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Evolution of Shell Structure and Collectivity

RV.FJanssens, Nature 435(2005).

"Classic” magic numbers are generally
correct only for stable and near stable
isotopes. ~ zeppb W

Experimental studies of new exotic
isotopes revealed changes in shell
structure and collectivity, and provided
insight on the important role played by
the tensor (and 3N) in these changes.

@ shell gap larger than expected
® shell gap less than expected
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Evolution of Shell Structure and Collectivity

RV.FJanssens, Nature 435(2005).

"Classic” magic numbers are generally
correct only for stable and near stable :
isotopes. ~ zapg----Eme ; e

Experimental studies of new exotic
isotopes revealed changes in shell
structure and collectivity, and provided
insight on the important role played by
the tensor (and 3N) in these changes.

@ shell gap larger than expected
® shell gap less than expected

A delicate balance between the H = Esp +GP P+ .XQ . Q

monopole field and correlations.
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N=20 Shell Gap

Y.Utsuno et al PRC 60, 011301(R) (1999).
T I T '|' Li l 1 I 1 I Li I

Role of the md. - vd,, interaction
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Evolution of Shell Structure and Collectivity

RV.FJanssens, Nature 435(2005).

"Classic” magic numbers are generally
correct only for stable and near stable
isotopes. ~ zeppb W

Experimental studies of new exotic
isotopes revealed changes in shell
structure and collectivity, and provided
insight on the important role played by
the tensor (and 3N) in these changes.

N=20 Island of
Inversion

N=14 @ shell gap larger than expected
® shell gap less than expected

32Mg, at the center of this region, has been a subject of intense work for many years, both
experimental and theoretical.
= Much evidence has been obtained for the existence of deformed ground states.

H.L.C.etal., Phys.Rev. C93,031303(R)(2016). A.L.Richard. etal., Phys. Rev.C96,011303(R) (2017).
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Physics Letters B 685 (2010) 253-257

Contents lists available at ScienceDirect

Physics Letters B

E L S E\ IER www.elsevier.com/locate/physletb

Structure of 33Mg sheds new light on the N = 20 island of inversion

R. Kanungo **, C. Nociforo®, A. Prochazka®c, Y. Utsuno9, T. Aumann D. Boutin€, D. Cortina-Gil €,

B. Davids®, M. Diakaki$, F. Fannonbc H. Geissel®, R. Gernhiuser L] Gerlb Kjamk‘ B. JonsonJ

B. Kmdler R. Knobfelbc R. Krucken M. LfmtzJ H. Lenske€, Y. Litvinov ® K. Mahata P. Malerbeckh
A. Musumarra'“‘ T. NilssonJ, T. Otsuka“ C. Perro“ C. Scheldenbergerb B. Sltar‘ P. Strmen' B. Sun®,

I. Szarka', I. Tanihata®, H. Weickb, M. Winkler?

* Longitudinal momentum distribution from the one-neutron removal reaction ona C
target at 898 MeV/A.
 Experiment performed at the FRS, GSI.

=> An increased contribution from the 2p,, orbital is required to explain the
observation showing its lowering compared to existing model predictions.
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33Mg - Coulomb breakup

PHYSICAL REVIEW C 94, 034304 (2016)

Direct experimental evidence for a multiparticle-hole ground state configuration of deformed **Mg

Ushasi Datta,’»?" A. Rahaman,' T. Aumann.”? S. Beceiro-Novo,* K. Boretzky,” C. Caesar,” B. V. Carlson,” W. N. Catford.®
S. Chakraborty,! M. Chartier,” D. Cortina-Gil,* G. de Angelis,® P. Diaz Fernandez,* H. Emling.> O. Ershova,” L. M. Fraile,”
H. Geissel,>'? D. Gonzalez-Diaz.,” B. Jonson,'' H. Johansson,'! N. Kalantar-Nayestanaki,'” T. Kroll,* R. Kriicken,'?

J. Kurcewicz,” C. Langer.” T. Le Bleis,'? Y. Leifels,” J. Marganiec,>'* G. Miinzenberg,” M. A. Najafi,'” T. Nilsson,'!

C. Nociforo,” V. Panin,? S. Paschalis,” R. Plag,? R. Reifarth,” V. Ricciardi,” D. Rossi,” H. Scheit,® C. Scheidenberger,” '’
H. Simon,” J. T. Taylor,” Y. Togano,” S. Typel.” V. Volkov,? A. Wagner,'> F. Wamers,> H. Weick,> M. Weigand.’

