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1. Introduction

Coexistence of clustering dynamics and mean-field dynamics
and their relation are discussed.

(1) Coexistence of cluster and mean-field-type states.
Actual features of coexistence in many nuclel are discussed.
(2) Mechanism of the coexistence and the structure change.

Duality of cluster wave function and shell-model wave
function is the basis of the mechanism.

Coexistence of cluster and mean-field-type states is of logical
necessity and hence inevitable.

------ Janus nature of the nucleus
(3) Observations which verify the Janus nature.
Energy spectra of coexistence, Electric transitions



2. Actual features of coexistence of
cluster and mean-field-type states.
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3y calculations reproduce data well .
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Hoyle state = *’ «x-condensate-like state’’
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12C 12 nucleon calculation without assuming alpha clustering
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12 nucleon calculation without assuming alpha clustering

12C FMD and by using realistic nuclear force
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Figure 2. Intrinsic shapes used in the 1>C calculations (Lh.s.).

“gr Calculated and experimental spectrum of *C (r.h.s.)

M. Chernykh, H. Feldmeier, T. Neff, P. von Neumann-Cosel, and
A. Richter, Phys. Rev. Lett. 98, 032501 (2007).



3 (¥ cluster states have the wave function of the form
A lvie, t)doq )dloa ) oeg)
The ground state has the large SUs; component of

||:E],F]Lf[33}]HZL‘ﬁv{.-::ai'{}l”l-f — (]:l — {':;]_,-ﬂ.{ﬂ: Ti (8, t)( ﬂ-.ﬂ }U{ {T‘{ jj

+ W+ Ny J=00; ¥ f fo i v T
K N1 Ng L=0 L8 if'l = !I_".,'l_[:nll_ﬂ. *.ﬁ-bl.-j“_lw_\-J !a_\'?_u[f.?If_\'Tl

Bayman-Bohr theorem

Thus the formation of the 3 «x cluster states are due to
the excitation of the 3 cx relative motion embedded in the gound state:

Riiielat) mT=> Xxl(&t)




There are many states
with 12C + ¥ structure Y. Suzuki, Prog. Theor. Phys.
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Fig. 8 Energy spectra by 12 C + a OCM [33] classified by dominant component L+ = ¢ (12C(L1) +
a(£)). Classification denoted as (1) is for the mean-field-type states including the ground state and
1p - 1h type states.



Table 5 Electric transition rates in %0 compared with 1*C+g OCM calculation [33]

Transition exp. ECHu Transition ExXp. IZC+u
B(E2) (e'fm*) M(E0) (fm*)

2 — 0f 78+03 220 0y -0 355+ 021 388

25 —0f 76+ 13 60.2 0; -0 403 + 009 3.50

1y —3; 51+ 10 255 B(E3) (¢*fm®)

2, — 3 1443 138 3, — 0 213+11 130

2, — 1 36+5 151

2 — 07 0.082+0.007 0.247

¥ 03 3.0+£0.7 9.68

4 =2 150+ 18 102

4, -2, 2.4+0.6 0.0405

270 3.7+0.1 121

2 — 0 7.6+2 1.20

7 (Ex (MeV)) T &eV) Decay 0y 28
1, 063 510+ 60 oo 0.71 0.50
27 (9.85) 0.0+03 ag 0.0019 0.0079

4] (10.35) 27+4 g 037 042
47 (11.10) 0.28+0.05 ag 0.0011 0.047
27 (11.52) 74+4 g 0.033 0.048
3, (11.60) 800+ 100 ag 0.63 051
07 (12.05) 1.5+05 ag 0.00037 0.097
1; (12.44) 08+ 7 oo 0.024 0.000064
0.025 a 0.084 0.18
2, (12.53) <05 o <0.59 0.13
2 (13.02) 150+ 11 ag 0.039 0.069
3; (13.13) 00 =+ 14 ag 0.032 0.091
=20 o = 0.36 041
1; (13.66) 64+3 a 0.54 0.54
5, (14.67) 530+ 71 ag 038 030
28+ 4 a 0.10 0.074
6 (14.82) 22 ag 0.043 0.025
48 a 0.62 041
6 (16.29) 490 + 40 oo 042 042
7, (20.88) 650+ 75 ag 027 0.34

Table 6 Alpha decay data in 90 compared with *C + o OCM calculation [33]. Reduced widths
6 are at the channel radius =52 fim.




full 4 rcx calculation

(full 4-body calculation) The calculation reproduced well
the excited states with 12C + ¢

structure.
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A2C(L=0,2)+ ¥ :luster states have the wave function of the form

