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New challenges in nuclear structure

126

[1 doubly magic nuclei:
4He’ 160’ 40C8., 48Ca’ 208Pb
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instable: 48Ni, *6Ni, 78Ni, 100Sn, 132G
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New challenges in nuclear structure
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Spectroscopy of transfermium nuclei (Z=100-103)
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Nucleare shell structure
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The deformation of the nucleus changes
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@mrmﬁ Deformed shell model — Nilsson model

Nilsson-model A
» deformed oscillator potential

o axially symmetry around the z-axis
— nuclei can rotate

Hamiltonian

hZ
H=-

m - = -,
5 m-A+E-[wi-(xz+y2)+w§-zz]+C-L-S+D-L2

sinO ~ K/

deformation parameter o
. 2 , 4 » separation of laboratory system and

@1 =% '(“5'5) @2 =% ’(1__'5j body-fixed (intrinsic) system
» K = projection of the single-particle

B2 m 4 < angular momentum onto the symmetry
H=—z_m.A+?w5-r2+C-L-S+D-L2—m-wg-r2-6-5- ﬂ-yzo(e,qb) axis _ _
: : » Rotation perpendicular to the symmetry
shell model with H.O. potential H et axis does not change the K-quantum
number
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—

o Deformed shell model — Nilsson model

. Orbital 1 is closer to the center of gravity than orbital 2.
Ni Isson-model_ _ The energy of orbital 1 is lowest.
» deformed oscillator potential

(attention: negative sign in Hamiltonian)
o axially symmetry around the z-axis
— nuclei can rotate

K2

3 Intruder

1
2 Orbitals are lifted or lowered, K,
E that orbitals from other shells
11| with opposite parity are crossed
2
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Single particle orbitals

R. Chasman et al. Rev. Mod. Phys. 49 (1977), 833
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Which structure have SHEs ? (indirect attempt)
deformed shell model closures for transfermium elements
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Stability of heavy elements — Nilsson energy levels

AML-P-22 262

Rev.Mod Phys. 49, B33 (1877
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Neutron number N

254No (Z=102), 2°Fm (Z=100) and 2°°Cf (Z=98)
with N=152
seem to be more stable than their neighbors

@
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Level scheme of 2°3No (151 neutrons)
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L_evel schemes in neutron-rich Pb isotopes
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@mrmﬁ The magic numbers near stable nuclei

e

Further splitting  Multiplicity

Quantum energy from spin-orbit of states
states of potential effect \ i
well including 1
angular momentum Sr_1 /Zx 93, 8
effects. K
\ /; 2-44+1
1g—— DEps = ——— - 1? - (Vy)
\H‘g + 1/21 { .19‘3:2 10
2p,, 2
2p <’ °, 1, p B Closed shells
e 2p 4 indicated by
1f —-c':‘ i ‘magic numbers”
LS . of nucleons.
— 1, 8
,—————1dy, 4 ] e
25 '.l'"l - : t - L_ix? Kin
fd ————__ 25 2 : =
) td,, 6
———1p, 2 Maria Goeppert-Mayer (1906-1972)
ip——_ "2 Hans Jensen (1907-1973
— 1, 4 ( )
1 -- 1 5 .
s ° ® L magic numbers with constant shell closures

are not so robust, as we thought.
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@EM Nuclear shell structure

S. Raman et al., Atomic Data & Nuclear Data Tables 78, 1
T T T T T T T T T T T

nuclel with magic numbers

neutron / proton:
high energies for 2,* states

Enery of 2; (MeV)

small B(E2; 2,*—07) values
transition probabilities are measured in
Weisskopf units (spu)

BUED (D5

2 \r\ LINES CONNECT ISOTOPES
102 . I ; 1 i I ; I
o s 40 80 1
Neutron Number N

| B.( E.Z; 21+ — ()f) What happens far away from the valley of stability?

180
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Extreme single-particle shell model

-18.45 Op;,—=21.84

proton neutron

> positive parity

energies of shell closure:
BE(197F7) - BE(lgos) = E(OdS/z)
BE(175N3) - BE(lseoa) = —E(O p1/2)

E(0d,,,)-E(0p,,) = BE(JF,) + BE(:N,) - 2- BE(¥0,)
=-11.526 MeV

BE(lgog) - BE(18608) = E(OdS/z)

BE(18507) - BE(18608) = _E(O p1/2)

E(0d,,,)-E(0p,,) = BE(O,) + BE(S0,) —2-BE({0;)
—_11.519MeV

good prediction of
spin

parity © = (-1)¢
magnetic moment

> negative parity
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E (MeV)

