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Nuclear clustering in N-rich nuclei

Molecular Orbital model : N. Itagaki et al., PRC61,62 (2000)

a a

8Be = 2a、 12C = 3a、16O = a + 12C、 20Ne = a + 16O

1. a-clustering in stable nuclear systems

2. Clustering in N-rich systems : Clusters + XN

Example :  Be isotopes = 2a +XN



Studies on neutron-rich systems in 3-dimensional space

( N, Z ) : Two Dimension
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a a (s+)2 = ( Pz(L) ― Pz(R) )2

Formulation

a + 6He6He + a 5He + 5He

Linear Combination of 

Atomic Orbital (LCAO)

a a

a+6He(0+)

= Pz(L)・Pz(L) + Pz(R)・Pz(R) － 2Pz(L)・Pz(R)

= Px(R)・Px(R) + Py(R)・Py(R) +Pz(R)・Pz(R)

Total wave function
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 Pm(a)・Pn(b) 
(m,n)=x,y,z (a,b) = L,R
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Blue Dots

Red Dots

a + 6He(01
+)

5He( I1)+
5He( I2) L

a + 6He( I ) L

10Be = a + a + n + n (J p = 0+)

( s½
+)2

( p-)2

sd-orbital

0p-orbital

Adiabatic Energy surfaces : NN int. ⇒Volkov No.2 + G3RS



1

2

3
4  

Sk

AD SkSkf
,

),(),(

 



i ji

jii vtH ,

Coupled channels with the adiabatic states

0)( - EH

Adiabatic basisEnergy spectra of 10Be

(p3/2
－)2

(s1/2
+)2

(p1/2
－)2

a + 6He(2+)

Energy spectra

Bound, 

Resonant 

B.C.

S
a+6He scattering

Scattering

B.C.

k 1, 2, 3, 4,...



Jp = 0+ (Long range coupling)

( - parity)

Doublet

(+ parity)

±P-Doublet : (±) = 

( p3/2
-)2

( s1/2
+)2

Jp = 1- (Avoided Crossing)

Parity doublet formation in adiabatic energy surfaces



a+6He g.s. Elastic scattering

B

A

(A+B)
(A)

Coupled channels in  a+6He elastic scattering (Jp =0+ )



a+6He g.s. Elastic scattering

Non-adiabatic transition strongly occurs.
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(A)

(A+B)

Coupled channels in  a+6He elastic scattering (Jp =1- )



( p3/2
-)2

( s1/2
+)2

a+6He(01
+) → a+6He(21

+) a+6He(01
+) → a+6He(21

+)

( - parity)

Doublet

(+ parity)

Jp = 0+ Jp = 1-Resonance Poles L-Z level crossing

Enhancements in a+6He inelastic scattering (B. Imanisi et al., Phys. Rep. 155)



Comparison between a+6He and a+8He scattering

a + 6He g.s. 

a + 6He(21
+)

a + 8He g.s. 

6He g.s.+ 6He g.s. 

a + 6Heg.s.⇒a + 6He(21
+) a + 8He g.s. ⇒

6He g.s.+ 6He g.s. 

10Be(0+) : Res. in Inel. Scatt. 12Be(0+) : Res. in Transfer ch. 



Summary

1. Studies on N-rich systems in (N,Z,E) space is very interesting.

2. Unified description of structures and reaction becomes quite important. 

Results of 10Be

3. We show some enhancements in the a+6He and a+8He scattering. 

1. Molecular and atomic states coexist in this system. 

2. Reaction process is different between the positive parity and the  

negative one. 

3. L-Z transition is predicted in connection to the Parity doublet.

Results of 12Be

1. Resonances will be observed in two neutron transfers.  

2. Exotic structures are excited. (I will report at YITP post symposium.)  





Coupled channels with the adiabatic states

a + 6He g.s. → a + 6He(21
+ )

(A+B)

(A+B+C)

A

B

C



Resonances in  a + 8He ⇒ xHe + yHe 

a+8Heg.s.

6Heg.s.+ 6Heg.s.

6Heg.s.+ 6He(21
+)

5Heg.s.+ 7Heg.s.

( A ) ( B )
( C )

( D ) ( B )  Two nucleon transferred state

( C )  Atom-Molecule hybrid state

Decay scheme depends on 

the intrinsic structure

6He+ 6He  Open

a+8Heg.s. Open

6Heg.s.+ 6Heg.s. Open

5He+ 7He  Closed



Resonances

Structural

change

Nuclear structure

Unified studies in neutron-rich system

Mol. Orb : p ―、s＋‥

Slow RI Beam reaction Transfer reactions

Resonance 

Reaction

It will be available in 

near future experiments.

Unified studies is very 

Interesting and important. 
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Coupled channels with the adiabatic states



Blue Dots : [ 5He(I1) + 5He (I2) ] LJ

Red Dots : [ a + 6He ( I ) ] LJ

a + 6He(01
+)

10Be = a + a + N + N : Jp=0+ Basis : Atomic orbital (A.O.)

 i = 

S

0pi A.O.  (i=x,y,z)

aa

a : (0s)4

( H =STi + SVij )
( s+ )2

Total wave function  

Jp = PJp A S Ci i

Jp Proj. Anti-sym.

Generalized Two-center cluster  model (GTCM) : PLB588



Blue Dots : [ 5He(I1) + 5He (I2) ] LJ

Red Dots : [ a + 6He ( I ) ] LJ

a + 6He(01
+)

10Be = a + a + N + N : Jp=0+ Basis : Atomic orbital (A.O.)

 i = 

S

0pi A.O.  (i=x,y,z)

aa

a : (0s)4

( H =STi + SVij )
( s+ )2

Total wave function  

Jp = PJp A S Ci i

Jp Proj. Anti-sym.

Generalized Two-center cluster  model (GTCM) : PLB588



a a (s+)2 = ( pz(L) ― pz(R) )2

Formulation

a aaa a a

a + 6He(z)2

= + - 2

6He(z)2 + a 5He(z) + 5He(z)

Linear Combination of 

Atomic Orbital (LCAO)

a a

a+6He(0+)

a aaa

a + 6He(x)2

= + aa +

a + 6He(y)2 a + 6He(Z)2


