Various structures of the neutron-rich nucleus 3'Mg
investigated by B—y spectroscopy of spin-polarized 3!Na
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* Applications of spin polarization to nuclear structure study.

* Unique method to assign spin-parity of excited levels based on 3—y
spectroscopy of spin-polarized Na isotopes.

* Investigation of nuclear structure of their daughters, i.e., Mg isotopes.




Physics motivation



Deformed ground states of neutron rich nuclei with N~20
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Large-scale Shell Model calculations
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B8 E(2p-2h)-E(Op-0h) : without correlations . NUC|ear Correlatlons pU” dOWﬂ the

14_—“E(2})—211]-E(0p-0h) : with correlations ! ] (2p_2h) level energies’ and in some
- m— By
L " 1| cases they become lower than the
ok e 11 normal (Op-0h) level energies.
2 s N=20 -
= o 1| @ The existence of islands of inversion
k3 A o 4 1| o©r deformation are explained as the
- et 1| result of the competition between
2 @  SLANDOFINVERSION = 4 ]
I ( N 3 ] (1) the spherical mean field
21 % 0 A

|
8 _ 10 11 1213 14 15 16 17 18 and
Z

(2) nuclear correlations which favor
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2p-2h configurations at N = 20, without correlations (squares) and
including correlations (circles). Nuclei close to or below the zero line
are candidates to belong to the island of inversion.




Shape
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competition between spherical mean field
and nuclear correlation which drives

J

deformation

investigation of shape coexistence in the low
excitation energy region

comparison of the experimental and
theoretical levels on the level-by-level basis

Today’s talk : 31Mg (N=19)




Various structures in 31Mg

predicted by anti-symmetrized molecular dynamics
plus generator coordinate method (AMD+GCM)

With assuming neither deformation nor
mean field, this theory predicts both
collective structures and single-particle
structures in low excitation energy region.

The 1/2+ ground state is
successfully predicted.

shape coexistence in 3"Mg
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Discovery history of 31Mg levels
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Discovery history of 31Mg levels

A

20 |

Excitation Energy (MeV)

(year)

B-delayed n-y spectroscopy

3/2.5/2 3814
32350 3.760 n

\_—
2.244 2.243 y
G. Klotz et al., Phys. Rev. C 47 (1993) 2502
H. Mach et al., Eur. Phvs. J. A 25 (2005) 105 —  3lMg
C. Mattoon et al., Phys. Rev. C 75 (2007) 017302 32|V|g
=3/2- 1390
(11/2-) 1.154 1.154
1,031 1.029
0.895 0.945 0.945 0.944 ] R
— Unexpected spin-parity 1/2+
— 0673 was determined in 2005 by
23 oas | (72 ousl st | | combined measurements of
hyperfine-structure and 3 —
0222 <52 0221 | <52 0221 (322 0221 0.221 NMR
0.051 <5/2+ 0.050 | <5/2+ 0_050v (3/2+) 0.051 0.050 )
0 (32H o |32H o ‘ 0 0
" N . G. Neyens et al,
Na N Na Na
Bdecay Bdecay |B-n dgcay B-n decay B-n decay Phys. Rev. Lett. 94 (2005) 022501
(1984) (1993) (1993) (2005) (2007)



Discovery history of 31Mg levels
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Adopted levels in 3*Mg by NNDC (updated in 2013)
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Firm spin-parity assignments are essential to
understand the structure of 3'Mg.

Our method uses spin-polarized 3'Na to
unambiguously assign the spins and parities
of the levels in 31Mg.



Principle of the measurement
and

Experiment



How to assign spin-parity of 3'Mg states
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angular distribution of 3-rays
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allowed transition
W(0) = 1+ APcos6

A : asymmetry parameter of B-decay

P : spin polarization of parent nucleus
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respect to polarization axis
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Asymmetry parameter A

4 )
The asymmetry parameter A is a constant

depending on the daughter state spin value.

9 J
allowed transition very discrete values
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How to measure asymmetry parameter A
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AP-values are measured freely from instrumental asymmetry.
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P is common for all B-transitions
and can be determined by comparing two transitions.