J. S. Winfield.? D. Yakorev.!"> and M. Zoric?

* Coulomb Dissociation at 400 MeV/A - experimental evidence of a multiparticle-hole
ground state configuration in 33Mg
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33Mg - Coulomb breakup

PHYSICAL REVIEW C 94, 034304 (2016)

Direct experimental evidence for a multiparticle-hole ground state configuration of deformed **Mg

Ushasi Datta,’»?" A. Rahaman,' T. Aumann.”? S. Beceiro-Novo,* K. Boretzky,” C. Caesar,” B. V. Carlson,” W. N. Catford.®
S. Chakraborty,! M. Chartier,” D. Cortina-Gil,* G. de Angelis,® P. Diaz Fernandez,* H. Emling.> O. Ershova,” L. M. Fraile,”
H. Geissel,>'? D. Gonzalez-Diaz.,” B. Jonson,'' H. Johansson,'! N. Kalantar-Nayestanaki,'” T. Kroll,* R. Kriicken,'?

J. Kurcewicz,” C. Langer.” T. Le Bleis,'? Y. Leifels,” J. Marganiec,>'* G. Miinzenberg,” M. A. Najafi,'” T. Nilsson,'!

C. Nociforo,” V. Panin,? S. Paschalis,” R. Plag,? R. Reifarth,” V. Ricciardi,” D. Rossi,” H. Scheit,® C. Scheidenberger,” '’
H. Simon,” J. T. Taylor,” Y. Togano,” S. Typel.” V. Volkov,? A. Wagner,'> F. Wamers,> H. Weick,> M. Weigand.’

J. S. Winfield.? D. Yakorev.!"> and M. Zoric?

* Coulomb Dissociation at 400 MeV/A - experimental evidence of a multiparticle-hole
ground state configuration in 33Mg

= Based on the fact that nuclei inside the islands are well deformed,
we consider the description of these reactions in a rotational framework.
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33Mg -Tn removal a la Nilsson

Assume ground state of 33Mg is the 3/2[321] neutron Nilsson level

|%[321]> = C3/9.1|p3/2) +Cs/2.3|f5/2) +C7 /2.3 f7/2)
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33Mg -1n removal a la Nilsson

4+
Golfsy / 3/2[321]
/ f 712
B’s’/z/ balts, 2" 7/2" 3/9-
3/2 3/2[321]‘:,_,_,:_«_*_'_‘_ X 0 i 112+
Por o Ke0 P31
33|V|g P s 32|\/|g e > 31Mg
do 2 —1
O =Y P LIKAK|K)?CE (dsldi) o, ™
J,¢
— Z Sj’g X O'E_ln
Y, B. Elbek and P.Tjom,
Js Advances in Nucl. Phys. 3,259 (1969)
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33Mg -1n removal a la Nilsson

4+
f1alts s
p3§/ f2lfs12 2"
233 0.
Py K=0
33 32
Mg Tn g Mg
3 .3 3
Sje(—1n) = (5 135 ~ §|I 0>2032,e
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33Mg Magnetic Moment

]
0.9 ;__x ___________________ | C7/2,3 |ZI CS/2,3| S/ 3
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8 05T : (s3) = 5(03?/2,1 |
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= Fully constrain amplitudes based on measured spectroscopic factors,
magnetic moment and wavefunction normalization condition

. | Nuclear Science
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33Mg -1n removal a la Nilsson

Final Energy Experimental S; , Calculated S ,
14
state  [MeV] [21] [22] Nilsson  Empirical
0t 000 1 0677 0194£0.1  0.05 0.24
2t 089 1 0.5%)7 0.05 0.24
30572 0.34 0.18
4+ 2.32 3 0.55 0.33

|2[321]) = (—0.65 £ 0.15)| p32) + (0.75%053) | f12)
+ (= 0.125355) 1 f5/2)
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32Mg -1n removal a la Nilsson

4+
3/2[321]
7/2
ALY 32
0+M,:i:—"" A
(=0 P32
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32Mg -1n removal a la Nilsson

Final Energy Sie Calculated S,
14
state [MeV] [26] Nilsson Empirical
3/2° 0.22 | 0.59101] 0.2 0.59
7/2° 0.46 3 1.2470% 1.7 1.2
U
2[321]) & (—0.54 £ 0.05)| p32) + (0.79 £ 0.13)| f7)2)

+ (—0.29

.\ | Nuclear Science

- 0.36)] f3/2).

