA vllahal;,d 1le+around the 2C?+H tzhresho.ld for the’,B

A/ ) 1B+ p channels with theg}) configuration, while
®palim-z; (RIE=1.68%. It should be noted that in gych resonantlike states do not appear for those with the
ilsApBe(L’T:Zl*) oneA particle is in thes state and another (s,p,) configuration. . .
in the p state. The secondary largest production-rate-per- As shown in Fig. 3, they;Be(L"=2;) state produced
= channel is thel2 B+n channel withR/E=1.47%, in largely for the (3i)=z-atomic orbit can decay to thg,Be
which the main channel is the excited channel+n and}’Be+A channels as well as thedecay. Then, the
iZABtZOSzl(szll—)jL n with the configuration of following sequential decay is possible:
MBS (LT=11) =[BT (1=0") @S, @palie-t;
(RIE=0.91%). The third largest one is tH Be+ p chan-
nel with R/E=1.00%, where the main component comes
from the 3 B&~1"%+p one R/E=0.91%) with the and }%Be+ A +d. (43)
(sapa) configuration.

Here, it is interesting to compare the above results with

those for the (p) =z-atomic capture case. We find that in both On the other hand, thszBtzoszl(L’E 1,) state can decay

B. A-hypernuclear production via the (3d)z-atomic state

and V. Hereafter, we discuss only the results bz
=16 MeV.

(*C,E ) 3q-aton— 11 BE* +d— 3 Bet+n+d
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TABLE VIIl. Calculated production rates pe (R/E) aver-

e (V) aged over the absorption rates in the cas¥@f=16 MeV.
14 Be
| Channel R/IE (%)
2B+n 1.48
12
20 === 2*3*4* i\lABe"'p 0.99
sxBetd 1.81
= 1*2t3+ :/L\OA Be+t 0.02
B o+itat A'Be+A ?\ALI ta 0.02
— ¢ \He+Li 0.23
[sapa] /SXA
10 aH+%Be 0.20
—_ ifleta 9Be+4H 0.07
- 1 Born 8Li+3He 0.04
B+ A 1.08
.
oL -
[sasa] the singleA hypernuclear configuration [*'B(17)

®S) ] 7=1-- The characteristics are the same as that in the
FIG. 3. Calculated energy spectra {Be, where each energy (2p) =-atomic capture case.

level is assigned by the total orbital angular momenturfi)( and
degenerate in energy with respect to the nuclear-core spin (
=1/2). C. Comparison with the experimental data

1 u The calculation of the\-hypernuclear production rate per
to the B+ n and i, Be+ p channels as well as thedecay = given in Eq.(3) assumed the transition from single orbit
as shown in Fig. 2. Therefore, the following process is pos{nz,lz) of the E~ atom. In order to compare our results

sible: with the KEK-E176 experimental results, we have to average
the calculated\-hypernuclear production rates over the dis-
(*C,E 7 )3d.atom— 13 B* + =3 B+n+n tribution p(nz =) involved in theE~ capture process. As

discussed in the A-hypernuclear production via the
K~ -atomic capturg¢19], we may calculate the expression Eq.
(21) with nz arbitrarily chosen, consequently averaging over
the Iz distribution P(lz)=%,_p(nz,lz). The reason is

This process reminds us of the sequential process for th&ven as follows: Since Eq21) is independent of the nor-
13 B production observed in the KEK-E176 experiment

s L 14 13 X . 'malization of the atomic wave functiog,_,_, and also since
(*'N.E )aton— x4C* +n— Xy B+p+n, as discussed in the the amplitudes for the vario with a givenl = are, to
(2p) z-atomic capture case,3]. P Uenz = g = '

iAH+gBe channels, their production rates pf€rare R/E d gt'on rates omg bécomesp ery smallo be better thanp
=0.02, 0.02, 0.26, and 0.22%, respectively. These values arleg/o) ! 2 very

smaller than those fO&ZABJFn’ szBejL p, and ilABeer' According to the cascade calculation with/yz
The reasons are thQ-value effect and the magnitude of _ ;¢ \1ay [11], the =~ particle is mainly absorbed imb%;:
spectroscopic factors, which are the same as those given i‘Pom the d:—éltomic orbit with the absorption rate of

the case of the (R)z-atomic capture. R o X .
I 4 .(d=)=87%. As for thepz andfz absorptions, their con-
As for the twinA hypernuclear channels, thiBe+*H tributions are, respectivelyR,(p=)=5% and Ry(fz)

