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[Where IS a “‘gas phase” In finite nucler?
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[ First example of o condensate state in finite nuclel ]

ROM (Full o) vs 3acond. (Sacconfined in 0 S orbit)

Form factor

The Solution of JoRGM eq. of motion, ROM .t 02
; : / .o \ I
(6 ()| H — E|A[x(s,7)6*(a)]) = 0 t o
M. Kamimura, NP/ 5544 4:26 4/95/ 10— |
o R A |
S @\most equivalent to the Sacond. w.f. Elo_ﬁ i
v = Hexp(—— (X; — Xc) ) acond. w.i, o |
X : com coordinate of the -t A [\ s °s e Ub} 10" |
X : total com coordinal 10~° :
Y.OF. el al., PRC 67, D57BerR) (20039 5q2[fr:f2] Le
The full .o problem gives the Sacondensate w.f. as its solution!
(" 3aclustering also appears starting without A

assumption of o's by FMD & AMD

M. Chernykh, [ . Nefll
kY. Kanada—-tn'yo, FPIF




Bose-Einstein Condensation in the atomic world

Year
1925 Bose and Einstein predicted BEC
1995 Observation of BEC (8’Rb)

2001 Cornell, Ketterle, Wieman
won the Nobel Prize in Physics.

A

Corndl Ketterle Wieman

Character

Particle Number : 103~ 104
Interaction : S-wave

Low density : pa® 1 10

o \.‘ ..!'l-'
l‘_‘a&\ 2o

a(87Rb):5.77nnr




[DY@CT information of alpha condensation ]
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Momentum distribution of a—particle

via 3a0CM(Orthogonality Condition Model)

Jdr ot b )= ot )
Occupation probability of single a—orbit

6 . s Large occupancy (70%)
4 - n @ single S—orbit
rol Hoyle state : red line ) os |
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rrPJA 76, /55 [2005).
See also H. Maolsuvumura and V)
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Analogue to the Hoyle state in 1007
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Quite a few a+'2C configurations
such as o 120(01), at120(21)
and a+12C(1-) with intermediate density
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Liguic Shell model




-ully solving 4 a—particles relative motions via Orthogonality
Condition Model

ERIRIYA

H=T+Y Vaalrig) + V™ (rig)] + Vaa = Vie + Veau
1<g

Paull blocking operator on_a—ar motions

V.. =lim, _A u(r))u (r. a—a relative motions:
Paul Ao 2%4;‘ é( j)>< E( J)‘ M(jﬂy QOUSSIOHS
T Gauss Expansion Method (GEM)
Paull forbidden state: h.o,w.T. E. Hiyama el al., Prog.
2-body force (folding MHN force) o o
Voo (1) =Y V& exp(—ﬁrfz)rz) cquation of mation
Coulomb force , 0 <1DL(160)|H - E|1DL(160)>] =0
VM (r) = 2€ erf (ar)
r
Phenomenological 3-body force (repulsive) .,
v, =V® Z exp[—,G (rij2+rji +rm-2)} cnergies from 4athresholo ‘EJ
STk Cal. (MeV) | Exp. (MeV)
v® = 875 MeV, B =0.15fi 20lg.s.) |.7.32 7.28
Phenomenological 4=body force (repulsive) 0(g.s.) | .14.0 14 44
Via =V eXp[_/B (I’122 + If123+ r124+ r 223+ r §4+I’ 54)]
V@ = 12000 MeV, B =0.15 fi \<v3a>\,\<v4a>\<ﬁ)<vm>\



[Eﬂergy evels, rms radi, monopole matrix elements and density distribution. ]

Low lying 0% levels of 181 o cond. state
E, (MeV)