J.R.Terry etal., Phys. Rev.C77,014316 (2008).
A.O. Macchiavelli, HLC et al., Phys. Rev. C 96, 054302 (2017).
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Evolution of Shell Structure and Collectivity

RV.FJanssens, Nature 435(2005).

"Classic” magic numbers are generally
correct only for stable and near stable
isotopes.

Experimental studies of new exotic
isotopes revealed changes in shell
structure and collectivity, and provided
insight on the important role played by

the tensor (and 3N) in these changes.
@ shell gap larger than expected
® shell gap less than expected
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The "First" Island of Inversion: N=8

N=8 Shell Closure

14C
6000 |
<
2 4000 | ‘ |
— e, P N
— - 102 L TN
6 T @ - ,Be NP
P12 T AN
2000 | -
— Pap @ 12]33\\.;‘---.-...
p3/2 ' |
11Be 150 ‘ I :
Role of 7tp-»- Interaction O % s 10 12
P312"VP12

Neutron number

. Talmiand I. Unna, Phys. Rev. Lett. 4 469 (1960)
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Direct Reactions Studies

Initial | Final | Energy ¢ Experimental S; s
State |State| [MeV] [16] [22] [23, 24] [15]
11Be 12Be
+
- 0f | 0.00 1
27 | 211 | 2]0.36£0.29
05 | 2.24 |0 |2.61£1.34
10Be llBe
ot | 17| 000 |0 1
171 032 |1 0.87+0.08
IQBe llBe
ot | 17| 000 |0 1
171 032 |1 0.82 £0.22
¥l 17s |2 0.86+0.29
57| 269 |1 0.71£0.26
llBe IOBe
+
¥ 1 of | 0.00 1
27 | 3.4 1+0.38

>
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R.Kanungo et al., PLB 682,391 (2010).

K.T. Schmitt et al,, PRL108, 192701 (2012).

A. Navin, etal., PRL85, 266 (2000).
S.Pain, etal. PRL96, 032502 (2006).

J.S. Winfield et al.,
Nucl. Phys. A 683,48 (2001)

BERKELEY LAB

Division

SSNET - November 10, 2017



The Nilsson Picture

[202] 5/2

[101] 172
[101] 372

51/2
1.5 p

0.2 0.6 1.0

|%[220]> = C1/2,0/51/2) +C3/2.2|d3/2) +Cs5 /2 2|ds5 /2)

12[101]) = Cy/2.1]p1/2) + C3/2.1|P3/2)

A.Bohr and B. R. Mottelson, Nuclear Structure Volume |l

W.Von Oertzen, M. Freer, and Y. Kanada-En'yo Physics Reports 432, 43 (2006).
|. Hamamoto and S. Shimoura J. Phys. G: Nucl. Part. Phys. 34,2715 (2007).
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""Be(d,p)'“Be a la Nilsson

03) = —Blviir) + alvais)
s i 2"
112+ 120220] e Gl 10F) = aluam) + Blware)
K=1/2 5112 K=0
11Be 1239
(21; + 1) 9 . 5 o 5
Si = L KGCAK| K ¢)2C -
i, f (21; _|_1)9 (Lig K [[rKy) g,e<¢f|¢z>
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Analysis

« Total of 15 relations (11 direct reaction spectroscopic factors + magnetic moment of ''Be + 3
wavefunction normalizations) connect the experimental data to 7 unknown amplitudes
« Determine amplitudes from a x?-minimization procedure.

= Weighted fit of the relative spectroscopic factor values with respect to the ground state transition for
each of the data sets, and of the absolute value of the "'Be ground-state magnetic moment.

>
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Analysis and Results

« Total of 15 relations (11 direct reaction spectroscopic factors + magnetic moment of ''Be + 3
wavefunction normalizations) connect the experimental data to 7 unknown amplitudes
« Determine amplitudes from a x?-minimization procedure.

= Weighted fit of the relative spectroscopic factor values with respect to the ground state transition for
each of the data sets, and of the absolute value of the "'Be ground-state magnetic moment.

