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Theoretical Framework of Anti-symmetrized MD

A-body Hamiltonian

Gogny DI S effective interaction Exact removal of spurious motion

Zt — T + qunn(rzg ot Zvc Tij); Onn @ GognyDI1S

1<J 1<J

Variational wave function

Variational calculation after parity projection =) Wave function for each parity

U = ! +27TP$ ‘Pintv

Uing = A{p1(r1), p1(72), -y 0a(ra)},  @i(rs) = di(r5)Xximi,

Single particle wave function is represented by a deformed Gaussian wave packet

23 det M
T

¢i(rj) = ( )1/2 exp{—(r: — Z;)M(r; — Z;)}

Xi = aiX++ Bix,, ni = proton or neutron
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Theoretical Framework of AMD

Illustration of wave function and variational calculation (deformed)
AMD model wave function is flexible to describe various kinds of Shells

structure (shells & clusters) without assumption .A Q

Sl e
A o - -

o | = Variation — N\
- S - @

.. . O
Angular momentum pr OJCCthH u

‘I'JMiK = /dQDﬁK(Q)R(Q)‘I’it: clustered

GCM : Configuration mixing between the states with different deformation
and particle-hole configurations

UIE =) ¥k (Bi),
iK
Hill-Wheeler eq. determines the wave function
Z Hikikcikra = Eq Z NikjK'CiK' o)
K iK'
Hixjxr = (Caie Bl HWaiz: (85))s  Nixcjrer = (Wi (B) Wiz (B5))
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Low-Lying Level Scheme of ’Ne

-,
-

(00)

(2]

S

excitation energy [MeV]

N

'g.b.. K*=0"

AV AY4 — -
a1 K'"=0 = K" =07
3 o 1 Js  B(E2) (W.u) pld |
| R N i
= 55 33 471 il
ey 2 2
—ot* 77 5;  46.8 |
—o~ || T 0" |IK’ 9, (£ 43.9
g.b.—g.b. | 6. F __
. . N -
ratio of a reduced widths o=
_calc.
JT E. 65/6:(g9.5.)|J" E. 65/6a(g-s.) -
oF o 1.0 0 1.0
of 7.2 43.5 6.24 19.2
2t 50 312 o Observed state with
7.63 14.6 large a spectroscopic
8.59 76.9
factors by o transfer
reaction
1, 9.4 69.3 7.06 9.2
17 7.9 8.2 7.49 11.5
3; 10.3  50.6 7.73 18.5 W. Scholz, et al.,
32 9.0 5-9 PRC6 893 (1972)




Neutron Orbitals in the State

-10

T T T T T 6 T T T T T T T T T 6 I I I I I I I T T 6
netron orbit No. 1 £ netron orbit No. 2 % netren orbit No.3 "
- 42 - {2 - {2
i 10E | 190E T 1°E
= = =
- 12 | 12 } 42
- 44 - {4 - 44
6 1 1 1 1 1 1 1 1 1 £ L £
10 -0 -8 E:] -4 2 0 4 s 6 8 10 10 8 -6 -4 -2 0 2 < 6 8 10
z [fm) z [fm]
6 1 I T 1 1 1 I I I 6 1 I 1 I I I Ll Ll 1 6
netron orbit No. 5 netron orbit No. 6
- - 4 - - 4
L 42 L ' /%-:::“\%\ 42
i NN ¥ —_
— 1€ | (@) {0E
= N\ 4 -
g 12 | N ™
- 44 - 14
1 1 1 1 1 £ 1 1 1 1 1 1 1 1 1 £ 1 1 1 1 1 1 1 1 1 £
10 -8 £ -4 2 0 10 -0 -8 6 -4 2 0 2 4 6 8 10 i0 =8 -6 B -2 0 2 4 6 8 10
z [fm] z [fm] z [fm]
» Two neutrons occupy each orbit.
* Orbit No.1 to 5 are the single particle orbitals within a and '°O clusters.
» Last two neutrons orbit around the entire system.
» State (II) (positive parity) also has a quite similar single particle conﬁ%ur tion.
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a+130 Di-Molecule bands

e The a+!30 molecular bands above the
a+180 threshold energy have been
observed.

Rogacheyv, et al., PRC64 051302 (2001).
Goldberg, et al., PRC69 024602 (2004).