0; 15.2 = (og)
15 - 4a thresholc DVIEW o
05 14.0———---- (02) Rems (1) | M(EO)(fm?) | M(EO)(Tm?) Exp.
- +136 SS 19~/ A\ (1. \OCM
04 12 ~<L(07)+alhigher nodal) (01+) 97
.O+ .1—~\\ 0+ OCM :
- (311 30) SN2+ (%o (05) .| °C 3.9 0y 3.35
10 ' (OQ)OCM (OQ)OCM 5.1 )4 05t 4.05
+ +-
..... a+Cthresholc Oy, | _ " 10 daig
,CW ot (o;)oCM 3 76 st 3.3
?-06—" (O;)OCM (05)o, | 0 F 1.0 Ogt: no dato
5 + 0 <
Large monopole matrix element can be the
evidence of cluster states.
/. Y amada, y. F. et al
o) (0o
0L -
= o0CH

o, state. [ . Wokaosa, V. . et al., FLB 657, !,



[Sf@dor - 120(1)+a components for the 0;F — Ogt states }

olr-r')_ .
r><()_/|LJ O(r):r>< ( )Yl_(r )LIJOCI\/I(lZC(l )) LlJOCM((i)>
, 0
5.(3=0)=[ct(rx )
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20(2) +ar Not discussed so far
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[Sf@CUN:W2C<>+a components for the 0,t — 0gt states }

Woou(@))
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Analogue to the Hoyle state

S7(J=0): 12C+a S-Factor
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Of L 27 374707 | |: Spin of 12C
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a+2C(Hoyle) configuration is dominant. S et
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[ Momentum distributions of the o particle ]
—ik.r pik-T

€

plk) = f drir! e (1) G

| B

0.15 } | 0f ——

0f ——
_ b—

i p(k) [fm]
=

0.05 |
0.0 -
6.0
05 : delta—Tunction—like
peak at zero momentum
4ocondensate state character.
de Broglie w.l. A= 21t > 20 fm

r. . coordinate of the -tkr particle

Xs: coordma&e of total center-of-me
plr. ) = - Z (Woem (04)]d(r; — X —7'))(0(ri = X —r)|[Pocm(0}))



Single—or occupancy and single—a orbit for the 0,7 and 0g* states
(Only the S orbit (L=0) with the largest occupancy)

r ¢(r) [fm=12]

12 ¢ Jdr'p(r,r ot )= u o) 127
[ — 3a0CM
r‘-,' /«1:0-16 +
08 F % Og - T
. L=0
P of
:' Ili. B 08 0f ——
04 F | A H1=0.61 o4 =0.7
:] "|.1'L \ E 0.0 : ; ' i e
0.0 Pttty e 04 f U
v 0.8 - -
0.0 5.0 10.0
—0.4 . ) r [fm]
0.0 10.0 20.0
r [fm] Similar to "2C case!

0s : Large 0S occupancy ! (61%)
Largely extended 05 orbital, large occupancy.
Mean—field—like structure of o particles.

Typical nature of the acondensate!

0," : aparticles are dissolved . Reflecting shell structure of nucleons.
SU(3) configuration : 2S nodal behaviour

Y. f. et al., FPRLTOT,



Alpha decay widths

O4+>OCM . OQ M@V
D5ty < 0.05 Mev

)
o

- P (a)

yi(a) O (ay, (a))’
P_: penetration facto

yZ(a): reduced width
a: channel radius

1(04+ at 13.6 MeV)= 0.6 MeV
(05t at14.0 MeV)= 0.19 MeV
C(0gt at15.2 MeV)= 0.17 MeV

0.t : Consistent with experiment



The reason why O Is narrow In spite of P depends on decay energy

the high exc%a%og{ﬂ@(tcﬁ (vi)2: a2C(L) components

P o Large — T, =P {y,)?: Suppressed
(v.)2: Smal
Y- omd
1520 T(04t)yey . 0.2 eV
(1 R W T'(05*)oey < 0.03 MeV

a+C(0)) T(0gt gy - 0.05 MeV
(calculated based on R—matrix theory)
..................................... 5'.:1.2"(_.“,(21’“) r =P, 0(a)
yi(a) O (av (a))°
P_: penetration facto

10 r
................................................. yZ(a): reduced width
a+"C(Q) a: channel radius

5 | T(04% at 13.6 MeV)= 0.6 MeV
- (05t at14.0 MeV)= 0.19 MeV
C(0gt at15.2 MeV)= 0.17 MeV

01+ Ot Small width, quasi stable

3 AN
. M. Itoh (CYRIC)

EXD.



