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Appearing of cluster gas state and BEC' ' state
in finite nuclei
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02' state of '2C(Hoyle state)

J P. Navratil et al., Phys. Rev. Lett. 84 (2000), 5728.

Ab initio non-core shell model calculation

-Importance for 12C synthesis in stars 2 —

-Typical mysterious Q' state
(One of the typical excited states
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3a problem is fully solved about
30 vears ago.

Most of experimental data

are nicely reproduced (Kamimura

al (DAL 1. alst oYl VIR
T dl \KoM), UEgani b'T dl \ovim) )

3 a Resonating Group Method(RGM)
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Expansion of 0*; and 0%, wfs with H.O. basis
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The expansion was done wrt relative motions of a' s, Calculated by T. Yamada



| nacondensate wave function (THSR-w.£))
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The comparison of 3a condensate model (HW)
with microscopic 3a model (3a RGM)

Volkov No.2 force: M=0.59 E;I;S =82 04 MeVJ

Calculated values of rms radius (fm)
and monopole matrix element (fni)

Calculated values of binding
energy (MeV)

H. W. |30 RGM

H. W. 30 RGM rm.s radius |9 4() 2.40
0 |-89.52 |-89.4 O
0 18179 |.817 r.m.s(;*?dlus 3 83 3.47
2 |-86.71 |-86.7 r.m.szr;dius 238 |2.38
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M(©; —>0)|6.45 6.7




[ First example of a condensate state in finite nuclei ]

3 a break-up threshold :7.27 MeV
Hoyle state (0, state in '2C (excitation energy : 7.65 MeV) )
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OCM in '2C
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Large oscillation : strong Pauli blocking effect
Compact structure

SU(3) model: [f](An)=[444](04)-like structure
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Small oscillation: weak Pauli blocking effect
Long tail: dilute structure
Radial behavior: Gaussian form with a= 0.04 fm-
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Density distribution of 01, 21, 4,*states(shell model
structure) and 0z', 22*states (gas-like structure)
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[ First attempt to explore 4a condensate state in 190 ]

Low lying 0 levels of '°0
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a+'%0 inelastic scattering
05" state: )
A candidate of 4acondensate

E=13. 6MeV

r=0. 8MeV 10

\160(a, oa’) Wakasa etal. )
The result of the calculation is «
consistent with the experimental data. 'E 10%F 22

The 0" state at E, =13.5 MeV canbe
assigned to the four-a. condensed .._"é
©

state.

The O0* state wave function obtained
at E,=10.3 MeV leads to a largely different

0" (13.5 MeV)\_'

absolute value. 10 0 1'0 ' 2'0 ."‘-30
0 deg.
(037 )risr : ) cm. (d€g.)
E=14.9 MeV
=15 MeV T. Wakasa, E. lhara, M. Takashinaand Y. F. et al,
\(based on R-matrix theory) ) PLB 653, 173 (2007).




[ First attempt to explore 4a condensate state in 190 ]

Low lying 0° levels of '°0 ,
E ) 173 (0;).  (na condensate model w.£. (THSR-w.£))
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ry(r)[fm17]

ry(r)[fm12]

Reduced width amplitudes of 0," - 0,* states obtained with THSR
wf (overlap amplitude between o plus 12C(0,* or 0,*) and 10 wfs)
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[Moﬁvafion for 4 a OCM (Orthogonality Condition Model) ]

n a cond w. f (microscopic)

cpm(RO,b)z,zz{fl[(exp(—é >?f)¢(w.)j}
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‘Need to check the existence of 4

a cond, state in larger (4 a )model
space,

4 acond. w, £ may have a difficulty

to represent the 12C+ a structure,

a cond wf hardly describes}

4
[fhese states

(0 (a+2C(07) A
. (07) 2
K 0l (a+"CQ2")) X )

Need 10 solve full 4 a problem,
4 o OCM (semi microscopic)



[ Model space of 4 a OCM(0Orthogonality Condition Model )]

Present. Larger model space '’C+ a: succeeded J
@, (r,v)=N,()r’ exp(—vr2 )ng (r) dilute 4 a: not reproduced

Gaussian basis C— 4a OCM(H. 0. basis)
K. Fukatsu and K. Kato, PTP 87, 151 (1992).