-'q- :l."i_-f'l:rli:'—u ]"'-:-!-:'.i'_ LE{:I:'_r'i"[ﬁ}]

0y 0Og g tates have the wave function of the form

N Alx(8, T, v)d(aq )d(az)P(as)Play) V=TCa

The ground state has the large component of the double closed shell
det |(0s)'(0p) | = CLA|Rin(ro-)[Yi(Fe-a)ér°C);_gd(a)| da(ro)
12,J=0 . _ | L
Dy o2 A Hr.l',r.::r.'-.ﬂ-.t-.’U.Jt“ﬁ[ﬂft]l-i-l[ﬁzllfl*[fira}‘.J*'-.f-HJ] da(Te)
12,J=0

Ri,(8.tv) |[Rar,(8,(8/3)un) Ryt 2y )| LRy (v, 3un)| =0

Formation of 12C(L=0,2)+ (¥ cluster states :

RBarire_J¥p(ro_, = xelTPo—a

Formation of 03 0 OF states: |
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ZONe

@tands for the amount of the 180 + ¢
mponent in the wave function

TABLE Il. The squared amplitude of the o+ 50 component W
{see the Appendix) and the expectation value of the spin-orbit force

1} in MeV) of the GCM wave function for each state.
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2, | o.81 071y 3.0 3, ~13.0
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6, |067 @3N -6.8 5 -14.4

Ry | 0.55 (038 -7.4 6, ~16.5




20N e E2 transition probabilities in &£~ =2 band

TABLE V. (hserved and calculated imtraband £2 transition
probabilitics BLE2 [ J7 =47} [~ fim?] within the K™=2" band. For
comparison, the resulis of the j-f shell model (SMy [21] and (e
+ 150+ (FBe+ '*C) coupled channel OCM (OCM) [20] are also
shown. The effective charges which were used in cach caleulation
are given m the bottam Time,

W EXP Sh OO @EJ +@

3, —27 11329 7 | 0% 02,8
4~ — 3] T7+ 16 75 77 T7.8
4 —2 34+ E0 34 3RS
57 —4 = B0H 34 45 545
5T —13] B4+ 19 4R 49 St
6-— 35, 32413 32 L] 209
6 —d 55+ 51 67 6.0

s s (b (W3S i

effective charge

&




The ground band:

The reason why WY is as large as 70% in spite of the density distribution of
non-clear clustering is due to the Bayman-Bohr theorem,

|(0s ”|'|’[$I,i'*| | l,u_li]n‘j': SU4(8,0)J) = If'*,;_,d.{Hh-__;:;r_,t_u:aL;.;:ejlfflflca:;'“El'”_l} da(re)

K7 =0 band
Almost pure 160+ a clustering for low spins:

Al (r)YL(7)o("O)od(a)} with 2n+L=9

K?* =(0*)4 band :
160+ o component Is about 82% for low spins

Alxe(r)YL(7)o [”"D Jo(cr)} with 2n+L =10

Formation of 1*0O-« cluster states :

Rg j(ra-150 == xL(r
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40Ca +a component is contained much in bold line levels
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44T @tands for the amount of the 9Ca +
Tl component in the wave function

Table 4

Amount of the & +#0Ca component W and o spectroscopic factor 5, of the obtained states (see text and Appendix A).
The full GCM results of N = 13 and 15 band members and the expermmental value of N = 13 band members show the

sum of the fragmented states o
(rownd ) Do+ (@ +¥Ca) GCM RUGCM  Exp | (V=14 Diw+(@+"Ca) GEM  full GCM
Wi S Wi [Se S Wi S W) | Sa
07 040 0.14 D39 [0.14 020 | 07 048 0.22 0.46 0.2
2t 036 0.14 D34 (012 020 | 2t 043 0.3 0.42 |0.23
gt 033 0.14 032 (012 018 | 4t 038 0.19 0.38 | 0.19
6" 025 0.14 0.25 (0.09 016 | 6" 032 017 0.30 | 0.17
g+ 021 0.13 021 008 013 | 8t 023 0.14 0.21 |0.13
0% 006 0.01 0.06 | 0.01 10t 014 0.08 0.12 | 0.08
12t 005 0.00 .06 | 0.00
.ﬁ'w+ @+*Ca)GCM  RllGCM  Exp Fiu:+ (@+*Ca) GCM_ full GEM
Wy S Wi |Sa S Wi S W) | Sa
- 052 0.18 056 020 025 | 1 063 034 0.63 | 0.3
3~ 048 0.16 .50 |0.18 037 | 37 0.56 031 0.59 |0.32
5~ 041 0.14 D43 (016 030 | 57 0.54 031 0.56 | 031
7~ 030 0.10 0.38 |0.12 7 040 026 0.48 | 0.28
9" 028 0.09 .32 | 0.10 9" 030 0.18 0.35 | 0.20