P, 1 depends on decay enerqy

o OIL=0 (vi)2: a2C(L) components

i — [\, )2 - Cnnrecead
P Medium E— I = PLyy)* @ Suppressed
9.
(vi)2: Smal

152 O (04 )y - 0.2 MeV
EE T(05*)ogy < 0.05 MeV
a+C(0)) T(0gt gy - 0.05 MeV
(calculated based on R—matrix theory)
...................................... 5!.:1.2"(.3(2;) r =P, 0(a)

yi(a) O (ay, (a))°

P_: penetration facto

................................................. y?(a): reduced width
a+"C(Q) a: channel radius

- T(04% at 13.6 MeV)= 0.6 MeV
- (05t at14.0 MeV)= 0.19 MeV
C(0gt at15.2 MeV)= 0.17 MeV

01+ Ot Small width, quasi stable
\/ Ah (CYRIC)
Fp. M. Ttoh (CYRIC)




Og*

10

15

- Decays into all channels are suppressed!
o 01 Cﬁ
PL SmQH
(vi)?2: Large
15.2 %
R P
a+C(0)
...................................... 5.:1.2"(.3(%*)
...................................... EIEE(OI)
0,

EXD.

|:>PL

P, 1 depends on decay enerqy
v

D “/ \“n )
S

o.12C(L) components

ouppressed

(cq\cu\qted based on R—matrix theory)
r =K D/E(a)
yi(a) O (ar,(a))?

P_: penetration facto
yZ(a): reduced width
a: channel radius

T(04% at 13.6 MeV)= 0.6 MeV
(05t at14.0 MeV)= 0.19 MeV
C(0gt at15.2 MeV)= 0.17 MeV

In heavier systems, the analogue states

may survive stably!



[ Conclusions |

nvestigation of loosely bound alpha qas states in finite nuclel

It 15 well established that the Hoyle state has not only loosely
bound Jar “gas’ structure but also the Sacondensate character.

More a—particle condensate states very likely to exist,

Analogue state in 180 to the Hoyle state (found with 4a0CM calc.)
as the sixth O+ state

Large occupancy into a single—alpha 0S orbit
Peak around zero momentum
Stably existing

Assigned to 15.2 MeV state?
More experimental information 1s needed.

To be done: Trying to do 4-alpha CSM (Complex Scaling Method)
Non-zero spin states (excitation of the 4-alpha condensate)
4—alpha finear chain state simultaneously
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Compound nuclel with o gas

&
3

a particle
sl
o6

et 5 W0+ das

Disintegration into Sa’s
IS enhanced

SIgn of or—particle condensate

W. von Oertzen group
Tz. Kokalova et al., EPJA 23, 19(2005);
PRL 96, 192502 (2006).



Applied to '2C

The calculated binding energy (MeV)

E;?,S:—82.04 Me\l Volkov No. 7

single THSR w. 1. HlT—Wheeler RGM
(superposition of THSR)

. —381.29 —381./9 -81./

21 —84.00 —00./1 -80./

A —0/.08 —0Y.07 -09.4

o

Single THSR w.f.;

BZ

CRR

input of the optimum parameter value,

(B,= By, B,)= (8.2 fm, 2.3 m)

2—»
BZ

2ot

//Tgkﬂﬁ modification of THSR w.f. where the effect of deformation Est@kem°mt5‘\\
account, with J"=0" projection.

A A ( 3 N
5%;1123:0/4< [-]‘EXF{}_'E;'>§i

N

e

/

The RGM w. f. (full three—body) of .. state is almost the same as the single
JalHSR w. .../




[Eectrom Scattering Data (0, 0,%) ]

10T T T T T T I IR T VRS VA

: E — FMD a

0ok j = -::lust-E:rlﬁEt::'lE

5 f clee)’c I

"%"‘ 1{]4:_ E, =7.65 MeV _:

3 f '; ;

g 10°E , =

B i B

=] B | i

- i |

B S i

10° =
,”.J-T | | | | | | | 1 | 1 | |

0 0.5 1 15 2 25 3 35

M. Chernykh. et al., Fi
also see M. Chernykh

\ / ’ ’ / \
Very nice reproduction by THSR w.f. (BEC)



Size dependence of the magnitude of the formfactor

2.

max(1F(g)FPy/max(1F(q)lZ,)

g

(="

.

o

SF Ry=3.78 fm
5=(R—R0W$0 )
ol max(1F(g)lzp)=3.0x107"
p=2.69(R=3.08{m)
5t p=3.76(R=3.56fm)
P=5.27(R=4.35tm)
ot B=7.38(R=5.63fm)
B.(R=3.78fm)
5t
0 - " o
0.2 0 0.2 0.4
)

R: ram.s. radius

—

B=(B=B,. B)
=(5.27 fin, 1.37 fin)

Artificially changing the rms radius of the Hoyle state
by varying the parameter in THSR wf,

r

\.