3 of
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Analysis and Results

3[220]) ~ —0.72(4)|s1/2) — 0.09(2)|d3/2) + 0.69(4)|d5 /2)

‘ 1 13[101]) & 0.68(4)|p1 /2) + 0.73(3)|ps )

a = 0.73(4) and 8 = 0.69(4)

- A.0. Macchiavelli, HLC et al., submitted.
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e Description of nucleon knockout and transfer reactions in the
deformed ‘Islands of Inversion’ at N=8 and N=20 allows a
straightforward analysis of results

* Nilsson wavefunction amplitudes are directly related to the
spectroscopic factors

« N=20-adjusted wavefunction for 3/2[321] level is consistent with
reduced 7f;,-2p4j, gap, consistent with other approaches

« N=8-minimization of wavefunctions to all available data provides
excellent agreement; predictions for other reactions are possible

v | Nuclear Science SSNET - November 10,2017 25
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Manifestation of the Baader-Meinhof Phenomenon in AOM

| can apply
Nilsson
everywhere!

West German police search for nine members of
the Red Army Faction (also known as the Baader-
Meinhof Group) in 1976. The terrorist group

unwittingly gave its name to the phenomenon of a
thing you've just noticed or experienced suddenly
cropping up constantly
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Structure of 27F

PHYSICAL REVIEW C 95, 041301(R) (2017)

Low-Z shore of the “island of inversion” and the reduced neutron magicity toward >0

P. Doornenbal,'-* H. Scheit,"27 S. Takeuchi (#;/4 #2)."* Y. Utsuno (F#PEF 8).> N. Aoi (FF #).18 K. Li (Z= F &)."-2
M. Matsushita (] F £ 5),* 1 D. Steppenbeck,' H. Wang (E ##),""> H. Baba (5535 % 8).! E. Ideguchi G101 5534).5
N. Kobayashi (/M {52).%% Y. Kondo G #471).° J. Lee (ZEBEF),!1 S. Michimasa GE1E  #—HB).

T. Motobayashi (4<#K i%),! T. Otsuka (KI5 2£34).>7 H. Sakurai (#23}: 1845)." M. Takechi GRE BRHB),!*

Y. Togano (#H¥F Z2%%),"* and K. Yoneda (K FH fit—Hp)!

'RIKEN Nishina Center, Wako, Saitama 351-0198, Japan
2Peking University, Beijing 100871, People’s Republic of China
8 1y, Beijing P P f
3Advanced Science Research Center, Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195, Japan
4 Department of Physics, Rikkyo University, Toshima, Tokyo 172-8501, Japan
3Center for Nuclear Study, University of Tokyo, RIKEN Campus, Wako, Saitama 351-0198, Japan
®Department of Physics, Tokyo Institute of Technology, Meguro, Tokyo 152-8551, Japan
"Department of Physics, University of Tokyo, Bunkyo, Tokyo 113-0033, Japan
(Received 11 February 2015; revised manuscript received 20 February 2017; published 13 April 2017)

 1/2*in °F identified; shell model calculations using effective interactions indicate that
the N=20 gap is quenched in 2°F, and the "Island of Inversion” extends to proton
number Z=9.

* Strong correlation of 1/2* energy to the N=20 gap, observed energy suggests
persistent reduced neutron gap for 280.
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Structure of 27F

PHYSICAL REVIEW C 95, 041301(R) (2017)

Low-Z shore of the “island of inversion” and the reduced neutron magicity toward >0
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'RIKEN Nishina Center, Wako, Saitama 351-0198, Japan
2Peking University, Beijing 100871, People’s Republic of China
8 1y, Beijing P P f
3Advanced Science Research Center, Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195, Japan
4 Department of Physics, Rikkyo University, Toshima, Tokyo 172-8501, Japan
3Center for Nuclear Study, University of Tokyo, RIKEN Campus, Wako, Saitama 351-0198, Japan
®Department of Physics, Tokyo Institute of Technology, Meguro, Tokyo 152-8551, Japan
"Department of Physics, University of Tokyo, Bunkyo, Tokyo 113-0033, Japan
(Received 11 February 2015; revised manuscript received 20 February 2017; published 13 April 2017)