Single-particle energies

3/2- I
|
B2~ : ]
: 1dgo| —9096~ | | —680e— | || ~ecoe- | | -esce— | | -ec00-
| ——— 12
2s1/2| —eo— | | —e0— —— | —eO—
1dsg;2 =§= é&e “ﬁ &% $ 050060
- 1p1/2 —~—a0— | || —eo— | [ —o0— | | —w0— | | —we—
1p3/2 E ~e00e- —2000- | | 0000~ | | —s00e- | | —0ooe-
1sy/2 —e— ||| —o0— |} —t0— | ] ——— | | —00—
170: 1/2 - state already at 3.1 MeV
5/2* residual interaction is needed,
170g to reduce the gap between the shells

Single-particle states observed in odd-A nuclei (especially one nucleon + doubly magic nucleus
as “He, 160, 40Ca) are characterized by the single-particle energies in the shell model picture.
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Classic example of anomaly

Several anomalies were observed in shell structures of exotic nuclei: proton-rich or neutron-rich

Classic example : ""Be expected !

3.09MeV 1/2*

gs
13C7 (stable)

The 2s,,, orbital (parity +) and the 1p,,, orbital (parity -) are inverted ?? (parity inversion)
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& Formation of halos and the s-orbital

The s component in the ground state is essential for creating a halo structure.

Schrédinger equation: [—Zh—zvz +V@)| Y@) = E¥(r) W(r)=u, (r)-Y,,(%9)
p
d*u 2du 2. ({’ +1)
2 rar | BV v

centrlfugal barrier ( £ = 0 for s-wave )

neutron-rich nuclei (*Be, 1Li)

— 1instable: flat nuclear potential

— the wave function is extended

— for s-orbitals, the radial extension
Is not blocked by the centrifugal barrier
(halo)
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® Halo nuclei

What can we expect at the neutron-dripline?

A A wave function outside of the potential
e—Kr
‘P(r) o ——
R r
2-u-E
K? = r 0.05-E(MeV) [fm™?]
E
2
, Ir“ dr(e"“r K- r)
<r >= 2 —-K-r 2
J redr (e [ K- r)
The smaller the binding energy, the more extended is the wave function
h? E 2 Uic ~
(r))==— -(1+Kk-R) ~ —— ¢ ¢ A
2K 4-u-Sy 7 Mev 0.35 fm? 0.6 fm-t 1.7 fm
1 MeV 0.05 fm-2 0.2 fm?! 4.5 fm
0.1 MeV 0.005 fm- 0.07 fm! 14 fm
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Halo nuclei

Anomalies of the shell structure was first observed in

UBe (Z=4, N=7) and Ui (Z=3, N=8),
the most famous one-neutron halo and two-neutron halo-nuclei.
(®)
@) ®)
ground-state .
spin (J7) 1/2 3/2-
A A
1d5/2 1d5/2
N=8 ﬁ @ 22 ~ 50% 00 i
1p1/2 —gtOO- 1p112
1p32 —— OO OOOO— 1p3/2 &
1512 QO OO- 112 —0000-
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Change of the magic number near N=8: @

Is the magic number changed only in halo nuclei ?
No! It holds also for 12Be.

This observation indicates a universal
evolution of the shell structure.

A

E(2*) [MeV] 64

collectivity 4,1

. —
: : : >
A 160  14C 12Be
1ZBe 1 A
N=8 . 2s1/2 E(1 ) [M V] —_
- j E o ) [MeV] 6 C—
P2 single- 4=

1p312 _
particle 1 —_
1s1/2
: 1 1 }

160  14C  12Be
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Simplified picture of monopole effects of the tensor force

The specific proton-neutron interaction ( monopole term of the tensor-force ) can change the single-
particle order, depending on the proton-neutron ratio of the nucleus.

The strong attractive p-n force between J. and J_ orbitals ( {Z ? J_r 1;;
for example, t py, and v pys, )
140 12Be

A

1d5/2 1d5/2

2s1/2
1p1/2

A

2s1/2

1p3/2 1p3/2

151/2
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mass (MeV/c?) 1875.61

charge (e) 1

I 1+ @ n
p

binding energy (MeV)  2.2245
magnetic moment (u,) 0.8574 0.8798 py = g (1H) — the deuteron can not be a pure s state! ~ 96% s and 4% d.

quadrupole moment (b)  0.0029 not spherical consistent with s/d-ratio = 96/4

The deuteron is an ideal candidate for tests of our basic understanding of nuclear physics
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@uﬁ Deuteron: quadrupole moment

* The measured nuclear spin of the deuteronisJ =1
* The parity of the deuteron is positive, only even angular momenta £ =0 and £ =2 .
» The magnetic moment of the deuteron yields to x=0.8574- 1, The angular momentum has to 4% the value of ¢ =2
* The deuteron is not spherical.
It has an experimentally determined quadrupole moment of Q = 0.00282 eb.

A free neutron and a free proton have no electric quadrupole moment.

