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Appearing of cluster gas state and BEC' ' state
in finite nuclei

A
Energy = 12 nucleons break-up threshold @
~100MeV|  —mmmm=--- E/A ~ 8 MeV

Y

Appearing near the 3 a threshold
a cluster

Cluster gas

~10 MeV 3 a break-up Condensed into the lowest orbit
| threshold

E/A~ 1 MeV /3~ /5
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of gas phase
A. Tohsaki et al, PRL 87, 192501 (2001).
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potentials a particles feel in| ")

L=0
(he gas states ) o

L
Coulomb barrier 0 — 5 =4 TI'(m)

Position is outside the a - a | g
~100 | L=4

interaction range(~4 fm)
e e ‘ Gas: a - a distance should
Stabilization of a condensate state be more than 4 fm
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Gross-Pitaevsky eq. T. Yamada and P. Schuck, PRC 69, 024309 (2004)



| nacondensate wave function (THSR-w.£))

D, (Bb)=A45 |

G i (G

o

(0s)4 cogfigurafion
around R

S |Calculation of matrix elements
is owing 1o TohsaKi' s technique

" Hill-Wheeler equation (R,: generator coordinate, b: fixed) h

> (@, (Ry,b)H - E* CDM(R('),b)> fi =0 P4 =; fid,, (Ry:b)
"o 0 )




IZC
Expansion of 0%, and 0%, wfs with H.O. basis
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“5 04 o -
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00 ;._.m"
0 T 20 40 60 80 100 120
N=8 Quanta N hao =22 MeV

The expansion was done wrt relative motions of a' s, Calculated by T. Yamada



[ 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) )

Indicating 3 a condensate character Occupation probability of o -particle orbit
Microscopic approach (3 a cond, model w.f) 2: =
/The Solution of 3a:RGM eq, of motion, RGM_\ % =1

3 _ 3 _ . 05 I:IGI
¢ (@|H-El4[2(sn)F(@)])=0 ( s sz
M. Kamimura, NPA 351, 456 (19817 | @ 1 g 03 | a2
02 | ms3
is almost equivalent to the 3a cond. w.f, 0l | o
(s, r)=exp (—éi(xi - XG)ZJ 3acond, > Ground state Hovle state
_ i A @-@-@ g
X. . c.0.m of a-particle

i / Momentum distribution of a -particle
\ Y.F et al, PRC 67,051306(R) (2003). - ]

6
4§ Hoyle state : red line
- Occupation probability of a -particle orbit ‘

10f Ground state : black line

u.lnn l\(‘ MAAAIIIA A AT I\ 'll\ OZ\ L
nuyc yo vlluparivy \~ Jv 70) o8l
- Momentum distribution =06

04t

Delta-function-like behavior ozl
H. Matsumura and Y. Suzuki, NPA 739, 238 (2004). °°C
T. Yamada and P. Schuck EPJA 26, 185 (2005). k (fim™)
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Observed levels of

C. Kurokawa and K. Kato,

(MeV) PRC 71, 021301 (2005).
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| rmsr=2.4 fm 4, A oD

I 0S

- 10.3 0;

. rmsr=54fm 9.9 2; y

o pmsr=3.8fm PR R YIRY.

' acond, +ACCC )
B 4.44 9+ / 2" state : ) E=9.38 MeV

~ rmsr=24 fm . - aa =064 MeV

. |= 9.9+0.3 MeV

I =1.010.3 MeV Volkov No, 1 force

I 'zC( a.a') is adopted

— rmsk=2.4 fm 0, | M. Itoh et al., Nucl. Phys. A Y.F.etal, EPJA /

\_ 738(2004) 268-272 ) \ 24, 321 (2005).