Polarized 31Na beam at TRIUMF in Canada

/Target fragmentation: h

500 MeV 10 pA proton beam

with UCx target
g /

\

-
3INa+ ion beam intensity:
~ 800 pps (extracted), 28keV
- 200 pps (after polarizer)




Polarizer at ISAC TRIUMF

The polarized
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Detector Setup

ﬂ'asymme'try: B_'Ys B_'Y_'Ys ﬁ_n
coincidence: y—y, n—y
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8 x (HPGe +2 plastic)
3 neutron TOF counters
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-detection efficiency: 15%
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Experimental Results

B—y measurement: 3INa-> 31Mg



Determination of polarization P
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Spin-parity assignments of 31Mg levels

experimental AP values and polarization P = 32(1)% » A
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The 50 keV level was assigned as 3/2+
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Decay scheme of 3INa - 31Mg
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Comparison with predictions
by Antisymmetrized Molecular Dynamics
(AMD+GCM) theory



Comparison of energy levels
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Summary

® \We confirmed three types of rotational bands and spherical states.

® This is the experimental evidence of the coexistence of various structures.
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Collaborators of TRIUMF experiment S1391 (Aug. 2014)

Osaka University, Japan
H. Nishibata, T. Shimoda, A. Odahara, S. Morimoto, S. Kanaya, Y. Yagi,
H. Kanaoka

TRIUMF, Canada
M. Pearson, C. D. P. Levy

Thank you for your attention.



End of presentation



Optical Pumping alkali atom

with hyperfine int.
without hyperfine int.
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How to assign spin-parity of 3'Mg states

/ High polarization is essential \

for radioactive nuclear beams.

0.6 10,000 pps 5/2+
P=1% 50 pps
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< 0.4 - l 3/2+
-1.0 l + 1/2+

&branch: 1%, vy-detection efficiency 1%, 24 hrs accumulationv




Litherland et al., Can J. Phys. 36 (1958) 378

K=1/2 rotational bands in 31Mg
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K=1/2 rotational bands in 31Mg
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Decoupling parameter a and energy difference between states
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by the unpaired nucleon. .. rotational motion in odd-A nuclei

Z : symmetry axis

j :particle angular momentum

R : rotational angular momentum

K : projection of the total angular
momentum on the symmetry axis

I : total angular momentum

Vs

Configuration could be estimated
from the K=1/2 rotational band
observed in >Mg.
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Litherland et al., Can J. Phys. 36 (1958) 378

K=1/2 rotational bands in 31Mg
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Nilsson diagrams for 3'Mg

gq (MeV)
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Comparison of logft values
between experimental results and AMD+GCM calculation
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How is the level scheme of 31Mg revised?
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spin-parity assignment of the levels at 1.436 and 0.942 MeV

1/2+ 2944 (1) 1.436-MeV level

808 Efy E’3 — Ef [e}cp [W(1436 MGV) oA TWe. (O'A) [W.e.
2244 [0.03] (keV) (MeV) (relative) (s) (relative)
1] ‘_.1 a3 M4 224 gs 1 M1 2.0x10715 1
: 808 2244 — 1.436  0.03(2) 7/2” E3 94x107® 2.1x10~4
5/2” M2 9.1x107% 2.1x10°7
1/27,3/2~ E1 1.3x10715 6.7x10°1
1/2+ 0 hindrance factor of E1 : ~102 from 2.244 --->0.221 MeV
(1/24)  (3/2)
2) 0.942-MeV level
1/2+  0.942 2)
897 E, B, — Ey Texp I7(0.942 MeV) oA Twe (o)) e
942 (keV) (MeV) (relative) (s) (relative)
[0.8] [1] 802  0.942 — 0.50 1 7/2° M2 5.6x107° 1
0.50 942  0.942 — gs.  0.8(3) 7/2° E3 32x107% 1.9x10%
1/2+ 0 3/2+ 802  0.942 — 0.50 1 1/2-3/2,5/2~ E1 9.7x10 ' 1
942 0942 — gs.  0.8(3) 5/2° M2 3.4x107% 2.9x10-10

1/2-,3/2 El 82x1071% 1.2x10°




spin-parity assignment of the level at 1.029 MeV

1/2+ 2244

1215 EA E-g — Ef [eXp [7"(143() 1\[6’\) aA T[-{.-'_e_ (U/\) [\«\.{e
2244 [0.13] (keV) (MeV) (relative) (s) (relative)
[1] 2244 2244 — g.s. 1 M1 2.0x10~" 1
_4 1029 1215 2244 — 1.029  0.13(3) 7/2- E3 54x10 © 3.6x10 1
5/2~ M2 1.2x107 1.6x107¢
1/2=.3/2~ EFl 38x10~'%  51x10"
1/2+ 0

hindrance factor of E1 : ~102 from 2.244 ---> 0.221 MeV
(1/2+)  (3/2-)



(1/2-,3/2-) 1.436

(1/2-,3/2)
e bl 28 B x5 1.029 0.942
M1/EY M1/EL sgziwu. 1 36.7 1 1.2
w171 |11 el | M1 M1/E1| M1/E1
1 1.5 1/1  $0.89/0.85
(3/2-)

3/2+ 3/2+ 0921 3/2+

1/ (2)‘“ 0.050 0.050 i f; 0.050




No such high-energy y-rays were observed.