pr&duction rate  per = s R/Ef 0.07%  with =8%, while the sz absorption is as small aR,(sz)
RIE[3Be(0")+3H]=0.03%  and _R/z[iBe(g_)Jr:AH] ~0.04%. When we us&/oz=24 MeV, the qualitative
=0.04%.. On the other hang, .tHEI: 5for the sLi+3He  changes do not occur seriously from the above results. Since
channel is 0.04% withR/E[}Li(17)+3He]=0.02% and the recent KEK-E224 experimefit7] suggests the prefer-
R/E[%Li (3‘)+iHe]=0.02%. In both channels, the value of ence ofVo=z=16 MeV from the analysis of theK(",K™*)
R/E for the excited channel is almost the same as or largereaction, we show in Table VIII the calculated production
than that for the ground-state channel. This feature is theates perZ averaged over the absorption rates of fe
same as that in the case of thep(2 capture. atom only in the case d¥,=z=16 MeV, where we neglect
For the singleA hypernuclear channel, the total produc- the contribution from the = absorption. The results are al-
tion rate per= for B+ A is R/E=1.13%. The main com- most the same as those given in thel(3-atomic capture
ponent comes from the excited chanr}éB(L”=2*)+A case(see Sec. IV B because th& ™~ particle is mainly ab-
with the singleA hypernuclear configuratior 'B(17) sorbed from thelz orbits. The calculated production rate per
QpplLm=2+ (RIE=0.67%). The second largest channel isE for iAHe is as small as 0.23%. This is in contrast to the
the ground-state oné?B(L”=1*)+A (R/IE=0.25%) with  calculated results for the compound douldlehypernuclear

and ¥'Be+p+n. (44)
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picture [9] that the ?\AHe hypernucleus is produced very nuclei by emitting some nucleons or clusters. The obtained
much. The KEK-E176 experimental dd@3] shows no evi- esults are summarized as fOHOWZS: 1

dence of§ ,He, which is consistent with our calculated re- ,, (1) The excited channels of\Betp, {\B+n, and
sults. As for the twinA hypernuclear production, the aver- xaBetd are produced more strongly than other channels.

. = 9 4 The reasons are twofold: One is that the spectroscopic fac-
ageﬂ' _produgtlon-rate p& (R/,”) for the 3Be+H channel tors for the fragmentation of'B to the excited channels of
(RIE=0.07%) is about twice larger than that for the 1081, 1%Be+p, and °Be+d are considerably larger than

fLi+3He channel R/Z=0.04%), and the value 6%/E for  those of their ground-state channels as well as%Be+t

the excited channeiBe(2+)+4AH is almost the same as that and ’Li+« channels. Another reason is that the excited
for the ground-state channdBe(0*)+4H. The results are channels of{?,Be+p, ¥ B+n, and },Be+d have broad
consistent with the KEK-E176 experimental resuls3],  resonancelike states around tH€+ =~ threshold because
namely, that only the}Be+4H channel is observedwo of their smallQ values.

events, in which one event isiBe(O*Hj{H and another is (2) The production rates pe depend on the atomic or-
iBe(2+)+iH bital angular momentum of th&~ particle absorbed into

nuclei. In the (3l)=z-atomic capture caséwhere the process
mainly occurs according to the cascade calculatithe larg-
est and next largest production-rate-@emchannels are ex-
cited channels, },Be(L™=2;)+d and 33B=0"%(L"

The calculated doubld-sticking probability, which is de-
fined as the sum of the averaged production ratesspéar
doubleA hypernuclei (4.7% and twinA hypernuclei
(0.19%), is PS4 =4.8% from Table VIII. It seems that the —1;)+p, respectively, withR/Z=1.68 and 0.91%, in
value is .not serlously changgd for the case ofﬂwe_atomm Whiéh the doubleA hypernuclear states correspond, respec-
capture into other light nuclei such a8 and %0, since the tively, to [%Be("=1")@s,®p,] and[0BI=0s=1(|7=0*)
threshold energies for double-and twinA hypernuclear ®SA<X,>DA], which have the nuclear-core states with obe
production channels fd& ~-atomic systems with light nuclei particle in thes, state and another ip,, . On the other hand,
are not varied drastically in comparison with those for thej, e (2p)=-atomic capture case, the largest and second

“C+E " atomic system as shown in Fig. 1. Therefore, thejargest production-rate-péE-channels are excited channels,
value of P, , =4.8% may be considered as the typical onelZ gt=0s=1(| 7=2X)+n and {3 Be(L™=2,)+p, respec-
for the £~ -atomic capture into other lighp-shell nuclei. tively, with R/Z=2.28 and 2.03 %, in which the double-
According to theE~ capture experiment at rest into light hypernuclear states correspond, respectively, to
nuclei in emulsionC, N, O) [3], the experimental doubla- [1B1=0s=1(|7=2))®s,®s,] and [Be("=2;)®s,
sticking probability is about 5-10%, which is in agreementgs, ], which have the nuclear-core excited states with both
with our value P,,=4.8%). However, our calculated re- the two A particles in thes, state.