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

EX

15

10

Low lying 0 levels of '°0

(MeV) \
151 O
| Aq 14.44 MeV
......... R
13.6 0;
12.1 0;
' (11.3,0")

L a+C 7.2 MeV

0
Exp.

14.94 (0;

)THSR

+

10.34 (07,

-0.08 (0;)

THSR

4acond wif

/na condensate model w f, (THSR—w,f)

®, =.A {H (exp (—é Xi2)¢(04 ))}

i=1
A. Tohsaki, H. Horiuchi, P, Schuck and G. RopKe,
\ PRL 87, 192501 (2001). /

n=4 case

o5 . Nucleon density distribution

0.4} J'=07

03¢

o2t |

01} /

density distribution [fm-1]

a [fm]

(0+) . Very dilute density.
*JTHsR © A-ereondensate-state



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 Y2/

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 oé 150

E, (MeV) o 113 (01)

15 + 4o 14.44 I\/IeV THSR
......... T
13.6 0;
12.1 0,

0 _ (11.3,0%) 10.34 (02 )THSR

L a+C 7.2 MeV

)1 o 008 (07)

Exp. 4acond wf

THSR

/na condensate model w f, (THSR—w,f)

®, =.A {H (exp (—é Xf)¢(04 ))}

i=1

A. Tohsaki, H. Horiuchi, P, Schuck and G. RopKe,
\ PRL 87, 192501 (2001).

/

n=4 case Nucleon density distribution

057
0.45 |
0.4t
0.35 }
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0.15 }
0.1}
0.05 |

o L

r2xp(r) [fm-1]

0+) . Very much dilute density.

*/misR © 4 a condensate state



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) ]

E,

15

10

16 /
(Ilz/lo;vvl)v ing 0" levels %{.30 (0;)...| n & cond. w. £, (microscopic) A
151  0; . T 2 g2
g iy 1494 (05) q)na(RO’b)_A{li:[(eXp( B? X )¢(a')j}
......... 14005 g ; y
13 6 ‘Need to check the existence of 4
f'ﬂ—)—*—"‘w a cond. state in larger (4 a)model
" (11.3,07) 1034 (0;)....  space.

L a+C 7.2 MeV

0y

Exp.

-4acond w. f may have a difficulty
to represent the 12C+ a structure.

[4 a cond wf hardly describes}

these states

(.0 (a+2C(0) A
. (03) ?
K 0; (a +C(2%)) X)

-0.08 (0;)

THSR

4acond wf, Need 0 solve full 4 a problem,
4 o OCM (semi microscopic)



[ Fully solving 4 a -particles relative motions (4 aOCM) ]

Present: Larger model space 120+ & : succeeded
@, (r,v)=N,()r' exp(—vr2 Y, (r) dilute 4 a: not reproduced
Gaussian basis (GEM) — ]
E. Hivama et al. Prog. Part. Phys. 51, 223(2003). 4a OCM(H, 0 basm)

Approximately taken into account K. Fukatsu and K. Kato, PTP 87, 151 (1992).

(K-type) (H-type) 1204 o coupled channel OCM
B, (1 v, . (r;,vs) ™ (H. 0. basis)
’ N / Y. Suzuki, PTP 55, 1751 (1976):
./4 o V)or i :’\ 56. 111 (1976).
R f Dy, (r,,v,)
} @, (1, V) §0f1(r11V1) +/
opted angular momentum channels, tofally 10 channels

K-type and H-type, [[l,,1,], ,1,], : [[0,0],,0],[[2,0],,2],[[0, 2],, 2], [[2,2],,0],
[[0,1],,1], [[2,1],,1], Added in only K-type

Hamiltonian

Energies from 4 a threshold

2 \'ij /7 ' Y2«

Cal. (MeV) |Exp. (MeV)

i<j

H TJ,V‘I_\/ (r \+\/C°U'(r \_IJ,\/ FRVARAY. ‘
A \"ij/ “da "PauI||-

12C(gs.) | —17.32 -1.21

vV, (r): 2-body force (folding MHN), V., : Coulomb force

150(g.s.) | —14.2 —14.44

V,, &V, - phenomenological 3-body and 4-body forces (repulsive) Correct 12C(gs)taand 4o

: pauli operator (to eliminate Os, 1s, 0d w.rt. ¢ —a rel. motion)  thwachold energies

paull :



[

distribution,

Energy levels, rms radii, monopole matrix elements and density

J

EX

15

10

Low lying 0 levels of '°0

(MeV) +
15.2 Oy
- 4o threshold =~
14.0 0.
13.6 0;
12.1 0;
(11.3,07)

L a + C threshold

0y

Exp.

