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Nuclear Shell Model
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Evolution of Shell Structure and Collectivity
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Evolution of Shell Structure and Collectivity

“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 central, tensor, .
(and 3N) forces in these changes R S ¥ sehganager thian expesied

® shell gap less than expected

Much evidence has been obtained for the existence of deformed ground states,
and a good understanding of the physical mechanism behind the inversion.
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Evolution of Shell Structure and Collectivity

“Classic” magic numbers are RV.F Janssens, Nature, Vol. 435, 2005.
generally correct only for stable § "

and near stable isotopes
Z=2() -----Basssssstie e ——-

Experimental studies of new exotic
isotopes revealed changes in shell

N=32
structure and collectivity, and ;
provided insight on the important e
role played by the central, tensor,
(and 3N) forces in these changes 'NB e

For many body configurations the single-particle energy scale plays a major role

A delicate balance between the —+
monopole field and correlations. H = ESP + GP P + XQQ
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How about the deformed shell model ?



Nilsson Model

* Anisotropic harmonic oscillator potential

1
V(r)= 5 m(a)lzx2 +@yy’ + @iz’ )— Cls— DI’

e If axial symmetry is presumed: @, = @, # @,
e An elongation parameter, ¢, is introduced such that:

1 W, — O
0)320)0(1—26') a)lza)z:a)o(l-i—ggj €=( lwo 3)

eWithout spin-orbit and I?> term the Nilsson energy levels are given by:

1 1 1 3 N
E= ha)l[n1 +Ej+ha)2(n2 +5j+ha)3(n3 +5) = hcoOKN+§j—g[n3 —?ﬂ

e In addition to the principal oscillator number N and its component n; the
Nilsson quantum numbers are A=l, ¥=s,, Q=A+X=j, and parity n=(-1)".

e Nilsson levels are labeled: [Nn;A]QQ™
S. G. Nilsson, Dan. Mat. Fys. Medd 16, 29 (1955).



Nilsson Diagram

¢ The effects of deformation
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Coriolis effects and rotation alignment in nuclei*t
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The Particle plus Rotor Hamiltonian
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The first study
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Coupling Limits
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Structure of 2°F

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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The two odd-even fluorine isotopes 1PE were studied via in-beam y-ray spectroscopy at the RIKEN
Radioactive Isotope Beam Factory. A secondary beam of *°Ne was used to induce one-proton and one-proton—
two-neutron removal reactions on carbon and polyethylene targets at midtarget energies of 228 MeV /u. Excited
states were observed at 915(12) keV for *’F and at 1080(18) keV for *’F. Both were assigned a 1/2] spin and
parity. The low transition energy for °F largely disagrees with shell model predictions restricted to the sd model
space. Calculations using effective interactions that include the neutron pf shell indicate that the N = 20 gap
is quenched for *°F, thus extending the “island of inversion™ to isotopes with proton number Z = 9. Variations
of the N = 20 gap further reveal a strong correlation to the 1/2] level energy in *°F and suggest a persistent
reduced neutron gap for 0.



Structure of 2°F

2. 127 )
: ~1/2
9/2 6
g/ - — —
3/2° % a4l
72" =
- e— a5}
32" : !
: Or
_9/2+f ASO_—
:.' g\i L
(1/27) : = o0r
- : o)
127 & 401
S 20—
> Hol
- L
O_
(527) 527 52° 527

Exp SDPF-MUSDA USDB
29
F



The Nilsson view
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Structure of 2°F: Geometry
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Structure of 2°F: PRM Solution
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Structure of 2°F: Decoupled Band
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Direct reactions
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Macfarlane, M. H., and French, J. B. (1960), Rev. Mod. Phys. 32, 567.



Direct reactions

Sum rules
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Unexpected doubly magic nucleus

Robert V. F. Janssens

NATURE -- Vol 459 -- 25 June 2009
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The structure of a neutron-rich F nucleus is investigated by a quasifree (p,2p) knockout reaction at
270A MeV in inverse kinematics. The sum of spectroscopic factors of z0ds;, orbital is found to be
1.0 + 0.3. However, the spectroscopic factor with residual >*O nucleus being in the ground state is found to
be only 0.36 £ 0.13, while those in the excited state is 0.65 & 0.25. The result shows that the 24O core of >F
nucleus significantly differs from a free 2O nucleus, and the core consists of ~35% 2"'Og_s.. and ~65%
excited #0. The result may infer that the addition of the 0Ods/, proton considerably changes neutron
structure in F from that in 2*0, which could be a possible mechanism responsible for the oxygen
dripline anomaly.

TABLE 1.  Experimental results, integrated cross-sections, and spectroscopic factors. Se,, extracted from experimental cross section
and theoretical single-particle cross sections. Jij is the spin-parity used for theoretical calculations.