P. Descouvemont, et al., PRC38, 2397 (1988).
M. Dufour, et al., NPA726, 53 (2003)

* What 1s the relation to the molecular-
orbital bands?

» We include the a+'30(0") cluster wave
function (angular momentum projected
Brink type w.f.) into the GCM basis wave
function.

(180(2+) etc are not included.)
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Clusters in #?Ne

26.— 22Ne o cluster bands
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Molecular States of 2°0

—— T Dorsch, et.al., Journal of Physics C111 01
r 1 ' 2039(2008).
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EMEREDARYFAROE—

“Mg experiment “Mg (AMD+GCM)

o | I ¢ —_— Oplh 2/2+ 2030
31 I 39 I 2+ ... 2015 1p2h Y& 2000
Mg o *2512z St
4+ o | | E
%‘ : : Oplh‘s/z"’ 1650
=
= L -| 2.93 299g)o- | ;
z - 9/2+ T ' e 1390 2p3n 2251350
a | 7/2% &8 I > 3pan A= 310
o 7£+ 1/2° | 2021/2-' * cmmeme 184
§ 2l T /2| 5/ 188 =5 ] 1020
= Sler | o o+ 5/2% 945 03h 5/2
S 2 | 7/2+ 132 1315/0; oo 302 -
Y4 \ Sler
® 1F — 7/2° - | 5/2%0.99 I B 4 3/9.
e 5 3/2 3p4dh 2/2 2
__ &t e | 3/23 081 2 2%2 (7/2), ae e p2h 37— o8
+ e :
I2T g+ 32 302 3/270 14 04’33/2 I(g;s +))%§§ o W= 261 / 1p2h A& 450
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e 31 " . e
FIG. 3. Level scheme of Mg obtained from the AMD wave FIG. 1. (Color online) Revised level scheme of Mg, with

functions at the energy minima and by the AMD+GCM calculation spin/parity assignments based on combining the results from dif-
ferent experiments and compared (o an anusymmetrized-molecular-
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Low-lying spectrum of *'Mg

1p3/2

0t7,2

anarnv [Mae\/]

quench

0dsn2

excitation energy [MeV]

| soa 1]32h 1/2-
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.-"" 3p4h 32
C5/2+ —~—— 2p3h 5§2+ _
! 4h 3/2'
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| 302 /
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experiment AMD
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P-wave halo of 3!Ne

U(*'Ne;3/27) =

nJmw

D> (3/2 uljm, JM)A {xn; (r

) (**Ne; J7 )¢, }

Wave function of 3'Ne is AMD w.f., relative motion between 30Ne and n is solved

All states below 10MeV of 3%Ne are included as the core wave function of 3!Ne

AMD result shows particle (v p3/2) + rotor (**°Ne(g.s.)) nature
AMD + RGM tends to weak coupling

between 3'Ne and neutron

[e—
T
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o
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7123
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T e S R
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g
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&
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05 (b)3'Ne density
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................ Sheprica] HF
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(c) Reaction cross section of Ne isotopes
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N=28F& ;£ D ;H%

» Si, P, S, Cl BII{AT, BASAIIN=28FE;EH A EK

I(
N:

N
O

S, (MeV)
N
o

10

» N> T -

— (75/ z . /29 Spectra of N=27 isotones
(1 /2_: 3/24) (http://www.nndc.bnl.gov/ensdf’) |
_ W3032)  —— —(7/29)
3/2+ — (1/2-, 3/2-)
I 3/2_ |
s, particle — (1/2,3/2)
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572 6
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3/2 4
1/2
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/
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43S EERT—4

> 5DDENEEIREE(no y-y coincidence)
» 319 keVIZ7/2- IKRE, isomeric state
g=-0.317 (g,,= -0.546) — spherical f,,

(7/2°)

» B(E2; 319keV — g.5.)=0.403¢*fm*

JEEIZFE L =

hindrance factordl. g.s.[& (3/2-) é) 2t 43 S
» B(E2; 940keV — g.s.)=85¢*fm* E _

58U, (5/2- or 7/2-) (5/2-,7/2)
> SMEDLLERIZEKY rotational Ly T (812~ 12)

7r: K=1/2- @ prolate band Spherical . o0 B 7 /D-

H: spherical f,, state >§ o=-0.317

o> —— — (32)