44T N "
T E2 transition probabilities
Table 2

Observed (EXP) [28-30] and calculated (AMD) intra-band E2 transition probabilities B(E2; J'f — .J"?T.Jn [-E1 En.14| within

the ground band. For the companson, o + Wea RGM (RGM) [8] and o + 4ca(17) OCM (OCM) [6] results are also
shown

JT = J7 EXP RGM OCM @

2§ —of 120 + 30 107 166 142
4 - 2f 280 =+ 60 146 231 222
67 —4f 160 + 30 140 212 167
8f — 6] 14 > 118 185 172
10] — 87 140 + 30 75 138 99
12§ — 107 40 +8 34 73 69

K =0 = K" =0 EXP ocM AMD
| : CExP > Camp >

27— 0y 220450 157 320
i 2 268 + 50 268 361
K™ =2t > k7 =2* EXP 0CM AMD
33 =27 < 590 185 298
4f -2 175+ 130 148 220
47 —37 < 785+ 650 11 302
K™ =2+ K™ =0} | EXP ocM AMD

2§ —>0f 43 < 3.04 2




[ V| PRI
40Ca+a cluster states A x(rca-ald Calda)

K™= 0- band : 4°Ca+ ¢ component : about 55% for low spins,
about 30 % for high spins.
Higher nodal K™= 0+ : 4°Ca+ ¢ about 45% for low spins,
about 10 % for high spins.
Higher nodal K™= 0- : 40Ca+& about 65% for low spins,
about 35 % for high spins.

Ground band : 9°Ca+ a component: about 40 % for low spins,
about 5 % for high spins.
The reason of getting W’= 40% is due to the Bayman-Bohr theorem,
0Ca (0f, 1p)*; SU3(12,0)J} = D A{ Rya1(7To_socs (o )p("Ca) ¢a(rc)

Formation of *°Ca + ¢¢ cluster states :

Ria j(roa—n. (4011 )iy ) — X(TCa—a)
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329 Numbers are amount of QO + 160

Exr:itatiﬂ?ﬁengrgy (MeV]
(relative to O+ O threshold)
S

=

component in the wave function

S
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——&— deformed basis AMD
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160+160 molecular resonances

160+150 molecular resonances | s ST
80 w _ "l;;--—-. ,..310.’,_*._‘___‘__*‘“_1

T. Ando, et al., PTP61 101, (1979). e T

, PTP64 1608, (1980). Efw I e

Y. Kondo, et al., PLB227 310, (1989). s "»—"*.gl
S. Ohkubo, et al., PRC66 021301(R). o | EERIE gt ]
[ 1

e |

.

Observed states are denoted by

triangles. E 40
Calculated states are denoted by
circles. o5

Calculation is based on the unique &
optical potential for 160-160,.

Observed molecular band can be &”

identified with[A=28|band. 04 8 12 16 20 24 28 32

The lowest band of the unique

potential with A=24ktarts at S. Ohkubo, et al., PRC66 021301(R)
about 8MeV above the g.s.




The magnitude of 10O + 8O component of the superdeformed band
which amounts to about 44% is largely due to the Bayman-Bohr theorem

with respect to the 4p-4h shell model state

4p — 4h excitation
— (0,0,0)*(1,0,0)*(0,1,0)*(0,0,1)*(1.0,1)*(0,1,1)*(0,0, 2)*(0,0, 3)*
= nA{X0024)(ro-0)8(**0)6(**0)} dc(ra)

Formation of 10O+1%0 molecular resonance states:

Xo24(ro-0,87) =>  XMolRes. ':TG—D:'

The 32S ground state (Op-Oh state) does not have *°O + 1°0O feature.
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Magnitude of the wave function’s components which belong to the functional spaces
spanned by the B-constraint (W(3)), d(a - 3*Ar)-constraint (W (a-Ar)), and d(*2C - 28Si)-
constraint (W (C-Si)) basis wave functions.