Channel ~ Mean [MeV] Width [MeV] 6y, [ub] oy, [ub] JE Sexp Su(USDB) S, (SFO) S, (SPDF-MU)
(PF,%0)  -0.5(1.1) 4.8(1.3) 53(18) 149(24) 5/2* 0.36(13) 1.01 0.90 0.95
(*F,>0) 6.5(1.4) 6.3(9) 81(26) 125(26) 5/2+ 0.65(25) 0.01 0.07 0.05
(BF,20) 12.7(6) 7.6(6) 274(71)  80(24) 1/2- 3.43(1.4) 2.19

(PF,20) 1.0(8) 6.0(6) 61(14) 166(28) 5/2+ 0.37(10) 1.08 0.92 1.00
(*F,?'0) 9.5(4) 7.9(4) 456(67)  93(25) 1/27,3/2 4.9(1.5) 5.21

(BF,20) 18.0(5) 9.7(5)

PRL 124,212502 (2020)



14
1.2

T \%

Spectroscopic factor

Neutron-rich Fluorine

The 0ds;, proton knockout from 2°F populates the 2O ground state with a smaller
probability than the 2*O excited states. This result indicates that the oxygen core of >F
is considerably different from 2*O,, and has a larger overlap with the excited states of
240. The change in the neutron-shell structure due to the Ods, proton may be
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responsible for the small overlap between 2°F and 2*O,

A comparison with the shell model calculations indicates that the USDB, SFO, and
SFPD-MU interactions are insufficient to reproduce the present results. A stronger
tensor force or other mechanism such as the 3N force effects, or both, might be needed
to explain the experimental results. More experimental and theoretical studies are
necessary to clarify the mechanism for the change in the core of neutron-rich fluorine

from the ground state of oxygen isotopes.
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Proton Knockout at NSCL

E16022: M.D. Jones, H. L. Crawford, et al.
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Core of *°F in the rotational model
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F in the PRM
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F in the PRM

Furthermore, in 2°F * the 1* ground and 4+ isomeric
states can be associated with the antiparallel and
parallel couplings of the odd neutron in the dj),
Nilsson multiplet to the structure of >°F.

The former, favored by the Gallagher-Moszkowski

rule gives 1+ as the lowest state and the latter a 4* as
the bandhead of a doubly decoupled band.

* A. Lepailleur et al., Phys. Rev. Lett. 110, 082502 (2013)



Spectroscopic factors

PRM mm) ¥r =) Akl IK). .i
K

2
S;.r(jO) = (Z Ak 1 (i, K))

0. r(jl, K) = V2l jKQ |1f0 e(drldi)

Nilsson amplitudes \

Core overlap



Spectroscopic factors

Final state Sexp *

in 20 Ref. [7] PRMI1 SDPF-MU
Ground 0.36(13) 0.85 0.95
Excited 0.65(25) 0.15 0.05

/

Following: T. Takemasa, M. Sakagami, and M. Sano, Phys. Rev. Lett. 29, 133 (1979).
T. Takemasa, Comput. Phys. Commun. 36, 79 (1985).

(psldi) ~ 0.81°

**Not Quenching ??

* \A simple volume overlap gives (¢r|p;) ~ 1+Q+l%e,2+--- ~ ().85.



Further studies ?

TABLE II. Electromagnetic properties of the low-lying levels of
F in the PRM. Magnetic moments have been calculated using gz =

Z/A and g; = 0.7(gs )free-

E, u 0 B(E2:I — 3"
I (MeV) (n) (efm?) (WU)
g* 0 3.9 —45
%* 1.4 1.9 0 3.9
g+ 3.1 4.6 —7.8 1.9




Summary and conclusions

The low-lying structure of 2°F can be understood in terms of the rotation-aligned
coupling limit of the PRM.

Coriolis coupling on the ds» proton Nilsson multiplet gives rise to a decoupled
band with a 5/2* bandhead.

Calculated proton spectroscopic factors for the 25F(5/2*)(-1p) 24O reaction are in
agreement with the experimental data. The observed fragmentation of the
ds, strength is due to both deformation and a core overlap.

The Nilsson plus PRM picture suggests that the extra proton with a dominant
component in the down-sloping [220] 72 level polarizes 24O and stabilizes its
dynamic deformation. Thus, the effective core in 2°F can be interpreted as a
slightly deformed rotor with E2+ (core) = 3.2 MeV and ¢, = 0.15, compared to the
real doubly magic 240 with E2+ = 4.7 MeV and weak vibrational quadrupole
collectivity.

Electromagnetic observables for the three lowest experimental levels, obtained in

the PRM, suggest that measurements of the magnetic and quadrupole
moments of the 5/2* state as well as Coulomb excitation will shed further light on

the validity of our interpretation.