10+

3539

Counts
(\®) AN (@) (0)0]

M_[Lﬂﬂ_ll_ﬂ_ﬂh_ﬂ:ﬂﬂllﬂﬂllf lliu[HIIU]ﬂhﬂllﬂJIJﬂ.JIﬂJIJIJIL' I T e Y|

3500 3600 3700 3800

E (keV)

Enlarged 8-~ coincidence spectrum for *'Mg gated by 3 rays with more than 8
MeV indicated by solid line and the expected spectrum from the level scheme of
Ref. [KLO93| shown in the dashed line.

Detection efficiency with 3-gate is taken into account.
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In the case of cascade feeding

Deduced A from -y coincidence is affected by the feeding from upper levels.

“Na

As

b X

IT
|

AM g

f’ll — flfl} X

measured from -y, coincidence

/
fl;} — flg X Iq_

v

known unknown

!

I, | L.
- .I‘i.l 2 X "
I.i'-? 1 I.i'-? 1

I I
AL +f’11 X b1

I,

1
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Achieved polarization

Phil Levy @ TRIUMF

8Li: 80%, °Li: 56%, LLI: 55%,

2ONa: 57%, ?INa: 56%, ?°Na: 55%, corrected for spin-relaxation

27 . 0 28 . 0 K. Minamisonno et al.,
Na: 51%, “Na: 45%, Nucl. Phys. A746(2004)673c

28N a: 28%, 29Na: 36%, Uncorrected for spin-relaxation,
attenuation due to solid angle
30Na: 31%, 3INa: 32% |
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Spin Relaxation

Pt B,=0.5T

2ONa 22.0(19) s
26Na 0.78(8) s

Korringa’s relation
T, X T  (Ih/p)?

48 ms
17 ms

30Na 600 ms
3INa 400 ms

K. Minamizono et al.
Hyperfine Interactions 159, 261 (2004)

AP (%)

| I
0 500 1000 1500 2000 2500

Time (ms)

Figure 1: Time spectra of ?*Na polarization

in several catchers.



17.0ms
or
17.35ms

31Na

B_

31Na B—decay

B2n
[0.87% ]

«[ 61.8% ]

n
[37.3%

>

[ 98.3%

" [ >98.4% ]

236ms g3 go; 1 644ms 157.36m 5 stable
31I\/Ig - RETN - 31G; 31p

N [1.7%
or 6.2%] [<1.6%]
B Bn

335ms 3.62s g stable

30Mg | 30A] |, 305;

1.30s 6.56m stable

29Mg b~ . 29A] b 29G;j




TRIUMF Mass separator

TRIUMF Mass separator

AM/M ~ 1/10000

3INa-3'Mg ~ AM/M ~ 1/1825

3INa-31Al AM/M ~ 1/1050



energy (Doppler) broadening of the neutralized beam

60
G »
— 90r Li Na 370 degree
&
— 410l >> |aser line width
e
kS ~ 1 MHz
= 6.3 eV
E 30} FWHM=125MHz
S
£ 9ol FWHM=180MHz
Na 430 degree
10+
0 1 1 1 1 1
480 485 490 495 500 505 510

Nabias[ V]

multiple collisions with Na atoms in the neutralizer .



Beam tuning

7 sﬂ,%,'f—\:l@'lj'_?

Na cell@voltage
EMZD

(a)

AP

AP

0.01 E
002 F
0.03 E
0.04 E
0.05 E
-0.06 E
0.07 E

-0.01 ;
0.02 E
0.03 E
-0.04 %
0,05 %
-0.06 ;
20,07 E

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
73 80 85 90 95 100 105

Voltage (V)

3'Na
laser off + 92V
++ )
iy
| ] . L L
) a0 a5 100




beta-decay asymmetry

Doppler-shift tuning

peak 2 Vi+V; peak 3 :Va+v;

0.06
&
g 0.04 1
g:(l02'
<
: : o 0
deceleration bias (Na vapor cell) 9
tuning to adjust ion beam velocity y=Rs
S0 as to meet the Doppler shift -0.047
-0.06
-0.08
-0.10
0]
absorption line
scanning velocity
‘
>V
Vi Vs, Vs
905MHz 905MHz
fved
-V

laser frequency

100 150

Nabias [V ]