K* J°  W(B) W(aAr) W(CS)

Ogp 07 0.9 0.37
2t 0.99 0.40
4 0.99 0.41
25,  2¢ 0409 0.41
3t 0.99 0.45
4 0.99 0.42 N\
04, 07 095 N 0.59
2t 0.95 0.59
095 0.58
25, 27 095 0.61
3t 095 0.61
095 0.60
0;. 0T 050 0.40 N
2t 0.49 0.47
4t 063 0.33
2T 2t 054 0.39
3t 050 0.47

4* 0.55 0.41




The ground state has the large component of the double closed shell

v’% det |(0s)*(0p)*?(1s0d)*|

= e A [RS.L{TAI—-::-. {18,-!5}.‘”}[}};{?ﬁr—n}ﬁﬁff{HGATJ]J:DQ;"{&)] 9(X ¢, 40v)

= fr.0,.0.A4 [Rlﬂ,.ﬂ(?‘si—c: (42/5))[YL(Fsi—c) |1, (ESSi}@JLg{12(3}]1,].;':{}]
xg( X g, 40v),

Formation of 3Ar + ¢ cluster states :

Rs 1(TAr—a, (18/5)) = X(Tar—a)

Formation of 28Si + 12C cluster states :

Rig.n(rsi—c, (42/5)v) = X(Tsi—c)
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Magnitudes of wave function’s components which belong to the functional spaces of the
groups, fos, Bnp. Bsp. ar, aa, Cr, Cy.
Band JT .SDB .S}.,;D .SSD ¥ ¥ 4 C; C_:_q

gs 0+ 0.97 0.97
2+ 0.97 0.97
4+ 0.97 0.93
vib 0F 0.97 0.89
2+ 0.95 0.86
4+ 0.94 0.53
ND 0+ 0.99 0.89
2+ 0.99 0.88
4+ 0.99 0.88
SD 0+ 0.94 0.88 \ 0.15
2+ 0.94 0.88 | 0.16
4+ 0.94 0.88 / 0.16
Qg+ 0+ 0.13 0.72
2+ 0.25 0.76
4+ 0.05 0.81
(ig+ 2+ 0.17 0.98
3t 1.00

4+ 0.07 0.99




The ground state has the large SU;s oblate component of
(150d)"[4](0,12)J,8 = T = 0)
= '-va‘l{ Rs(rumg—a, (24/T)0)d4)(° T\'Ig)]c[n.1-3j:...fﬂfi(ﬂ')}Q[Xf.-“rzﬁf‘)

ND band has the large SU; prolate component of
(1s0d)**[4](12,0)J,S =T = 0)
=h;A {[Rm[m- (48/T)v)d. 4|(HC)L1:*.[];..1*%35'[160]} 9(X ¢, 28v)

24Mg + a¢ cluster states are not yet clearly identified in %8Si.
But theoretically they are existent.




12C + 180 molecular states have been observed since long time ago.

Furthermore, it was theoretically indicated in early time that the ND

band can be explained as having *C + 10 structure with no spatial

localization.

(Kato et al. were the first who mentioned it clearly, while Baye et al.
reported 10 years before Kato the calculation indicating it without
any clear statement.)

Formation of 12C + 16O molecular states :

Rig(ro—c, (48/T)v) = X(Trc-o)




i
ND band
/

D. Baye, Nucl. Phys. A 272, 445 (1976) Ze e 810 1z 16
D. Baye and P. H. Heenen, Nucl. Phys. A
283, 176 (1977) K. Kato, S. Okabe, and Y. Abe,

Prog. Theor. Phys. T4, 1053 (1985)
Eap (150 + 2C) is 16.75 MeV



3. Mechanism of the coexistence

Cluster states are formed when the degrees of freedom of
inter-cluster relative motion embedded in the ground state are excited.

This is just in the similar way about the formation of the mea-field-
type excited states which are due to the excitation of the degree of
freedom of mean-field dynamics embedded in the ground state.

Duality of the ground state wave function implies
that the coexistence of cluster and mean-field-type states is of
logical necessity and hence inevitable.

Duality is exact for the harmonic oscillator many-body wave function.
The fact that the mean-field potential resembles the h.o. potential comes
from the characters of nuclear force.



The characteristic feature of the nucleus which inevitablly shows the

the coexistence of cluster and mean-field-type states due to the

duality of the nuclear many-body wave function is called *’ Janus nature ’
of the nucleus. (Horiuchi, Ikeda, Kato, Yamada)

’

Janus ( Roman god with two
faces ) stands at the door.
He is also a symbol of a new
start like January.




