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Prediction of cluster states in light nuclei (IKeda Diagram)
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Classified according 1o the Threshold Rule,
K. lkeda et al, PTP suppl Extra num., 464 (1968)
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Typical mysterious Q° states in nuclear structure problem ]

0,' state of 12C (Hovyle state) indispensable to 12C production in stars

Ab initio non-core shell model calculation
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First example of alpha cond. state
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[ First example of a condensate state in finite nuclei ]

RGM (Full 3a) vs 3acond. (3 aconfined in 05 orbit)

A : antisymmetrizer acting on 12 nucleons

RGM w £
($*(@)|H - E|Alx(s,)¢*@)) =0 [ o8&
M. Kamimura, NPA 351, 456 (1981). A e ’
N W
- ——  |Exp.  [RoM
Energy (MeV) 7.65 1174
a decay width (eV) 871+217 |11
M(0z2* - 0;*) (fm?) 54+02 6.7
B(EZ: 02' > 2;*) (e2#m*) |13+4 |56




[ First example of a condensate state in finite nuclei ]

RGM (Full 3a) vs 3acond. (3 aconfined in 05 orbit)

The Solution of 3 a RGM eq. of motion is almost equivalent 1o the 3 a cond. w.f
The full 3 a problem gives the 3 a condensate w £, as its solution!

RGM w 1.
3 3 —_n 0o N
(¢°(a)|H — E|Alx(s, )¢ (a)]) = 0 s /88
M. Kamimura, NPA 351, 456 (1981). A T
eoe
! G
X = Hexp( 2 (Xi - Xa) ) 3acond wf
X.: com coordinate of the i-th o 4 [\ ee 98 o2 /J
: ol AN
XG : total com coordinate v
Y. F. et al, PRC 67, 051306(R) (2003). < B

A :antisymmetrizer acting on 12 nucleons



[ First example of a condensate state in finite nuclei ]

RGM (Full 3a) vs 3acond. (3 aconfined in 05 orbit)

The Solution of 3 a RGM eq. of motion is almost equivalent 1o the 3 a cond. w.f
The full 3 a problem gives the 3 a condensate w £, as its solution!

RGM w 1,
3 3 _ 4 ee N
(¢°(a)|H — E|A[x(s, )¢ (a)]) =0 s 88
M. Kamimura, NPA 351, 456 (1981) A g .
e
! e
3
2 acond w.f.
X=HGXP(—§(X5—XG)2) 3
t=1
X. : com coordinate of the i-th ¢ 4 [\ ge 88 o2 J
i ) v 2 [ OS
X . total com coordinate v
Y. F. et al, PRC 67, 051306(R) (2003). < B >
r3¢Jz clustering also appears starting h

without assumption of a’ s by FMD & AMD 1

O
M. Chernykh, T. Neff et al, PRL 94, 032501 (2007) @
\ Y. Kanaaa—En"yo, PTP 117, 655 (2007).




[ Electron Scattering Data (0,*—> 0,*) ] [ OT. Neff ]
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[Direc+ information of alpha condensation for the Hoyle s+a+e]
via 3 a OCM(0Orthogonality Condition Model)
’ e-z’k-r ea’k-r’

p(k) = fdrdr WP(T,T’)W '[dr'p(r, rG(r") = u ¢(r)
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“gas phase’ ' in finite nuclei
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Analogue 1o the Hoyle state in 1607
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[Fullv solving 4 a -particles relative motions (4 a OCM) ]

Present: Larger model space

goém (l’, V) — Nf (V) rﬁ exp(—vr2 )Yzm (l‘)
Gaussian basis (GEM)
E. Hiyama et al. Prog. Part. Phys. 51, 223(2003).