200



0.4

0.3
0.2

0.1

1 2 3 4 5

Phase-modulation index m ( rad )
( corresponding to square root of rf input power )

mode 1 mode 2

2

2 Ak a8 8 R AN S A O S A i



E (MeV) ™

Comparison with shell model calculation

S |
31 |
Mg 5/2- |
12+ 137 4l i |
I Experiment Mixed 2p-2h Op-0Oh ~ |
np-nh  1p-1th [52- % |
~ 3r -1 gjpy 208
S /24 +0.64 @ 9E+ %z | 2t
- [2-084 2 | 7/28 228
| o 7/2+ i |
/ c 2+ — /2 1.65 —
J i 72 ===
/ S . 7/2° | 5/2%
= 70+ | 7/24 139 1.
[ G2 461 104 066/ Q — | —
[32-_-1.82/ o 1+ — 5/2+0.99
_ Sl 3/25 081 2
| 32+ 4065 3/0+ :
@2)§ 221// 3/2* |3fET'3-_14 :
L=1‘ 4 0 ot et
3/2 7/2- -1.13
| 1723 TS 72 442 3o TBa 32e 124 Opth 2p3h 1p2h 3p4h | |
AMD | AMD+GCM | exp

G. Neyens et al, Phys. Rev. Lett. 94, 022501(2005) M. Kimura, Phys. Rev. C75, 041302(R) (2007)



spin-parity of the ground state in 3*Mg :
understanding from the shell model

] <
545 i Experiment Mixed 2p-2h Op-Oh
% np-nh 1p-1h | 82« Magnetic moment
L / = -
S .y 4= -0.88355(15) 14
1.0} (—
/_
S
0.5} lowering of
(7/2)- 461 068 |
<;1ﬁ% jﬁgﬁg; Ex for the 1/2*
level pFEshell Q0
| 3/2++0.65
(82-) | 221 , @00
L=1 L=1 SOLShe” o0
1 32)+ | 50/ 7/2- -1.13 000000
ol v 0/ 7/2- 112 3/2- -1.84 3/2+ +1.34
31 a ~ 2-particle-2-hole
Mg sdpf-shell sd-shell 202h)

G. Neyens et al., Phys. Rev. Lett. 94, 022501 (2005)
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Negative—parity states in 3'Mg

Lifetime measurement in 3'Na B decay

1)

< Tip
(1121 & 1154
Typ=133(8) ps
l[?l-
:: I
1
[ L : : N H il ””'. | |||}
: -T00 o T00 1400 2100 2800
e 461 10.5(8) ns Time. (pe)
= = lUl—
332 w A E 221 133(8) ps i }
= T,,,= 10.5(8) ns
(32s) w51 16(3ins g
12+ v 0 S
31]'&’13 10'] ‘
Fig. 2. A partial level scheme of *' Mg and preliminary level ‘
lifetimes established in this work, except for the 51 keV level, 0 7000 14000 21000 28000 35000 42000
. . 1y . . . Time (ps)
which is taken from |2|. The suggested spin/parity assignments
for the excited levels and transition multipolarities are model
dependent [2] although supported by the observed transition Bal's detector

rates.

H. Mach et al.,, Eur. Phys. J. A 25 s01, 105 (2005).



anti-symmetrized molecular dynamics
plus generator coordinate method

(AMD+GCM)
AMD  Antisymmetrized Molecular Dynamics
Reasona bly deSCFI bes A Slater determinant of single particle wave packets.
cluster states such as By = L' det{:(r;)}
12Be VA
pi(r) = ¢i(r) - xi - &
@ spatial: ¢;(r) = exp{—(r — Z;)M(r — Z;)}
@ spin:  Xi = Q; X1 T+ Bix|
S isospin: &; = proton or neutron
Y. Kanada-En’yo et al., X o X X
Phys Rev. C 68, 014319 (2003) H=T- Tg + VGogny + VCoulomb

GCM  Generator Coordinate Method

treats collective motion
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Theoretical Framework of AMD+GCM

Wave function of AMD

Variational wave function:
The parity is projected before the variation.

O™ = P iy

Intrinsic wave function:

A Slater determinant of single particle wave packets.

