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IKEDA Diagram

Cluster structures in 4N nuclei
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lkeda’s Threshold rules
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There is a long history in the MO model @



History of the MO models (1960s~) ‘ ‘ =+ ‘ ‘ = ‘ ‘
¢, Pr

A. Pioneering works (1970s~)
1. Nucleon’s exchange effect in the light-ion scattering, W. von Oertzen, NPA148 (1970)

2. Application of the MO model to N=Z systems, Y. Abe et al., PTP49 (1973)

B. Realistic applications (1980s~)
1. Systematic studies of binding mechanism in Be and B, M. Seya et al., PTP65 (1981)

2. Interpretation of the rotational bands in Be and B, W. von Oertzen, ZPA354 (1996)

3. Transfer reactions in 12C+13C, *0+170 etc., B. Imanishi et al., Phys. Rep. 155 (1987)

C. Study of 1%12Be by the revised MO model (1996 ~)

mprovement of the covalent orbits, N. ltagaki et al., PRC61 (2000)

2. Molecular pictures in Be isotopes, Y. Kanada-Enyo et al., PRC66 (2002)

D. Extension of the MO model (in progress)
1. Ne isotopes (a+0+N+N+...), M. Kimura, PRC75 (2007)

2. Cisotopes (3a+N+N+...), N. Itagaki et al., PRC74 (2006)

MO picture gives one of the general and standard pictures in nuclear clustering phenomena




Beyond the MO picture in unbound states (2004 ~)

Slow Rl beam Unbound resonant states I
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H A2 DIEE (12Be=o+a+4N)

lonic or Atomic states (Valence bonding)

MO states (covalent bonding)

Unified model of covalent, atomic, ionic configurations

_C1OO+C2 - c3 .

OPi (i=x,y,z) Coupled channels of atomic orbits S, Ci : Variational p.r.m.

M. Ito et al., PLB588 (2004), PLB636 (2006)



Formulation ( |) : Extension of the MO model ¢(Op)

® (s.p.) =p(L) = ¢(R) : LCAO

¢ (0p) = @g(0p)
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Formulation (”) Linear Combination of

Atomic Orbital (LCAO)
—
(‘:‘) (c*)?2= (P —P,R))°

= P,(L)=P,(L) + P,(R)*P,(R) — 2P,(L)-P,(R)

6He + o o + °He SHe + °He

@ = P(R)-P.(R) + P (R)-P (R) +P,(R)-P,(R)

a+°He(07) General MO: (C(L)P,(L) + C(R)PJ(R))Z

Total wave function

=2  .C(B.S)P.(a)P,(b)

Variational PRM ‘S ‘

(m,n)=x,y,z (a,b)=LR




Generalized Two-center Cluster model

Basis function ‘

' (v,S) = P A { d(a) dp(a) x(V) s

e
() : (0s)*in H.O.
X(V) . Neutrons ( Left or Right, Op,, i=x,y,z) @

‘ Eigenvalue equations ‘

Total W.F ;: /T = 2e 2, f(v,S) D7 (v,S)

<®7™(v,S) | H=E| W"*> =0 (Full Gewm)

Fixed S - Adiabatic Energy surfaces



K-projection
K=0 basis K=0 basis
1. Analytic K-projection A \ l A \

‘ 0" > P(R) P.(R) +P(R)*P (R) + P,(R)*P,R)
Q 2* = P,(R)*P,(R) + P,(R)*P (R)—2P,(R)*P,(R)

[ a+°He(l*) ] K=0

K (and I) projection is possible in an analytic way = very tedious for many nucleons

2. Numerical K-projection

K-projection is done by diagonalizing the J, operator

J, D(K)=K ®(K) &(K)= an o(c) Similar manner to the

M-scheme in the shell model

=3 00) I

i—1 Atomic orbit in the cartesian coordinate




Be isotopes from bounds to continuum : J* = 0*

o Deformed MO (Clusters) @_
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Classification of the excitation degrees of freedom in 1%12Be

Energy ( MeV )

10Be=a+a+ 2N

(M )
l : . o+ E“HE‘:.'E
o + He(27)
® °®
% 0, (0%)
I;" . [ Cluster Ex. ) 1
i i
b o
E -
(]
MO - -
o /@@
{':Fl-?t]i

0,*: {I';i-l_}? .