Rems (fm) | M(EO)(fm?) | M(EO)(fm?) Exp.
6 OCM (OI)OCM 2.7
(9).., 1 3.1 42 0,: 355
----------- o) [@.[29 |41 os:403
Joem | (0z) | 3.9 2.4 0,": no data
(OZ )OCI\/I (O; )OCM 3' zo 05+: 33
(O; ) (Og )OCM 54 '4
OCM L arge monopole matrix element can be the
evidence of cluster states (Yamada, YF. et el,
nucl-+h/0703045)
(0) 08 | Density distribution |
2 Jocm 0.7 } of
06 | (jrzp(r)drzl)
T o5}
; 0.4 F
% 03 |
+ 0.2 F
(Ol )OCM 01k
0 e
400CM 8 10




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

Defined as 7 <Y, |  (r)= r><<[YL (r)CIDL(lzC)]0 @, (16O)>

0.5 | sl
0.4 | O)ocm =00 0.4 | (05)ocm e

03}

—

Z 04}t

0 5 10 15 20 0 5 10 15 20

- [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

nmmyisenr 11 “

(]
(+ N
o
v
i
3
o

‘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 x|, (1) =rx([Y(N® (*C)],

0.5
0.4

0.3 F

.l'_1.'I,r rl [ﬁT‘I_ I ’T]

0.2}

| (04)OCM f='f"+ -
T

0 5 10 15 20

+
(03 )THSR
{ch{
.f’/\
IIIII.' \ L={]T o
0 5 0 5 20

r [fm]

05T

0.7

06
0.5
04
03 f
02
01

-0.1 f

®, (160)>

L=0 ——

4+

(Og)OCI\/I

0 10 5 20
(03) +iml 4 & cond, state obtained
O Dad oou. with THSR-w.f.

5

L=0f ——

-0.2 L

15 20



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) x* =2.33
0.25 } | .
02} x_—— | 0, state: 2.33/4-58%
| : Large 0S occupancy !
= 0.05 | ~__ 05 _ .
g OO —=—____| Strongly evidence that the 0,
" 005} state is the 4 a condensate
-0.1 -
0.15 1 The largest occupancies
-f;_:i , , , | for the other states are
0 5 10 15 o0 less than 20 %.

rfm

Jart p(r,r) £4(r) = u* £4(r)
o(r,rY=4[® “(r,r,,r. r)® (', r,r,r,)dr,drdr,
I\ J J 0y 21°3 0} 21°3

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

QM =4
A



[Possible assignment of the two calculations and

|

observations
Low lying 0' levels of 10 173 __—4a cond. state
EX (MeV) 159 A,a"
0;19. 0* 2 odad
15 —4a€hreshold ........... 12009 ( G)OCM SaA .
%149 ) I (04" 0.2 MeV
QF+9- \\\lz + . 4 )theor ™ V. e
oz, PGS 705 <005 MV
" (11.3,0") ~NZe@2Y+a M 10.34 (calculated based on
10 1 (05).., R-matrix theory)
o + C threshold
.............................................. 126(0) + o F (04" at 13,6 MeV)= 0.6 MeV
. 6.06 - (03)...., I (05* at14.0 MeV)= 0.17 MeV
5 0;
' All 0+ states up 10 4 a threshold
are simultaneously reproduced !
0: (07 ) 0.08
O 4 - -~
Exp. 4a0CM THSR- w f.



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

- 4acondensate w. f. (Qa THSR-w ) predicts the existence of 4
condensate state. (not as the third Q+ 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 a condensate state (0,') 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),
12C(0*) + a (higher nodal)
= corresponding to the observed 0,and 05" states, respectively
-Successfully reproducing the well known '2C(gs.)+ & (6.05 MeV) (0,")
and '2C(2*)+ a (12.05 MeV) (0;') 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)
Another type of 4a structure!
We are able 4o discuss it cimultaneousliv with +he lower structures !