1
Ping = 7 det{w;(r;)}

@i(r) = ¢i(r) - xi - &

spatial: @;(r) = exp{—(r — Z;)M(r — Z;)}
spin:  Xi = ;X1 + BiX]

isospin: & = proton or neutron

Variational parameters:

size and deformation of Gaussian M :
3x3 real sym. matrix
centroinds of Gaussian Z; (i = 1,..., A):
complex 3d vectors
direction of spin o; and (3; (1 = 1,..., A):
complex numbers

Variation after parity projection

Hamiltonian and energy:

~ ~

H=T — Tg + VGogny + ‘A/Coulomb
EﬁK - <(I)I{}TK|H|(I)I{}TK>/(®]{}TK|(I)]{?K)
Frictional cooling method:

.. OBk
Y 0X;

Ang. Mom. Proj. and GCM

Ang. Mom. Proj.:

Oy (m™) = P ®7(m'h)

GCM: n
T = @i (m'™)
m=1

Hpmr = (@375 (m"™) | H| @3] (™)),

Ny = (@afxc (m™)| @7 (m™))




Excited States in even-mass Mg isotopes

Examples: 0+ states with different shapes

A /— spherical x

= t (**Mg,%2Mg)p
- O+ K. Wimmer et al.,
> +0 — — Phys. Rev. Lett. 105, 252501 (2010)
O A 30M
GC) 30 ﬁ J
C ' . |
def d .
2 10k TN e | B(E2)
© . spherical ? T. Motobayashi et al.,
% 0+ 0+ 0+ 0+ Phys. Rev. Lett. 346 (1994) 9,
|L< 0 \ / spherical deformed o ey omer
| | 1 1 )
14 16 18 20

Neutron number () 5



Revised Decay Scheme of 2829Na and New Levels in 28’29Mg

- 0.0 32+ 0.0 .
30.5 ms I = 44.9 ms
28 s :
Na 0, = 13.88 MeV Na Qp =13.28(9) hf\
-]
?I‘JI{F(T\] — 2290.9(6) 2906.9(6) I\Q
0.8(1)) 2007.7(4) <0.1] [0.6(1) . S =
—>46(1) 142) 2" S5 [ Ll 7.461 e =
—> 5202) 05(1) (0,12) 7200 2 =5 -
BID ot | e —>58(1) 076(18)  (3/2)+ T=LZ3Tes o< 3.985
—> 5.8(2) 02(1)  (2)" g A [0 L 6 546 cf52ns=c 3
3 520+ i 3
> 58(1) 03(1) (0.1.2)° — 5917 [ 30 558 Gy HEfgeazs 150
7 5269.1(5) [<0.1 - A . N i~ s g 3.22
L ? g(:’;) <](;'(14) :12— ﬁ: 3:41)(|5 5192.6(5 : :5;‘2‘23 49(1) 11(2) 3/2+ T S 3224
: . + [0.4(1)] TT3T(T) 3698(1) - =
> 5.8(1) 0.4(1) 11,- T=01T 02101 it 5511%% Sz
—> 6.0(1) 03(1)  2* e ] T 4878 =3
gggg 4]1(9)%2; 57 [4.006)] 1 2040 igg% >45(1) 36(6) 1/2+ ol —= 2614
' ’ . 2?485&](7) ' =
— = 8@
4 Shssa H021 ve g
— 43(1) 22(3) 0" ) T
—>»>61 <15 (5/24) T8 =— 1638
—>73(2) 0.10(5) [ 1.430
= -
1473.5(1) »>65 <065 = 1.095
—> 5.5(4) 75(59) 2" — 4 1.474
(1/2)+ v v v v by &
L 460 60) 07 —% — 0.0 i) ue =2 50055
T . ol
logfi Iy I Mg Ex [MeV] logft  Ip e Mg Ex [MeV]
13 Y rays & 9 energy levels 3 Y rays & 1 energy levels
Spins & parities of 4 levels Spins & parities of 7 levels
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Enlargement of the magnetic field by magnet

Return yoke

(B~200 Gauss)
Permanent
magnet
Z
sy B (2=0)
500 1000 . : ‘
/| 816 Gauss 800 7N 828 Gauss |-
600/ [ — 600 iy
— / \\ A If .
A 400i / \‘\ % 400 -‘I‘I ‘Il\
E ! 3 O / 4
3 B \ 20 \
i 200 \ - B _ .
no / \ g /
B0 \ ] g -200 \\ / | / -
200 \\/ \J 400 ./ i\
_400 | | \ \ | | -600
60 40 20 0 20 40 60 100 -80 60 40 -20 O 20 40 60 80 100
BIELIE [mm] BEALIE [mm ]
TOSCA EXp.

simulation



static magnet to preserve polarization

Return yoke

\\Pa beam
Plastic Scintilator

\

Plastic Scintilator

\

Right Ge

e

\3 Left Ge

Permanent magnet
Polarization axis

Pt stopper

JE——



