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Exotic cluster structure in light nuclel
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Outline of the talk

1) Basic idea
- 2) History of cluster theory in 4N nuclei
| 3)_ Cluster structure in neutron—rich nuclel

~ 4) Conclusion and future perspective
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 Finite Quantum Many—body System
consisting of Protons and Neutrons

Structure of nuclei —

Nucleons construct self—consistent
mean field and occupy "
- single—particle orbits

- Mean—field Model -
Shell Model
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Cluster structure %
- Another phase of the nuclear structure
- How it appears?

Why it appears?
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:';C|uster structure S
‘Why it appears?

It is another way for nuclei
to be excited with low cost (energy)

~sometimes
the excitation energy
is lower than the ph excitation case




' _-Mysteribus _0+ s-tateian '
The ground 0" state ——— closed p—shell
The first excuted state —— 0 at 6. 049 MeV

2p 2h exmtatlen te the sd— shell’?

'cf

1/2 state IS the ground state -
1/2° state IS at5183 MeV (@8 '
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Fig. 1. The_ Ikeda .diagram which shows the subunits of the possible molecule-like |
structures expected to appear near the respective threshold emergies for the break-up-
~into subunit nuclei. The threshold energies are written in parentheses.




~ Inversion doublet (parity doublet) =
structure (by Horiuchi, Ikeda)

Cluster — Cluster interaction is weak

}

Cluster — Cluster p..otehtial' is shallow

relative wave function can increase
the number of node with low energy

rotational bands of positive—parity
and negative—parity almost degenerate
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Fig. 1-5. Low-lying T'=0 energy levels of *Ne with excitation energies in MeV and with
reduced a-widths (@.{2)®) at the channel radius e=6fm. The excitation energies
and the a-decay widths are taken from Ref. 91) except those of the 12.44MeV 0a®
state (Ref. 92)). Almost all the levels below about 10MeV excitation are classified
into rotational bands. The dashed hars denote tentative band assignment. The (sd)*
chell model reproduces the Fr=0y* and 0.* bands, the O+t cluster model the
E==0,*, 0,* and 0~ bands, the ESM (MRGM) and the a-'*C-a GCM the K"=0",
0:*, 0,* and 0~ bands, and the (*0-x) + (*C-*Be) CCOCM and the 42 OCM the

e=0,* 0:*, 0s*, 0s*, 2~ and 0" bands.

e R TN (7.10 MeV). 0t (~8.8 Mel), 27 (4.97 Me V)
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Fig. 2-3. Energy surfaces in the isosceles configuration {for D and 8, see the illustration
in (d)). The Volkov No.1 (m=0.60) force is used without the Coulomb force. (a)
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Fig. 1-1. Experimental energy levels of '*C are classified into several bands according
to the dynamical calculations in § 2. (A) K"=0" ground rotational band, (B) the first
family of the excited positive-parity states including the 0" and 2% states, (C) the
second family of excited positive-parity states. (D) shows K®*=3" band, (E) K*=1"
band. The data are taken from Rel. 16). Here, the (0*) level at 10.3 MeV and the
(27) level at 13.35 MeV are assigned to J"=2" and 4- rﬂspectivelj.r, according to the
dynamical calculations in § 2.

same problem by the hybrid model where the broken symmetry ([4°31]) con-
fhiguration of Up shell shell m{n:h:l were introduced bemdes the 3a- Ell.ISL-E;Iil‘l_g'

= ] — - 4 e




and an o-gecay WIlall 11ull uie ug statt. L1l pAvUwiie seam e oo oo
transition probability of 11.5¢2fm* to the experimental value of 13+4e*fm” and
the o-decay width of 7.3¢V to the experimental value of 8.5+1.0eV.
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History of the cluster calculation

phenomenological « —particle model

binding energy of 4N nuclei are ‘
just the number of bonds of ¥— & ?