 1/2*in °F identified; shell model calculations using effective interactions indicate that
the N=20 gap is quenched in 2°F, and the "Island of Inversion" extends to proton
number Z=9.
* Strong correlation of 1/2* energy to the N=20 gap, observed energy suggests
persistent reduced neutron gap for 280.
= PRM description - neutron + 280
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Structure of 27F

PRM h2

Hamiltonian [ i =Eqg+ Wi 27+ 1)+ Hc

i

[

— h2

Her = —
€T g

|
Lj-+1_j,)

At small/moderate
Xy deformation,
5/2+ 172+ Coriolis matrix
s = s elements dominate
over intrinsic level
spacings, and
rotation-aligned
Angle ~165° coupling limit s
reached.
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Structure of 27F: PRM Solution

450 _
© 4F Ey+ =31%/.7
8 35F
] - PRM
5 _ S, rigid
w (1+ (5225)%)3/2
1 PR TR T A N SR T

L1 L1 L1 | . 1 |
6.1 012 0.14 0.16 0.18 0.2
Deformation (e,)
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Structure of 2’F: Decoupled Band

0.7::_\ e 52
NG o or
06F Y —— Analytical Wigner d-function
- N
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s & 04 N oy
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Structure of 27F: PRM Solution

State | Energy | (R) E, . (1) (f . 7)/ 7] (ﬁ- 7}/ [R| | Magnetic Moment | Quadrupole Moment
[MeV] [MeV] [1n] [eb]

5/2* 0 053 | 034 | 0.11 2.78 -0.30 4.6 -0.05

1/2% 1.08 1.46 | 2.00 0.5 1.47 -2.14 2.6 0

3/2F 2.2 201 | 254 | -1.12 1.58 -2.18 24 0.027

9/2* 2.6 2,18 | 291 0.04 2.65 1.76 53 -0.09

7/2* 3.2 209 | 271 0.60 2.27 0.12 4.2 -0.02

Population in -1p Knockout

=0 3
Tij2: = Zi=1 Cu21/2 - Csip 2 - My,

=2 T o5/2
O Zap Cse,  Caspa, - U,

~ 13%
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Structure of 27F: PRM Solution

State | Energy | (R) E, . (1) (f . 7)/ 7] (ﬁ- 7}/ [R| | Magnetic Moment | Quadrupole Moment
[MeV] [MeV] [1n] [eb]

5/2* 0 053 | 034 | 0.11 2.78 -0.30 4.6 -0.05

1/2% 1.08 1.46 | 2.00 0.5 1.47 -2.14 2.6 0

3/2F 2.2 201 | 254 | -1.12 1.58 -2.18 24 0.027

9/2* 2.6 2,18 | 291 0.04 2.65 1.76 53 -0.09

7/2* 3.2 209 | 271 0.60 2.27 0.12 4.2 -0.02

Population in -1p Knockout

=0 3
Tij2: = Zi=1 Cu21/2 - Csip 2 - My,

=2 T «5/2
0-§/2+ QP:IIZ Cslznp ’ CdS/ZQp ’ unp

~ 13%

= Measured 11(3)% !

A.O. Macchiavelli, HLC et al., Phys. Lett. B(2017) - in press.
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Summary |

« The low-lying structure of 27F (1/2* state at 1.08 MeV) can be

understood in terms of the rotation-aligned coupling limit of the
PRM

» Coriolis coupling on the d:, proton Nilsson multiplet gives rise to a
decoupled band with 5/2+ bandhead and1/2* with energy
depending on core (80) 2+ energy

 Consistent solution with moderate deformation (g ~ 0.16) and
E(2%)in 280 = 2.5(2) MeV, in line with large scale shell model

e Predictions for double-decoupled band in 3°F — 6- ground state?

A | Nuclear Science
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Rotational Band Structure in 3233Mg

H.L.C. et al., Phys. Rev. C93,031303(R) (2016).

> [
886 ;15: 886 %‘ 44—
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3 | 1438 & I :
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(5/2-) 484
« 33Mg populated in the same experiment shows a rotational
band that can be described in leading order as a neutron
(Nilsson 3/2[312]) coupled to the 3°Mg core
3/2[312] 3/2- 0
. 33M
A. L. Richard. et al., Phys. Rev. C96,011303(R) (2017). g

>

~ | Nuclear Science
frrererrer ‘ |

Division SSNET - November 10,2017 37

BERKELEY LAB