12Be =+ a+ 4N

— 0

(BILIBI(R) ya],;f
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Lluster Ex,
Cluster Ex.

"
L=

mm_}im ,_@'}3

l:|1+ : [?Ij,-l_}ifﬁ].-lf]: -._*,JII

Double degrees of freedom ( a cluster + neutrons ) prominently appears in Be isotopes.

A candidate of the direct probe of the excited states is the monopole transition




Overlap Functions for the 0,* and 0;* states (Preliminary)

ry(r) ( fm2)

The 0,* state (Deformed MO)

0.6 ’ : : : :
8
i a+ Heg.s.
0.4+
0.2}
-0 1 6 6
0.2 HegS + Heg_s.
0 4
r(fm)

ry(r) ( fm2)

The 0, state (Developed a + #He, )

0.6

8
o+ Heg_s_

r(fm)

Radial excitation of the relative wave function occurs in 0,* = 0,*




Variety of Nuclear Chemical Clusters: Subject

12Be=a + o+ 4N

Question

Strongldegeneracy of

What is a variation in chemical bonding states
replacing a core or

valence neutrons ?

+ 2N

a = 12C

2N = 2P

Q 1Be=qa +a+ 2N

WVC=a+a+2P 180 = o + 12C + 2N



10Be and 10C (J*=0*) | Considerable Coulomb shift occurs only in the

Energy ( MeV )

Non-S wave states = A kind of Thomas-Ehrman shift

o + °Be(2*) L=2

a + 6He(2*) L=2 S B

a + ®Be(0*) L=0

a + ®He(0%) L=0

(Non. Res.) o threshold
__________________________________________________________________________________________________________________ o
v(0p)*(sd)?
m (Op)*
v(0p)*  emememSmeea-
10Ba 10C




Comparison of 1°Be with 80 (Theory) irgi::;f:ct’;?tr\:ve;fg’llne:xc'tat'o”

19Be = (a+°He) +(°*He+>He) 180 = (a+14C) +(°*He+13C)

a+°He(2,*)

Covalent state o+14C

%_, (c*)? Cluster Ex.
8| 0.+
= 2 ﬁ
Q
c Neutron Ex. | Cluster Ex
L Neutron EX. .
~5 MeV ~8 MeV

Shell model

Coupling effect of neutron ex. Coupling effect of neutron ex.
and Cluster ex. is small. and Cluster ex. is Large.




Variety of “Nuclear Chemical Clusters” : Present results

—
o
I

o Energy (MeV)

A

Thomas Mixing of
Ehrman shift M.O. + V.B.

“Standard” Large Corr.
Energy
lonic V.B.
Intruder M.O.

Shell model state

10Be = o + a + 2N PBe=a+a+4N

Coulomb Effect i i

@ Strong 12C-N

Interaction

WC=a+a+2P 180 = o + 12C + 2N
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Coupling to open channels in continuum M. Ito et al., PRL100 (2008), PRC81 (2011)

Closed states method : Prof. Kamimura, Prog. Part. Nucl. Phys. 51 (2003)

Open channels Compound states (Closed)

YO =3 0,8 + Yo, 0K
p 1%

Bound state approximation
with Atomic Orbital Basis

Scattering B.C.