Brink model (~1960)
- microscopic calculation for light 4N nuclei
- ~1970-1980 \
microscopic calculation for nuclei

consisting of cluster(s) and valence particles |
~ 1980

AMD (~1990)
Green Function Monte Carlo




-~ Brink Model

Y=P[A($1 ¢2 +++)]
dilr) =expl V(T - Ri)2] xi
| P:'Angular _momentum and parity prl'ojec.tion'
- A: Antisymmetrizer | | ‘

z

x|

* expl = v (%~ X)21=(Z@ X} Hnko / nt)e””

Local Gauss is equal to the coherent state
of many ph states in the shell model picture




Iwo nucleons case
- (with the same spin—isospin)
d1(r) =exp[ v (P-X)2] xi
Cp2(r) =expl -~V (F+X)?] xi
Y1) =d1(r) + @ 2(r)
Y2ir)=[L o1(r) — Pp2(r) ] / X

CA(BI) d20)) = A(wur)wz(r))
X0 I el -vr?] xi
$2(r) =xexpl-vr 21 xi

Cluster model space coincides with
the lowest shell model at X —> 0




%'1985 revolution of RNB experiment

Cluster structure survives in n—rich isotopes?

| Findings of the halo structure and

- disappearance of the magic number
~_ are related to the s—wave problem
_The possibility that the cluster structure

" becomes more important due to
~the valence neutrons around it
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0) Fig. 3-2. Motion of v alence neutron. The upper fipures are far 1/2* state and the lowers
m for 3/2° staie. {2) and {b} Contour maps of the rnt.a_] binding energy in MeV. Cross
mark (®) denotes a pmu ion of an e-particle. te) and (d): Two-dimensional reduced

{:5_ width amplitudes |28, [u}le,-u for 1/2° (K=1/2, 4=1/2) and 3/Z (=32 p=1/2)
cofigurations, Dotied line In (c) denates nodal peints. (e} and {[1: The total energy

curves vs K in the weak- v;n-u:lmg ceheme [LOBey@i, (], (g) and (h): Neutron

reduced width amplituce ’-UJ' {,4} (Solid line: Za+n method. Broken line: LCAD

ypproximation.]
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STRUCTURE OF Li AND Be [SOTOPES sSTUDIED WITH ... 639

Y. Kanodlo. - En'yo HHonuche and. A.Ono
Phys. Rev. C52 622 (1215)
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FIG. 8. Matter density distribution of AMD states of Be isotopes. The intrinsic density before parity projection is shown.
Density is projected to a z-y plane and integrated along the z axis perpendicular to the plane. Units of & and 5 axes are in

fn.
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trajectory of a ground state band with a rotational energy of
350 keV.




(LB
é%r\w =y QN ._,g

SN0 UL (SUOTIRJINS [RUOTEI0L JROUIM) PayEalpil GAE BFTIE 4D UBD-04] DLIE
apaend gsar) sy AUQ TPIogERI (U 4 4 ©) 9y Jo LdIaus ay) 03 DALE[AT WAOYS 218 [Bproy:

pue) seldous uorEjE Sy, eadojost wnl[f1aq syj Jo S a0y glipadep Sfaauj - °F

S9ag,,
L0 0o
i S9ag
i 50
_..:mm:.__ dy,
. - — = LUL— 00 ; -
Tuxeag, T - ] $9T
1 3es i o
LS —= A
05
i S0
ﬁw_._a.._m_.._u_ _ &
— —— - : "o0) _z/E 0°0
ux+2ag, (g4 01) - [LEL] l
UE+*T+T u+0+ 0 1+2!
— [50°ZL) [68°8] F meel e 989
=2 — ] .
® - 0o = 070l b
< L
=] s
= — 075l g
un
W :.,____“Em_u:___r ___:__E;nl____. koaap-A - ﬁ
- : o : 3
M _“_l_m_ ..l_mv.m.mm_ 4. _“__.._ _.._ﬂ.m_m_ k _“n_ ﬂ_”_m.mm_ Y .ﬂ __..m.
Cp b Ny | ad 7l 9H GRS m:m_n__
$340105SI-28]

SNOYLNIN X+(0+D) NO 03SVE SdIWIT




(L66 _m 96D A8y "SAyd BYNSIQ L pue pnNZns |
Wbl) 5971 T BN (C “ Adjdoeg "O)

d. 0} AB23p g MOJS
Buioeds [9A9] .2 - 0 |lewsS

uoneinbjuod
(P3z1491SN[2) pawJ04ap “¢

Jagquinu dibew g=N

uoneinbijuod |eausyds - |
suoljelnbijuon oIsullu] Om |

g, ,40 8|zznd 8y




avrs

...