Approximately taken into account

(K-type) (H-type)
f%g (r;,v; Py, (ry,vs3) I\
A ™ N\ and ’/ X
¢£1 (rl’ Vl) f ¢£2 (1’2 ’ VZ)
\_ % (r,,v,) @Dy, (r,v;) J

Adopted angular momentum channels: [[l,l,], I5]1 (I3+1;+]; =8) (up to now, =5)
Including 15, 1,, I, =4

Total w . |
Woem(J¢) = Z Ail,(l)z,llz,ls (V1,50 V3)S [[%1 (v, @, (I’Z,VZ)] ' @y, (r3’V3)}
{1{v) ’

I ]
A 1, (V1,v5,v5) 1 Determined by diagonalizing Hamiltonian

Jpha kg



| Hamiltonian of 4a OCM |

H =T+ [ Vo, () +V2 (1) |+ Vs, +V,, +V

i<]j

Pauli

Pauli blocking operator on a —zz motions
u

Vo, i = lim Zzzunz(rij» nﬁ(rii)‘

2n+/<4 ij

Pauli A—w

Pauli forbidden state: how f

2-body force (folding MHN force)

Vo, (1) =D VP exp(-5%r?) Energies from 4 a threshold
n Cal. (MeV) | Exp. (MeV
Coulomb force4ez > ( ) xp- ( )
VoM (r) = ——erf (ar) C(g.s.) | =1.32 —7.28
! , 2C(24") | —4.88 —2.84
Phenomenolgogwal 3-body ﬂz)rcez(repgl ive) > "
Vs SO S el B £ )j C4) | 206 6.43
<<k 1ZC(O{') 0.70 0.38
3) _ — -2
Phenomenological 4-body force (repulsive)
Vi, =V @ exp[ =+ ) :
V. )L KV —UV
V©® =12000 MeV, 3=0.15 fm? Ve )| (Va )| < 7o Ve )



[0+spec+ra, rms radii, monopole matrix elements ]

E ., (Mev) da cond state
150 T e 4a
""" 12¢(1°) + o (P)
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____ 12¢(0*)+ & ()
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0, state: ]. Wakasa, Y. F. et al,
PLB 653 173 (2007)
Y. F. etal, PRL10OT, 081502 (2008).
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Exp. 4a0CM a +12¢ OCM
by Y. Suzuki



[0+spec+ra, rms radii, monopole matrix elements ] Large monopole matrix element can
be the evidence of cluster states.

7. Yamada, Y. F. et al, PTP120 1139 (2008)

Experimental

4o OCM
data
E, R  M(EO) r R MEO T
[MeV] [fm] [fm2] [MeV] [fm]  [fm2 [MeV]
0*, 0.00 271 2.7
0*, 6.05 3.55 3.0 3.9
0+, 121 4.03 3.1 2.4
0", 13.6 no data 0.6 4.0 24  0.60
O+5 14.0 3.3 0.185 3.1 2.6 0.20
0", 151 no data 0.166 5.6 1.0 0.14
over 15% 20%

of total EWSR of total EWSR



S-factor : 12C+ a and 8Be+8Be components for the 0, sfafe]
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a +12C(Hoyle) configuration is dominant.
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Momentum distributions of the a particles
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0, : delta-function-like peak at zero momentum
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[Rofafional bands of Hoyle + alpha, 3Be+®Be ?] E, = LZ J(3+1)
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YF. S. Ohkubo et al, in preparation,



[ Rotational bands of Hoyle + alpha, 8Be+8Be ?] K
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JJ+1)
0,' state : energy gain due to condensation ~ NUM- S2-factor of alpha + Hoyle
Rotating alpha dropped at the lowest orbit.

Momentum inertia is reduced.
Local condensate — complete condensate ) o
YF.S. OhKubo et al, in preparation, Signature of superfluidity ??



[ Rotational band of Hoyle + alpha ]

0 10 20 30 40 50 60 0 10 20 30 40 50 o0
J(J+1) J(I+1)

Momentum inertia is reduced.
Signature of superfluidity ??

S. Ohkubo and Y. Hirabayashi, PLB 684, 127 (2010).



Summary

Investigation of loosely bound alpha gas states in heavier nuclei +han '2C.

- More a -particle condensate states very likely 1o exist.

Analogue state in 160 1o the Hoyle state (found with 4 a OCM calc))
as the sixth 0+ state
Assigned 1o 15.2 MeV state?

More experimental information is needed,

- Hoyle analogs for non-zero spin states are promising,
likely Hovyle + alpha rotational band
sign of condensate

Problem is continuum mixing

On going issue: beyond bound state approximation
4-alpha CSM (Complex Scaling Method) with T2K-Tsukuba (up o 512cpu’ s)
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