Spherical & prolate D ZE ¥

R. W, Ibbotson et al., PRC59, 642 (1999). E Sarazin, et al., PRL 84, 5062 (2000).
L. A. Riley, et al., PRC80, 037305 (2009). L. Gaudefroy, et al., PRL102, 092501 (2009).
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BSAEBERDFMRIL - BRHE

» N=28 shell gaph/NEKGEAHIET, EF-FEFOMEBERAEHEL
> FRRIGEMIREN, —FICHEN DR

Neutron Proton
BE% REE Quadrupole corr.
D3 :
Quadrupole corr % L2
PRI AL=2
g P3p L=1 : 00— 512 L=0
AL=2 :

11, ©000000—-------- 0000000 /1» L=3 : -000000- ds;p [=2

» “Triple configuration coexistence in 4*S”, D. Santiago-Gonzéles, PRC83, 061305(R) (2011).
OpOh (spherical), 1p1h (deformed), 2p2h (more deformed) M3 DD LR HTFF

> VERFETEOT AEBEROERMBZFLLFY =0
> BUAIT—RE. EQXIITFHBASN DD ? EfsZpin downT DEBIZEIL ?
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Result: Spectrum of 4°S

9/25 B(E2)
31 (exp) — EXP - AMD _
oy 11/2; | (5/2-,7/27) 712
(triaxial GCM) 1S - A —
— 2| | TR ae A A28
= . L e I V7 S R Vo
> (5/2-727) © = —
=L I me— |
— 7/25 :
(5/27,7/27) magnetic moment
72 . PR EXP | AMD
- 127 7127 >l 7125
OF — b — oy L U=- -
o 32 triaxial § :_1‘11“1\,1 2 0.59LL_N
prolate w | 72— o 1721
. . = - p=-1.21unN
» Low-lyingMassignment OF 3/9- =—~ L 5)-
[
» Prolate, triaxial, oblate D Z &£ 75
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Discussions: p—y &£z — Kl FENE

> B~03FBEET.PEM. . yERHEIZYING intrinéic
I)LX—HAmE (negative)

> B=0.2~0.3, y=0~30 deg. [ TlEp3/2 originDEAEH E A
(B DEETREEI 4L, 0pOh, 1plh, 2p2h, ..M
Fheaht(ZEoTLVS

» oblateffll TIX. f,, — p;, Dgapld+ 73 IZKELY

— l&
T 2| b ol
E, 3 1 & S~ o9 "0 o
>y 7/2 . o
&D -4 ' 00 000 0 T @ -+ Ne X ]
% ga - °~o O S, ; ~ ) ]
2
2 N’ I
g
o r J
(]
Ea -8
-

-10 : k L L . L 1 I 1 ! | ) L ) \ _10

0 0.1 0.2 0.360 40 20 0 0.3 0.2 B 0.1 0

4 > >

i) HOKKAIDO UNIVERSITY



Discussions: Prolate band

Prolate band (ground band) with K=1/2-

- kY >
» prolateff] (g=0) ITHRENEMNBTE 9/2=
> K=1/2" DEABER (Iplh, f,, > pyy) = -_-
» B(E2), B(M1)IZ. particle + rotor (D45 3t 1171_ —_—
#25(def) X (vp;p)! 5/25
B(E2), calc
L5 ISEEOIRILY—HE = 2t 5/7+
B5TH: KROKEDRFELTON % g <1
Jo I T2 —
%) = (@37 (B, )| @ = izt -
Ora(Bis i) = (@5 (B, 1) | 25™) | > %1 7/22
=, Al
[}j NN =
oL v 1/27
0k 3/2{

J/Ll
l prolate|

i, HOKKAIDO UNIVERSITY



Discussions: Triaxial isomeric state at 319keV

Triaxial states (7/2° 9/27))
triaxial (y=30 deg. ) ZHDM TR A 2D #(0pOh, 1plh, 2p2h, .. DERAEHE)

» spherical TIE/ELN =8, 9/2| — 7/2- D EFE (X FRL! 912
> gs. ANDEBBEHABLDIE, RD2R(IZHS Al — 1/25
(XD EEHKEFHNKRELELD
EHNRLD 2t AMD 1
» 7/2°,0Dmagnetic momentlXyZE 4 [Zsensitive T/E 9/
LND T, EER{E [Xspherical DIRMLIZwAT Lt g 5/271 1 I
TRBIELY (M= -1.11, py=-1.21, pg=-1.34) o= -~
Eg Lr 723 = I
s
[ \ 4
1 =L A
() | — e LA _
3/27
0 ————
r 3 (triaxiall 1
prolate
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Molecular States of !°F