L NO LN
‘_a/.u __

T

-
N
L

a _1
* mwm@iiaﬁ 293U

—
-

AT ¥ afio’s - wpbery

(i) souelsip ©-o

b i ;
P 1 00
- 66-
( m:umﬁ -2/8) | gc-
\ - u// A
) S E s
_..__.._ B - |
x ‘0= ; mm,m
. L'0=28 +,2/1)£ 2/¢) E 5g-=
y e WE-W
o . - G-
\ fizr)fere) - 25
T~ FLS
-~ 05-



Heph('Be, " Be 7)*"Pb

2" =0, .

[y

. deduced

-
2
ot
s |
-
S
E
—
o
L]

a2s been observed

P, 0 ihgplopcoapeatod 0 fay coefpy spec s incasuied o e
melasth soarsring of ' He on the Tead (opd and carhon (hottam)
et




e nholo

>

Be cluster

P

C polymer

LD




il

W, VON OERTZEN

100

I:"

E. [MeV]

0.0

CHAIN STATES OF CARBON ISOTOPES
12 1 s 1 1
C ’C C ’ o
t 000 OO0 OO 0O IO (CECED | CONFIGURATIONS
inelastic inelastic m Ly
i
i "Bet®Li,d)  "Bel’Li,pl ¥ "Bel’Lipt | "Bel’Li.p) | REACTIONS
| Y -decay y-decay § y-decay W-decayl?l | vy-decoy(?l] Thresholds
L 2.s0) 120.7] [22.0] [26.24] M*.gn
s E‘E g+l _
- Hu l' ‘m gfaz] 118.81 5o q.n| 120040 | [24.3] e Be+xn|
i YApece P 80BN _ 01921 [ _ _
A : 18 10y] ]HI (23.081 [ Be" 0,
I L 17l e 17.5 —
i . e— 71.0
- - 15.0
i i B 20.0 f=
. C6.9u] e [13,12]  15.0 —11&.34] | [18.59]
— () o = —— = . — "'1“-':1_154-!!.'1]
HEES i : = a JmElEt;:,H:ﬁ.i:n
- 10.0 - ]
| i 15.0
) [8.17) 10.0 — [9.39] [13.45]
0.4 172 —— | S— o Bl +xn
» i ; o
Las 4 f ’1
0.0 0* ool—0 0.0 i
H.-r' 'If.r__ 'IE.r-_F







0 *energy (MeV)

-62-
-67-
:xx
~72-
-T14N ST N Tog ks C Okoche
1 ~ A R ot / =DI‘<-°‘-’ -
. e /'
| "~ 14::{“2] ~ ,.-"r
-82- e
I m‘ﬁG[IEIE} ,,f’f P&w 121” %{f (Lﬂnl/})
: B T Ol1430]|
2 2.5 3 3.5 4 4.5
- distance (fm)




_55_: 14[;{0-2} ............................................ H _____ —
~70- L - N
' -
E_?E_ . L
3 - 16c (202
S -80- 146 (1 2) )
+-u::_'| |
gt - L
Z 160 (27 2)
_Hﬂﬂ |5 Illﬂllllfﬁll EI{]III 25

bending angle 6 (deg)