(H -, -0

v 400~500 S.D. with J™ projection
(+) (-) (+)
Rearrangement channels : Be = a. + ®He, . °He, +°He . °He,  +’He,



Calculation of the coupling of the open channel and closed compound states

Open channels Compound states (Closed)
(+) _ (+) K=0
¥ _ZA{%%C} + 2.b,Q
5] 1%
(H-E)¥" =
K=0 K=0 (+) (c)
<QV ‘H‘ Q) >= £,0, Xpe (R,) = ZC Usi(Ry)
b, =— (K| (H—E)| T A <+>}\
V_E_E< ‘( )L (Dﬂ;(ﬂc/
p
Closed states Open channels
(S.D. of the Brink w.f.) (S.D. of the Brink w.f.)

U

Closed states can be replaced to the more sophisticated states like AMD.




Cross sections of neutron transfers

o + 8He = XHe + YHe (J™=0)

210

a + 8He = ®He + ®He

, Elastic A

B D
@ o o

1800

150

=
N
o

900

600

Cross sections ( mb )

300

AN

0 > 4
E... (MeV)

Dotted curves : Three open channels only

Solid curves: Open + closed chanels

2 4 6 8 10 12 14 16 18
E... (MeV)

This is a prediction for recent
experiments at GANIL.




Enhancement of the two neutron transfer

/@ (Cov.SD)) = ‘;((6He+6He)> + ‘¢(5He+7He)>

Strong decay
into ®He+fHe

\ Closed

Covalent SD, | S;; |*=1
S-matrix reaches almost unity.
w 1+ o
& T
o +i 6 6 8 2
- + i
£5 0 3 |S(°He+°He « a+°He)| ~1
| A
L 05 :
% Large part of the flux flows to ®He+°He.
r=o |
0 | Consistent to Exp. of 12Be breakup
-2 0 By S. Shimoura et al.




E, spectra of ?Be(a,a’)*He®He (positive parities)

] (Bohlen: ["Be™*C *Ci' B 13.07 (Freer: a+®He)
L Ex spectra of pﬂs.—pﬂ.rlt}f states = L ;

f
n " L) I*
- F tl: ﬁl t 1 T " l|-|-_-l:
itting with resonances e B et ey

determined in ®He+®He analysis

[Bobime] [Frmar)

40 b

(Ep & I'y: fixed for /=0 & 2) f'l-ﬁﬁ 13 =4+

2

-10 MeV: Korsheninnikov et al., PLB343("95)53.

U Strong decay of 6 + 6

i i " s PHe+’He
----l::-t1 Sl m 6 6 ‘E "‘iﬂ J,
= He+"He o . et
Mﬁ:‘:‘?f‘rﬁ—'ﬂ*ﬁﬁ O N .
0 1L 12 13 14 15 16 17 18 19 20 1011 12 13 14 15 16 17 18 19 20
: e [MeV] E, [MeV]

Mot 15th., 2008 BLaRFAMAOERES FARRSORELETY T FEPD AE L



Extraction of the J®=0* strength in a+8He = ®He+°He

1600

Total

Precise measurements of
scattering will be available !

o(E) =% > (23 +D)s1,(E)

J=even

1200
“o" T—()+ . .
= Completely Masked ! - The J*=0* strength is quite small .
-
S B ( Due to a factor of 2J+1)
-'g 80 ................ -
o J'=2" J==2* strength is dominant.
(%]
O . . .
3] (4* strength is negligible.)
*T"U 400
S .
O \ 1 \ ] — N

7
E,(*He+%He)

Energy ( MeV )

We should extract the 0* con-
tribution from the total strength.




Angular distributions for the resonances of a+He = ®He+°He
| k

A 1
Ua . o
=— Z(ZJ +1) S, .(J,E) P, (cos9)| For Spinless channels
dQ 4k J=0,2 ’
Lower Resonance (°*He+°He) Higher Resonance (Covalent SD)
16 ||||||||| T T T T T T 1 60 ||||||||| T T T T T JT 1
12t —
S~ S~
0 o)
E 8t = 2+
G G
2 .= 2 20
@) ©
< 4r §e
0 50 100 150 0 50 100 150

3 (degree) 3 ( degree)

Gate of angular range : 1.9 ~ 55 and 125 (degree) =P(J=2)=0

2.50<39<60,120< 3 < 130 (degree)



Gating of angular distribution of a+2He = ®He+°He

Cross section ( mb)

Total X-sec G(E)
120 . P .
02
2+
0" 2"
Total
800
Jm=2*
400
J’;"‘C=0+
(X5)
e -

Energy ( MeV )

Cross section ( mb / Str.)