sults show that the main component IBjA_:4.8% comes (3) The reasons why in the (3= [ (2p)=] atomic capture
from the doubleA hypernuclear productions, while the the doubleA hypernuclei with the §,p,) [(S))?] configu-
KEK-E176 eXperimental results show that the number forration are produced |arger than those W|§'AX2 [(SApA)]

the doubleA hypernuclear events is only one, and that foragre twofold. One reason is given as follows: Owing to
the twin-A hypernuclear events is only two, of about 30 the fact that theE~ particle in the atomic state inter-
events ofZ ~ capture at rest into light nuclei in emulsié8,  acts mainly with a (@) proton in *C and the

N, O) (See Sections IV A and IV B for the reason Why the 1%_wave_type conversion undergoes fa'7+p_>A+A’
doubleA production rates peE are larger than the twik  the two A particles produced by the (2= [(3d)z]
ones in the present Ca|Cu|ati())l$inCG the difference between atomic Capture reaction should occupy E]a”f“y |F] the
poor experimental statistic or other production mechanismgy,  the t matrix (AA]oz- 21 (*S0)|(2P) =(0P) protor)

we hope that théZ-atomic capture experiment with higher (<AA|UE*pHAA(1SO)|(3d)5?0p)protor*>)- This is a selection

statistics will be performed in the near future. rule for the doubleA hypernuclei produced by the
E ~-atomic capture reaction. Another reason is that the
V. SUMMARY X1 Be+d and 34 B+n channels with theg,p,) configura-

The production rates perE (RIE) via the ton[xiB+n and i Be+p with (sy)?] and the total angu-
12C+ £~ -atomic system with the (8= and ()= orbits lar momentum WlthJ’Tiz+ (17) have br(_)ad resonancellke
have been investigated for th,Be+p, 2B+n, X Be States aro_und thézclgr:’ thres?zold, Whlle_ those with the
+d, 1 Be+t, I, Li+a, SHe+'Li, 3,H+5Be, IBe+H, (sx)? configuration] 35 B+ n and % Be+ p with (s,p,)] do
8Li+%He, and 2B+ A channels(including their excited Nt have them. .
channel$ within the frame of the doorway doublg-hyper- () Since trlle exut;d do_ulbIA- hhygelznuglear states
nuclear picturgdirect reaction pictune The picture is based can emit a nucleon or _partllg:ze,lie ollowing sgqusn-
on the following production mechanism3 particle in an 1@ processes - are PlOSSIble. ¢.= )31d-,2p:1tgm_’ ~aB
atomic orbit or a hypernuclear state interacts with a proton in;Lln_’AABeJrlF(;+ nor g\B+ ?0+ n, and (°C,E")ag-atom—
12C to produce twoA particles, and then a highly excited sxB€*+d—yBe+n+d or yBet+A+d. These processes
doubleA hypernuclear state'B* @ A® A] is formed as an  are similar to the sequential process for ﬂt’?@B production
intermediate state with the configuration of twoparticles ~ observed in the KEK-E176 experiment/*§,= ) aom—
coupled with theproton-hole core, which is fragmented 14C*+n—33B+p+n.
mainly in the doorway stage to doubleor singleA hyper- (5) The calculated production rate per for iAHe is as
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small as 0.23%. This is in contrast to the calculated resultsomparable to those for the doubdehypernuclei. We found
for the compound doubld- hypernuclear picture, which pre- that the excited states (jfB are produced as much as the
dicts a plethora of thé\AHe hypernucleus. The KEK-E176 ground state. o N
experimental data shows no evidence ofHe, which is (8) The calculated doubla-sticking probability, the sum
consistent with our calculated results. of production rates peg for doubleA and twinA hypernu-
(6) As for the twinA hypernuclear production, the pro- Clei, is about 5%. This value is in agreement with the KEK-
duction rates peE are smaller than those for the double- E176 experimental data. However, our calculated results
hypernuclei. The calculated production rates gefor the ~ SNOW that the main component of the douBlesticking
9 4 — ; ; probability comes from the doubl&-hypernuclear produc-
1Be+iH channel R/2 =0.07%) is about twice larger than . . .
that for the 8Li+5He ch | RIZ =0.04%). We found tion, while the experimental results show that the double-
atfor the y=l,He ¢ anneﬁR = 0).' € foun hypernuclear event is only one, and the twiritypernuclear
that the production rate peg for the excited channel

9 N event is only two, of about 30 events Bf  capture at rest
ABe(2 ):AH 'S aITOSt the same as that for the ground-stat§yq jight nuclei in emulsionC, N, O). The difference be-
channel ;Be(0")+H. The results are consistent with the yyeen our results and experimental results might come from

KEK-E176 experimental results that only th§Be+iH  the poor experimental statistic or other production mecha-

channel has been observed so(taro events, in which one  nisms. In order to clarify the production mechanism, it is

event is3Be(0")+1H and another i Be(2")+4H. highly hoped that &-atomic capture experiment with higher
(7) The production rate peg for the iZBJrA channel is  statistics will be performed in the near future.
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