N . Ifaf,aki, S Okode, K . Ikedo , wied | Tonthanta
Phys. Rov. €64 (2001 ) | 130




¥ L 3L r 1o [

o . 20 S

T—11 53y, J0 Py pUNCET DI 3G] SIN|TA (RIS
~Hala ST | 500 U U 15 240 8] skapd | Supuagiang.,
1S (pays par _u._:_“i_._“p._“.“_.?u waf) sanhoes s 227, “rsosusr
UDIHISIETE 1 [EUnI ST SN ML I 15053l o0 .
L ._.._.u.:m..n. au ﬁuwl..__u.“duu [ELEE “__E_ __..__.Eh_nz.E.._. n.__"p_u._...m_uwc_....__ EEGH AR PRAIaEqUUn
-opazdng ap BEmoys Iy sy sumaas Atoop umang popgg RIS R Jo g seddn ve sprad wewuadss asand

o ANsSuIUE ARISE A JO 8- A0es oy proadus og

1° PIROW UOIMSUY PUBG-UT L) — 7 AY-ZT0 U 'amE L
21 0] 5 (230 o O JEpNNE ¢ Fununssy soiisg
PUEd-U1 pEsuTyua L1SUL0E I JUMSISEDS 'y T gg pun
is 9 X 8t Jo s (TF)F mao-fEcap o) pung-ul plaig puog
S Jo saqes g pun ¢ s oy sAugoung fei-doayp
pEEYpUE % 21 s o) pawnsael g Funeds oonmio
JEnEas SR By pakR PN A0 GTER T el (L) T
paLpuap; ese saipms aray g, [91] saproe 1y (4 d Dy,
JEEES W01} WAOUY SES SRS Z ASY L5k PUL  PUTQ
A S0 SIS f pUE L0 S ysideiss poe sier Lo
-OOLF PUL TEEE 41200 (R0 = ROD="E0'0D % 1E0) pue
(E0'0 F 60'0—"T0M0 = 1200 Jo fusay o (Fe o) pad
{Fananz prosh TIep asaugl o1 sug enuoudpod mpusday (P
Fue (2)] ETg W oomops e sopdmnxa os)  EWonIsuLE
la furgur AZaauz-yin pow pued-u1 S e 2 1) oy 7y
twz -FEILI201F USIPOEIE 2E0M SINSUSENSes La1nqLsp Jeng
4@ -1E UG PasEq are 78 o sjusmudsse Sund pun wds agg

“wnrsrnn dorgu] ASY-0oet A U0 135 s spEos w e
0T paumEga pung sk 1o wnageeds v smons (g Sy apderess

0 sapers uids-ao] Dm0 pueq ag yun Auog ()] Fiy
1EE ul SpUoumIp A pacusp suomsues), g 9y o paysssaed
B[ 1Y 10J Jayes Sexsg unnd v pue ‘(o] 91 Ul osoys

{Aa) ABussul uonopong

Bl

g gy FErdog

1=k T om

P TP IS I T

Q00T ¥RERALEE §F SUHLLIET MIIaATY TVOIISAHA E1 HEAWON "G TR0

THTRLT WIDEED "ITIRCIT ST SRRUmE KT

CUCEIGEE (UUITEEE 3AnSaee Jo amianas axleosnann an Apnas o ssen eam
ur spiaos S pUTd Sigg [FPom JjEEs Ay LY Penuos 39 0 ganoua Jes surmiaa woeds sonapa
ap 134 “soanmau pue ool ypog g asmor o s|poys seloun oal, opn e 0F (R T LR TR _.._.__"r_....._.:_” b
ay Bupeap ‘padnoad soe spencea (pags-Sa anog gas o ncsIndues © o PO o) odsee suangna e
Tapar (s [EauRgds e SysunnOg-unsE)Is PINURLD L a0 = o 18 uoneemns mdsapEng e passn
PUR ‘FHES EdSmn] R0y O PRUL Ty UD RIGIUPT UG FRY U [FeTEE pruaicjepaadng v

(00T AT ¢ TascanTy)

2oumy wEpan KmMsqQIngg gEnso-J SNATay Imey siaearyg enbuoayy sobely g ap AT GET oy
OEFOg uwassyyy 'wney 3g Hurizapen sogRaryrng sty Losmeyn,
S T XARAT EINGIRIE SO0S0F TR FA0T AR TS BN AR GaE SRS AP SRS,
ARG Soag) iy WrdiLTey RN ney ..q.._.n.k..__...._.
FVE L0 BRI ETGRTES MM Sansoiny TR O] MG S FITELL
FLEQfERLE Fatsanaa) afpny 3o Leynesqo] jrusyny 25y yogn unisang h..._._n._"m__.u:

TR 55T SPOCED TORREET IR AR IR PUT LGRS e i,

urndy PLPORE GRORI-T FHPRY AP Boupay pEpIEani] BIIRa] BN S eidanaedie

UAPRAD BT SRIEZ-F HEOouyaag fo srpesp oy A 10 vy S0 sesnniedagr,
GEG DG ARG WA RROGETT ERINEA SRR DO RTINS SERIAT,

) e R I T =4 =T T T 47
__.m_.n_n_mu_“_m | h.u__.ﬂ._...__.“..._n_._._._.um AP LSS R Py e e | m_:.an A8 gy Mo w.mnm.._a_u_u_u_n_ T AT
| UT] LD SURSEIR] AT WROR-0PUIED Y LTINS W UEd J PUOWER] W Y _.u—._m__u.E_un.._n..H oy
P T N L P T o e P L e | _..au.“_:uE.nU dW gTed D7D JUsTEd D JSUnEmy Y Y
Faqraddy 9 A0y '8 'uosEmudny o) Ssang v Cslajelepong Y CIIRAREIE 00y usssuasg 10

suondunsag |apogy [19g8 [eaaaydg pus
‘pra1g wealy pounioiag ‘pEruan sy MW g STR[INN F = N ) Ul uoteuLejRpladng

0007 YZEWALAIG G CYILLAT MITATY IVIISAHA £1 HIIWNR '$§ FWNTOA




P. T.C.

34 M. Kimura and H. Horiuch (t## l )

The single particle wave packet 1); consists of a spatial part, ¢;, spin part, X and
isospin part, x-i. In the old version of the AMD, ") the spatial part ¢;(r;) is repre-
sented in the spherical Gaussian form

qt:?-,{rj] — {ny'ﬂ':'lsﬁ EIP{—L’{Tj - Z;:_:'IE}. [:Zj

In the new version of AMD developed in this study, we employ the deformed Gaussian
instead of the spherical one as the spatial part. This is given in Eq. (3). In the
following, for simplicity, we call the old version of AMD “spherical AMD” and the
new version of AMD “deformed AMD”. The deformed Gaussian has an independent-
width parameter for each direction, =, y and z;

$i(r;) = (Bugryw, [x3) M4 e:s:p{— N v(ri— z;-)g}. (3)
Here, in Eqgs. (2) and (3), complex variables Z;, which represent the positions of
the wave packets in the phase space, are the variational parameters and depend
on the individual nucleons. The width parameters v [Eq. (2)] and u,14, and v:
Eq. (3)] are also variational parameters, but are common to all nucleons. Using
the deformed spatial part of the single particle wave packet, we expect the following
effects. 1) When the mean field is deformed, AMD single particle wave packets will
alasn he defarmed. Therefore. with deformed AMT) sinele narticle wave packets. we




40 M. Kimura and H. Horiuchs PiT‘ Pt (1'“ l)

— 0
- -
H |§f urhltl =) pf orbit
E; 0 la S S | R
o ﬁ R B e
E - que oemo-coo e R ERESNS
E-l 51.-'.'2 EEEE' === ==¢=== o
S-10 II EECEE-OEDEEES
= A8 e R e
o ﬁ:ﬁ
g { Uﬂm ﬁmaa o
-15 = e
2o 30N e
= e
Wl ah

[
]

o 0.2 0.3 .4 0.5 0. G 0.7
deformation parameter B

Fig. 5. Hartree-Fock single particle energies of neutrons in Mie as functions of the deformatior
parameter @, Open circles (flled hoxes) carrespond to the plus (minus) parity orbits.
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Recent development
and future perspctive
 Cluster study has long history ~40 vyears
It does not mean that everything is solved

Now is the time to utilize knowlage and
technic developed until now

We can discuss new phenomena related to
the physics of RIB, Gamma sphere, Euro ball . ..

Theoretical iterest:

Is cluster deformation really defferent from
mean—field deformatlon'?

unified modei IS necessary