Angle A d X do
ngle Averaged X-sec. 10/,

40° < 9 <70°
110° < 9 <140°

30
50° < 9 <60° |
120° < 9 <130°
15 —
9 ~55° 125° -
S
O0 2 4

Energy ( MeV )

The angle averaged cross section nicely reproduces the 0+ contribution !!



Angular Gate for the non-zero spin states

Cross saction { mb /& )

o+3He = ®He+®He (J=2,4,6,8)

J =2 9 ~30° 150° 1=4,6,8 g =90°
1 I I 1 1 1 1 12[] 1 1 I 1 1 1 1
o Total X sec. . o Total X sac.
S0 &
2 80
B0 E (X2) Extracted X sec.
[ | 2+ Extracted X sac. e
=
(X15) o
I
]
.
400
300 e © .. L Partial X sec.
J"=2" Partial Xsec. JR= 4 J =6 ¢
(X08) N
::Ii"/ J°= 8"
DU 1 _--1_ 1 |2 1 1E [I
E {E‘HefHE] ( MeV ) E (*He+He ) ( MaV )

Gate at the 90 degree nicely works for the finite spin of J=4,6,8, but
the angular selection should be careful for the low spin states (J=0 a

nd2).
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Monopole transition in ?Be: Isoscalar vs Isovector excitations

There is a possibility to identify the excitation degrees of
freedom by the combination of the isoscalar and isovector transition

1. Isoscalar monopole transition — responsible to a cluster excitation

> 1o - @

T. Yamada et al., PTP120 (2008); PRC85 (2012) Enhanced

M (1S) = (0;

2. Isovector monopole transition — sensitive to neutron excitations

erz,m “‘

a—a part is vanlshed ! MO excitations

M (IV) =(0;




Isoscalar vs Isovector excitations in 12Be

Energy ( MeV )
i

Mono. Tr. { arb. units. ) )

There are clear enhancements in

Isoscalar = Cluster excitation (05*)

Isovector = Neutron excitations
(0,%, 05*)

M (IS, 1V)

M (s.p.)
M{ISY T IM(ITV)
0, | 259 ] 098
0 | 353 ] 075
0y | 092 | 069 |
0. | 148 ] 000 |
(0: | 176 | 057 |

0,* is consistent to the recent exp. by
Yang et al., PRL112 (2014)

Monopole strength are comparable to a single particle strength !



10C and 1°Be : Mirror symmetry breaking

In a recent experiment, there is NO prominent differencein B(E2)J
between °Be and 1°C

10Be: 9.2 e2 fm*

10C: 8.8 e2fm*

E. A. McCuthan et al., PRC86 (2012)

MO model by N. Itagaki et al. supports
the mirror symmetry for 1°C and 1°Be
(RIKEN Accel. Prog. Rep. 36 (2003) )

However, the GTCM calculation predicts the prominent difference

in the isoscalar monopole transition ( M(IS) )

E(0,") (MeV )| M(IS) (fm*)
rm.s. (fm)
Theory 0,*=0,*
10Be 2.66 5.03 7.70
10C 2.73 4.00 27.8

M(IS) enhancement in 1°C is originated from a kind of Thomas Ehrman shift.