The magnitude of form factor sensitively depends on the size of the Hoyle state. A
Nevertheless, nicely reproduced!
Indicating that the calculated large rms radius, R,.=3.8 fm is very reliable!
cf. R_=2.4 fm for the g.s. Foofoelalo, B




[Shgeon potential given via Gross—Pitaevskil approach ]

4 - | ' | ' ! 4 ' ' ' '

126 | “Mg |

Wr) [MeV]
o
|
|
/ II
Uir) [MeV]
o

_E i | i | i | i _E i I i | | i
0 4 8 12 16 0 4 8 12 16
r [fm] r [fm]

Coulomb barrier — quasi—stable states

The barrier position 1s more than 8 fm. Trapped into @ loose potentia
(interaction range of Ali-Bodmer .4 fm)

— Loosely bound o gas, o condensate state

T 9
Dy = H @(Tfi) [— f (1 — V2 + U(r ] = o (r Pure bosons

2Mea No states are assumed
(n —1)(n—

=1
Uy = (n=1) [ dr'lotr)Pea(r o) + f ar"dr' (P16 s (. o/ )

/. Yamada and F. Schuck



Prediction of cluster states in light nuclei (lkeda Diagram)

>
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19-29
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Q

Energy at which structures occur (millions of electronvolts)

Magnesium

Silicon

Neutron

Mass number

Mew Scientist ® www.newscientist.com 1 May 1999
Classified according to the Threshold Rule. £/ A1 Mev
K. [ keda el aof., FPIFP svppl. Lxlra m™Nm., 450(

] /The most tightly

\

bound light cluster

aparticle  (quartet)
\ :’?
E/ AT MV £ .20 MeV
stiff

The most elementdl
subunit in nuclear

\\\‘fiUSfef structures.

(o,

air (deuteron)
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nuclear system.
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Fig. 9. Upper panel: Total energy spectra (AF + F signals) as
observed with the 1515 charged-particle detector system for the
emission of three single a’s (F' = 3}, and of "*C* (07 ) in the re-
action 51 + “*Mg. Note that the three-ce curve is constructed
from events with F' = 3. but with the energy scale multiplied by
a factor of three to enable a comparizon between the HE*[E;‘]
and F' = 3 distributions. The vertical scale has been adjusted
to show qualitatively the differences, Lower panel: the ratio
between these two curves.
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Hoyle state
0y" state of 'C.

7.2747

Asymiptotic Giant Branch star
Hydrogen-burning

/ shell

Helium layer

Helium-burning
shell

Carbon-oxygen core

(no fusion) (not to scale)

Close-up of core region for a 1 M

Fred Hoyle

- 76542 0F l 7.3666
‘Y e'l'_ e I a+BBB
Y 4 2
|
¥ .
|
1
Y or=0T=0 ¥
126
The Triple Alpha Process
(Helium Fusion)
He v
D ‘Be 26
. =i
H Reversibla
;‘PE‘//’ reaction /
. S .. D
{alpha particie) ,He @

[gamma photon)

http://outreach.atnf.csiro.au/education/senior/astrophysics/stellarevolution _postmain.html



[Reduced width amplitudes of O+ state obtained with 4aOCH }

olr-r'
Defined as IXY | :O(r):rx{ (rr. )

L (Og )OCM L=t

0 g 10 15 20
 [fm]

/ / \ Fo . . .

at+2C(Hoyle) configuration 1s dominant.
Tavd \

2C{Hoyle): Sacondensate

Y, (P ) Woa (“C »} Woon(@)
0
/ jL(J:O):jor(rxxu:o(r)Z\
1.0
0.

= 0.8

0

&

&

é 0.4

& 0.2
o n s a0

\ I: Spin of 12C

— Jocondensate




[ For %Be

Full .o RGM solution, which 1s given by superposing many Brink w.f.s s
completely equivalent to @ single THSR w.f. .99.99..