1201 & coupled channel OCM

(Dg,iklgrc (Vi,Vy,V3) = [%1 (1, v)e, (5,,V,)0, (r3,v3)l (H. 0. basis)
Y. Suzuki, PTP 55, 1751 (1976):
(K-type) (g -iv)pe) 56, 111 (1976).
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Adopted angular momentum channels (10 channels)
CK and CH — [[|39 |2]I32 > II]L
K-1ype channel
c. - [10,0],,0], [[2,0],,2], [[O,2],,2], [I2,2],,0], [[O,1],1], [[2,1],,1],

H-1ype channel
¢, : [10,0],,0], [12,0],,2], [[0,2],,2], [12,2],,0],

Total wave function
(I)L(16O) = Z A, (V1:V2>V3)®25(V19V29V3)+ Z A, (V1:V2>V3)(D§:!(V19V2:V3)

Ck »V1:V2 V3 CH ,V1,V2 V3



[Hamilfonian of 4aOCM |

H =T 4+ | Vo () Vo () | +Va, +Vi, Vo

i<j

Pauli blocking operator on a motions
V - hm/l—>oo ﬂ‘ nﬁ( >? nf( )‘

2n+/<4 ij

Pauli —

Pauli forbidden state: how f

2-body force (folding MHN force)
Voo (N = Vo exp (=471

Coulomb force, >

VI () = 4%erf(ar)

Phenomenol30gical 3-body {grce2(repgl ive)
Vi, =V Z CXp [_,B(rij T+ )j
i< <k
V® =87.5MeV, S=0.15fm"
Phenomenological 4-body force (repulsive)
—_\/@4 2 2 2 2 2 2
Vig =V eXp[_IB(rn Tl thy +l +h + r34)]

V® =12000 MeV, S=0.15 fm™

Equation of motion

[(cp (*O)|H -E|®, (160)>]=

"Be(Q > 4) = a(Q=0) + a(Q=0)
Op —eeee-
Os —©oeee- -oe66- o666

Qrel 2 4

\

o - o motion with Qrel < 4

should be eliminated

Qrel: HO. quantum number
regarding a - a motion

Energies from 4 a threshold

Cal. (MeV) | Exp. (MeV)
2C(g.s.) | =72.32 —7.28
2C(24") | —4.88 —2.84
2C(44") | 2.06 6.43
12C(029) 0.70 0.38
%0(g.s.) | —=14.2 —14 .44




[ Energy levels, rms radii, monopole matrix elements and density J

distribution,

Low lying 0 levels of 'fo

E (MeV
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Large monopole matrix element can be the
evidence of cluster states (Yamada, YF. et el,
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[Reduced width amplitude for the lower states ]
<, ) =rx([Ymo ()] o, , (“0))

O+
(O;)OCM ( ’ )OCM
0.5 F 0.5}
=07 —— L=0f ——
0.4 f =21 [14 i J_ﬁ-
] |
— 0.3 F — 0.3}
E oz} B E‘é 0.2
z 01} = noooN L=31 ——
0 «* — 0 LN mt e
01}V 01 M V]
-0.2 4 . . . 02 L ] . . ;
0 5 10 15 20 0 5 10 15 20
1 + r {im] r [fm]
C(01") + a component is dominant '2C(2;') + &« component is dominant
in surface region (~5 fm) in surface region (~5 fm),
a +12C(01) structure a +12C(21") structure

Consistent with the previous Suzuki and Kato results !