4. Observations which verify the Janus nature

(i) Actual existence of many cluster states which are indicated
by the Bayman-Bohr theorem for the ground state

(i) Monopole transition between many cluster states and the
ground state (T.Kawabata insisted strong EO)

(iti) Cluster transfer reaction

Monopole transition between many cluster states and
the ground state

16Q case
O* Cluster states £0 transition, Ground state
Al (r)[YL(F)on(P2C)]od ()} A{Ry 1 (r)[YL(F)oL("C)]od () }

EO transition Is the transition of relative motion

o -

NLIT) < » 12, ;(r) (H.O. function, 4=2n+L)




160

EO transition
O* Cluster states < > Ground state

A{xL(r)[YL(P)oL(™C)od(a)} A{Ry 1,(7)[YL(F)dr(P*C)od(a)}

EO transition is the transition of relative motion
XL(T) < > Hyp(r) (H.O.function, 4=2n+L)

EO strength comes only from relative motion

No contribution from 12C part and o part

16
O(EO) :%;(ri —r, )2 G oar causei 2h@ excitation
/
_1 > (r-r, +Z r—r 2+ 12x4 o
2 iel’C lea ! 16 “c

a part




+ + 1 4
M (E0,0; — 01)=§ /TO—"‘776<R40(r,vN)|r2 | R, (rovy ), )
L=0 0.6 >

+ + 1 |7
M(EOQ,0; - 0;)=— i6‘6<R42(r1VN)|r2|R62(F’V|\|)>,
=2 2\ 7,

ey

2h
TN = .::IIJ' L.N |A'{ "'IJ L. }}

Antisymmetrization effe Ly =

IS very strong but it does
not show up

Wrr —Rm L(Ta—c. 30) YL (Fa—c)on (P2 C)od(a)
03} = Z v (Cnv A{¥Yont), |[|OnvA{YPoni]|| =1,

=6

0F) = Zm.mmwmj | D A{ W2 n }|| = 1.

N =6

M(EO) have the magnitude similar to single-nucleon strength.

This explains why the many-particle many-hole states have
large M(EO) similar to single-nucleon strength (about 5 fm?).



Cal. Obs.
M(E0,05 — 07) | 1.97 3.55
M(FE0,05 — 07) | 3.89 4.03
SW MHN SW  MHN

o 27 27 271 = 0.02
07 30 30 4.1 3.9 3.55 £0.21
07 29 31 2.6 2.4 4.03 £0.09
07 40 40 3.0 2.4 No data
07 3l 3.1 3.0 2.6 313207
0Ff 50 56 05 0 No data

Y.Funaki et al.
Phys. Rev. Lett. 101, 082502 (2008)

4 OCM

————————_—.'_""T_————————

EXP. SW MHN

Order of magnitude of all M(EOQ) for 5 excited O* states

IS that of single-nucleon strength.

This is impossible to explain in many-particle many-hole picture.




12C case

M(EO) : Hoyle state <~ SUs shell model ground state
=10

M{Eo,0f — o) Ex{ Rao(r, vw )|r* | Reo(rm, vw ),

i
i

1|’,-' :

Antisymmetrization effect
IS very strong but it does
ROt show up

= (@n| @n = Fu(s,)p(a1) () p(as),

(2ny + 1)!1(2na + 1)1
(2rq )N 2Zna 1!

SU; shell model ground state ———> M(EQ) = 1.3 fm?
Order of magnitude of the observed M(EQ) =5.4 fm?is already

obtained without G.S. correlation
With G.S. correlation we get M(EQ) = 6.7 fm?

ZE_-. rfn"i{{}n}]1 ||FﬁA{{'}n}|| —

I, J=0)
Hz:] g L= _pl8,t),

=
v



Cluster transfer reaction

Alpha transfer reaction
Theoretical description is always based on the duality of the
ground state wave function:

(°Li, d): SLi= o +d,
(‘Li,t): ‘Li= o +t,
(160, 12C); 60 =12C + ¢ ,
etc.

Related reaction processes:
I. breakup reaction into alpha + others,
ll. knockout reaction of alpha(s) such as quasi-elastic process,
lii. dynamical fragmentation reaction (non-statistical),
( Takemoto et al. Phys. Rev. C54, 266 (1996) )



5. Discussions

Formation of cluster states via mean-field dynamics ?

32S ground state ——> Superdeformed state ——> %0O+1%0 state

mean-field dynamics

#S =P BSi+ o = 28\g+2g = Ne+?C =$-160+160

<Formation of cluster states in unit of alpha clusters>

In heavy nuclel, this type of structure change may be important

mean-field dynamics

Ground state of
heavy nucleus

—>

Mean-field-type state
with large cluster component

—>

Janus nature

Cluster
state




6. Summarizing comments

Janus nature is based on the duality of model wave function of
of nuclei which is purely of qguantum mechanical nature.

Duality is for the model wave functions of nuclei.
How is duality for the realistic nuclear wave function ?

Janus narure Is not equivalent to the dynamical structure change
itself but is partly the stage on which the dynamical change
from mean-field-like structure to cluster structure takes place.

How is the structure change realized dynamically by the action
of realistic nuclear force with strong tensor component ?
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