\ Y. F. etal., PTP 108, 297 (2002); Y.dtal., submitted to PF___J
JaRGM eq. 1 1 ,
(H —EN)x =0 qummp (Jﬁ HTS -E]%a =0 ngg”k WIHsR)” =0.999¢
(XIN|x) =1 (W, |w,)=1 r ~
Superposition of dumbells
W, =Ny =[d%byN(a Bx (Y perp
N(a.b)=(8(r-a) o) A a)| AL (- D) ) e se ‘ee
1 1 2 1 2 OO oo
H (a,b) :<5( r-a)g{a,) ga,)|H|.A[ (- b)qa(al)qa(az)]> < R >
n: num. of superposition - n ~ r-R ?
- f THpSP.p t XBrmk (I’) — f (RI) J_oexp[_( ~ |) ]
0.05 Y i=1
{;ua _'.I k}_\*k :” B W, = \/NXBrink
| =B VS
4 THSR A
R r’+r? r2
/\/THSR (I’) — |:>J_Oexp|:_ Bé y _ BZZ:|
= \LPZC’ — \/NXTHSR J




[WykaJ mysterious 0" states in nuclear structure problem ]

0.t state of 12C (Hoyle state) indispensable to 12C production in stars

Ab nitio non—core shell model calculation

E [MeV]

S0

-
AV

S W K O G O

ID+

= 7 0" 0
1 L2 Q=15 Me\ .
a3 . .. .
2t 1 —_— g 0ot 29", O3'states : missing
(2 0 — — o+ 1
i — 270 ()t state: excitation energy
e o — SN is not lower than 20 MeV
470
R —
L (07)0
) S CD-Bonn The typical excited states which
resist o shell model description
27 0 2% 0
0 — . . . —0% 0

Exp 41Q 21Q 010
P Navralil el al., PRI 84, 5728 [(2001)



Hoyle state: \ FXp. Theor.
xshell structure

xJadinear chain structure Energy (MeV) /.60 /.14
(by Morinoga) odecay width (eV) 8727 |17
ﬂ M(02t = O1t) (fm?) 0402 | 6.7

o “Gas-like" St structure B( 0s* = 2% (& fm%) 1344 5 6

coupled with relative S—waves
(3o OCM by Horiuchi)

Many experimental data exist.

Three=body (3a) problem was fully solved thirty years aqgo.

The cluster model w. f. well reproduces almost all experimental data.
Kamimura et al. (RGM), Uegaki et al. (GCM),

Resonating Group Method.....

(plon) (o) d(as)|H — F
-

Alx(s, )p(on)b(az)d(as)]) = 0

™\ Fully solved without any model assumption

L a4 : 0
g ® w.rt. inter—a motions
/4: oY T ( 0 0 0 \
S 06 Jaclustering also appears starting without
\ > A assumption of o’s by FMD & AMD

M. Chernyxkh, . Nell el
KY' Kanada—-tn'yo, FPIFP 17,

@
£
K%\h@ ¢




Condensate model

Particle number projected BCS w.f,

(11, 720 BOS) = AL (1, 7o) 0(ra, 7)o 1,72)

N a condensate w.f,

(P1, e Pun|Ppa) = «4{‘1’(7'1,7'2,7‘3,7'4)‘1)(7'5,7'6,7'7,7'8)""I’(Mn 3, T4n 2,P4n 1, Tin)

ﬂ0r°0t°on0 ansatz (two parameters B and b) \
(THSR ansatz) A. Tohsaki, H. Horiuchi, P. Schuck and G. Ropke et al., PRL 87, 192501 (2001).

P(raj—g, - ,1ai) = E_é(xé_xg)gfﬁa(

N

P43, 5 Tai)
o o ¢ T Tra(Te—T1)°

c.o.m. of /~th o particle fotal c.o.m.
X’:T4q}—3‘|‘"'+7'4@} XG:?"1—|‘ + T4n
\_ | 1 n
n=J case i . b
b
G

(I)Sa (B? b) - Galr1, -, 1a) = we

Two limits | B 0s.* configuration
53 =b. Slater determinant

5 >>b. Gas of independent a—particles