[Reduced width amplitudes of 0," and 05* states obtained with 4 a OCM ]

@, , (“0))

Defined as rx 7Y ;  (F)=rx <[YL (I')CDL(UC)]O

0.5 f . - N +
041 (OZ)OCM e 0.4 } (05 )OCM L=[fl -

03}
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Z 04}t
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- [fm] r [fm]
-Very well developed a cluster -Large amplitude in surface region(~5 fm)
structure -developed a cluster structure

12 : :
C(lg-$£+ a componeni s dominant. -mixing of 12¢(1)+ a, 12€(3") + @ and
iaher n ture 'C(0,")+ & structures
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‘New (not discussed so far) a 1+12C cluster states,
- a0 +12C dynamics survives up +o around the 4 a threshold.



[Reduced width amplitudes of 0," and 0, states obtained with 4 a OCM ]

Defined as rx 7Y ;  (F)=rx <[YL (I')CDL(UC)]O
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Single particle occupancy and single particle orbit for the 0,
- 0,' states obtained with 4aOCM (Only the S orbit (L=0))

0.3 ; - - The largest (for L = 0) ux* =2.33
0.25 | 1 .
02}, x_—— | 0, state: 2.33/4-58%
| : Large 0S occupancy !
< 005 } . 04 _ .
g OO —=—____| Strongly evidence that the 0,
" 0005 | state is the 4a condensate
-0.1 :
0.15 | The largest occupancies
-f;_:i , , , | for the other states are
0 5 10 15 o0 less than 20 %.
rfm

Jdrt p(r,r) £4(ry =" £4(n)

i)

4
r r'):v f(b*([ i e rYD(F oo -
L) | 47\ s

oo > "o 5 40 i
=1

A =(n,L), 1" : single particle occupancy, f*(r): single particle orbit

QM =4
A



[Possible assignment of the two calculations and]
observations

Low lying 0 levels o( '%0 173 __— &a cond, state
E (MeV 159 O )OCM el
0r1o. 0
- 4o t6hresh01d {((ﬁﬁ )5 2222 = 14.94 +a—eend—s+a+e—
071470 - (07) 12 o
0 13.6 1ZC(0*) + & (higher nodal) I (04")peor ~ 0.2 MeV
[ 0512-1—"___— (O+) r(o5+)+heor < 0.05 MeV
> Jocu 10.34 (calculated based on

-_ (11.3,0") 120(2)+ &

R-matrix theory)

. a+ "“C threshold
o R (0, at 13.6 MeV)= 0.6 MeV

L 6.06——— (03)...., I (05 at14.0 MeV)= 0.17 MeV
_ 0 12C(0')+ &

are simultaneously reproduced !

All 0t statesup 10 4 a fhresholdJ
0/ (O1+ )OCM —0.08

Exp. 4a0CM THSR- wf.



| Summary |
- Beyond doubt the Hoyle state is the 3 a condensate state, (THSR and OCM)

- 4acondensate w. f. (4a THSR-w f) predicts the existence of 4o
condensate state, (not as the third 0* state but as the fourth Q* state)
Analysis by using 4 a 0CM(orthogonality condition model) in order to describe

both 12C+ &, 4 a gas states and others, if any, in larger model space.

4 o condensate state and other cluster states are simultaneously obtained.

Large 0S-occupancey, 60 %

-Two new resonance states are obtained near the 4 a threshold,
One has a developed a cluster structure (R, .~3.0 fm) in which
12C(1")+ &, 12C(37)+a and 12€(0,')+ a components are mixed.
The other has a very well developed a cluster structure (R, .~4.0 fm),
120(0*) + & (higher nodal)
= corresponding to the observed 0,and 05" states, respectively

-Successfully reproducing the well Known '2C(g.s)+ & (6.05 MeV)
and '2C(2+)+ a (12.05 MeV) structures,

For future work,
-Analyses of condensate fraction and 4 a CSM are necessary for more reliable
conclusion,
« 4 alinear chain structure (the band head is estimated at 16.7 MeV)
We are able 1o discuss it simultaneously with the lower structures !