A proton excitation causes strong a clustering

"°F level scheme #ron Gl B
8"’ ST + ki
1/2° ) fe_ 111

- - + mF |4 |
= mat | | mE =713 N
S 67t 32t > |
= °[72" 32t 2
> 1/2* P L
5 liaiv 182" | 7 |12t

92"

3/2% ||5/2

+ =

5/2 ~1. ,
- 1/2

Ki=1/2F KF=1/2;i O°P-| ke=pro#

S
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Molecular States of 21F

a \\\\\>

)

S =
=
-

\

L I
— < |
T | :L1/2- K
= 12
< ey 1= + 2 -
c [ — 3/2° 7/2_5 S )
= 4+ — 13/2=— 15[ | — -
'9 — 4 3/2 ; 11/2-
S T 1 @ s }
o 2} Al - -,3/2' K™=1/2; i
/2% ° ) 4 !
?/24‘ (1/_2-_" -
ECE CEVZE AMD+GCM
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Results: Molecular-orbitals in 2!'F

14 o 9
. B + -
Populated directly by only i F 92" 72w ]
1p knockout from >’Ne | 11/2- —
— oy 3L
« G. Th. Kaschl, NPA155, 417 (1970). < 101 ) et 1
* G. Mairle, etal, NPA363,413 (1981). &+ 92" 52+ !
= 8r . = -
[-Z%-ni= | T
o) — 2"
c B - .
® e 32n|72Y 37 |
o P—
= 4r — 13/27 .
= — ot
S [ X — :
o 5% 32|32t 7
They are the candidates of th e e —
ey are the candidates ot the 0-5/2T exp. |50t calo. -
molecular states

ch
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Results: Evolution toward drip-line

T T T T | T T
32Mg: single particle enefgy (positive-parity) 1
—+H— negative, occ=2

Intruder orbital from pf-shell has
large overlap with c-orbital

Or ——e— positive, occ=2

The origin of the reduction

of ex. energy
1. proton excitation from p to sd shell

does not cost much energy due to
strong a correlation.

2. It induces the strong deformation of
system.

3. Strong deformation lowers s-orbital

- -

Molecular states with valence neutron in
o-orbital comes down.

-10

[3,3,0,1/2]

0d
[~-5/2 [2,1,1,3/21

— 32Mg(g.s.)

single partcle energy [MeV]

_20_

[ 1 1 1 m 1
0 0.2 0.4 0.6 0.8
matter quadrupole deformation 3

/

* a cluster states with one or two neutrons in s-orbital come down rapidly.
* a cluster states with neutron Ohw configuration monotonously go up.

i) HOKKAIDO UNIVERSITY



Discussions: How to observe them

4091 172,
3384 12" ~ : ,
""" \ Low-lying states that are not described
\ psd and sdpf shell model are reported
,
2252 / * 7. Elekes, et al., PLB 599, 17 (2004).
/ 1997 12*
178] = / ,
U . |
101 12 128
731 T
179 10t X(*Ne, ¥F), X(**Ne, *F)
T +

+

+ ’
1o 3152 1. O .

19 127 2g 23p 25g 2R

0

* o, and ®He transfer on N isotopes
* 1p knockout from Ne isotopes
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o Island of InversionfEiZ D S ISk RE . IERFEIRREDYIENHEMRE L4
U225

o BeRIMGAIZFEAUD D FEEIEER. rAVICHLFELEZOITHS
(DO DEERIIBEELD)
o REIPMEFINFEDpf-shelle GEFE T HET. VTRFI—DHEZEZRT

o TDEEIL. BeRHLADENEIZEE L, BIRFICIsland of InversionTTE 1% &%
HENETH S

e Island of InversionfBig THD VT A Z—E15%F RIL{ATHRET

e Shell quenchlZ& %, pf-shellDTRILF—E T, VTRI—DFRZEIZLDHER
DEXNBEINICEE. VSR F—RENMERMEIRREICIRN ST EEE
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