M. Ito and K. lkeda, Report on Progress in Physics, 77 096301 (2014)
| Summary M. Tomita, M. lwasaki, R. Otani, and M. Ito, PRC89, 034619 (2014)

We have studied the chemical-bonding cluster structure in Be isotopes, '°C, and
180. Access to the cluster states by various reactions are also discussed

| Results

1. Structure analysis of the light unstable nuclei
(D Covalent, ionic and atomic structures appears in excited states

@ Wide variety appears by the combination of cluster-core and excess-nucleons

2. Access to the excited states by the reaction
(D Resonant scattering is useful to excite the cluster states directly
= Characteristic enhancements will be appeared in the branching ratio
@ Monopole transition can select the excitation degrees of freedom
=1S mono. for the a-a excitation, IV mono. for the neutron excitation

(@ Scattering radius characterizes a spatial size of the exclusive reaction
= Scattering radius is prominently enhanced in the cluster excitation

Unified treatment of the structure and reaction mechanism
including the experimental setup is very important
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Scattering radius

total spin

We characterize the spatial size of scattering area.

(1) General scattering theory

orbital spin L
A

¢ (@

Nucleon spin 1/2

—

J=L+

N | I

(H (‘JL)_ E)\P‘]L =0 =>partial cross section G(JL)

= We calculate the radius of the scattering area from o(JL) .

(2) Definition of the scattering radius

M. Tomita et al, PRC89 (2014).

Effective orbital spin L of an incident wave

-

L(L+1

]

2

L =kR, =

Nk

scattering radius:

RSC

_L
K

L

cf. mean matter radius
dRR*0(R)

[dRR?0(R)

I\

R= |1

,o(R) :matter density

= kRSC k, incident wave number
o > A
/ R.M
|\ ]
N ,/

-

=We can always define the scattering radius Rs. in the standard scattering calculation.



Scattering radius for channels with a finite spin

CAr "
I Ul

~
|9

m

Aavarmnla wina ~rANncidAar
CAdITIPIC, VW LUl o1UCT

120-%*( Q)
- \9)

If the final channel has a finite spin S, the partial cross sections are modified like

spinless transition

Initial 0,* = Final 0,*

G(JIT_)

initial and final channels

- > WL(L+1)

ZJL LV L(L 1).

L is common in both the
initial and final channels

L

initial ch.

transition with a finite spin

Initial 0,* = Final 2,*%, 2,*, 3

o(JLL'S)

final ch. S :final spin

ZM _,/ L(L +15_

“o(JLL'S)

DI JL(L +1):

“o(ILL'S)

L is calculated from the
average of the initial orbital spin L



Results of the differential cross section * :experimental data
red line: DDM3Y+multi channel

(incident energy E_,=65MeV)
Calculations are done by M. Tomita

0,*

0 40 80 120 0 40 80 _ 120
0,, [degree] 0, [degree]

1 10%

_ 14n-2l
% ;10

-2 . . . . . . ' . . . . . .
10920 80 120 0 40 80 120
.., [degree] ., [degree]



Results of the partial cross section 0(3) < a(3)/> 0(3)

incident energy E,,, = 65MeV

= grnundchannel (07) | 3uthannel({}+

& 03 /'

> \-\ 1

=

g 0.2 .

w 0.1 / X ]

8 r \ _

~ b 4

E 0 L e W ‘

I 0 2 4 6 8 10
Total spin }

3a channel has the extended distribution

= Scattering occurs in the wide spatial region in the 3a channel



Scattering radius with the finite spin

L = ZJLL'S [\/er(JLL'S) R L
ZJLL‘S [\/M]ZG(JLL'S) > K

—10

incident energy E,,, = 65MeV

0, 2"

0" | 2,7 | 3

effective orbital spin L| 4.64 5.65

6.3/ | 6.82 | 5.96

scattering radius

Rsc [fm] 2.13 | 3.32

3.74 | 4.01 | 3.51

matter radius

F [fm] 240 | 238

347 | 400 | 2.76

Rsc is enhanced in the 0,%, 2," and 3," channels.

The scattering radius of 2,* is strongly enhanced

>¢M. Kamimura, NPA351 (1981).

Y. Funaki et al., EPJA24 (2005)