The deuteron can only possess a quadrupole moment because of its angular momentum of £ = 2.
Qzz = fp(F) 12 (3 cos?0 — 1)dr

A pure £ = 0 wave function has a vanishing quadrupole moment, because of its rotational symmetry.

The nuclear force is spin dependent !

The nuclear forces must raise a torsional moment, that depend on the radius r and the angle 6 .

If the nuclear force depends on r and @, then there is a non-central force componenta | €NSOI force
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Simplified picture of monopole effects of the tensor force

The example shows the proton configuration (0ps,,) of 14Cg. The more protons are in Opg, orbital, the more the
Opy,, neutron orbital will be attracted and the shell closure at N=8 develops.

For 12Beg the proton orbital Op,, will be emptied, the interaction is weaker and the neutron orbital Op,,, will be
lifted.

14C 12Be

1d5/2

1d5/2
2s1/2
1p1/2

A

2s1/2

1p3/2 1p3/2

151/2

T. Otsuka et al., Phys. Rev. Lett. 95, 232502 (2005), Phys. Rev. Lett. 97, 162501 (2006)
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The eftect of the tensor force on the £s-coupling

V; reduces Is-splitting.

V; enhances Is-splitting.

M -oomo-j<’
j,

Jo ™ ”

1. jo-j.orj.-J.: repulsion
2. J.- ] attraction

3. If both j_.” and j.” orbits are fully occupied the

tensor force does not act.

cf. Bouyssy et al. PRC 36 (1987) 380
Otsuka et al. PRL 95 (2005) 232502

s ——
s v

V; does not act.
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The eftect of the tensor force on the £s-coupling

1l

v

The tensor force does not act

@@ e 031,2
TC A%

The tensor force reduces the £s-splitting
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Michimasa et al.

(from NPA 787 (2007) 569)

5 MeV

3/2+

5/2+

17F

Bohr & Mottelson vol. 1

0d3),
181/,

0ds/,
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Figure 3. Level schemes in #F, together with the shell model ealculations wsing USD
[0] and SDPF-M [10] effective interactions. The level scheme labeled by USD-imp was
obtained based on the USD by widening the single-particle energy gap between mds s and

mi'_«;l.ez by +1.2 MeV,
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Application to other shells

B-DECAY SCHEMES OF YERY NEUTRON-RICH
SODIUM ISOTOPES AND THEIR DESCENDANTS

D. GUILLEMAUD-MUELLER*, C. DETRAZ* M. LANGEVIN and F. NAULIN
Institut de Physique Nucléaire, BP I, F-91406 Orsay, France

M. DE SAINT-SIMON, C. THIBAULT and F. TOUCHARD

Laboratoire René Bernas du Centre de Spectrométrie Nucléaire | “no

BF 1, F-91406 Orsay, France 14 20.5ms|
and ==
Qo= 18 MJ

M. EPHERRE

Laboratoire René Bernas and CERN, Division EP, CH-121. !
, P, =B3%7: |
Received 6 February 1984 " a

Abstract: The y-activities from the fi-decay of Na isotopes up Flo 2235268
fragmentation and analysed through mass-spectrometry technig Ig
from their Mg descendants. The I_intensities, the fi-delayed o 13
and the [, intensities are measured. Decay schemes are prog !

. 266
location of the first 27° level nf_”Mg, the occurrence of a nucle: i

low-lying 2*
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Nuclear shell model

Status of the art...

40Ca > Doubly Magic

- spherical

- high 2+ energy
- low B(E2)

N=20
v

N=20 N=28

12 16 20 24 N

Evidence of the nuclear shell model:

highrenergies of the 2,* states
for nuclei with magic numbers
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Monopole-interaction of the tensor force

40
20ca20 Z=14 348,
f7/2 et =
Z:=10 INe
N=20
A N=20
0000 e00®e (., - y
rve rve S % 1
1/2 2 Mg
— Ca
dsr2 & | ﬂl\
T Ne
T Y W S
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Monopole-interaction of the tensor force

38
18 ArZO Z=14 348,
f7/2 i -
Z:=10 INe
N=20
A N=20
—ee- - - d3/2 i v
|
-0-0- 00 51/2 2
= Mg Ca
dsr2 & | ﬂl\
T Ne
T \Y% L i S
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Monopole-interaction of the tensor force

36
16 20 Z=14 348,
f7/2 i -
Z:=10 INe
N=20
A N=20
 — - - d3/2 | )
|
-0-0- 00 51/2 2 y
— g Ca
60000 66068 d,, E’\\L
T Ne
T \Y% L i S
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Monopole-interaction of the tensor force

34q;
14 S'zo i €&
f712 == b
Z=10 NG
N=20
4 N=20
Ay (J<) [ /
3|
— o0 S12 S|,
: — g Ca
(J>) e eeeo0e . |
SN N
T \Y W S
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Monopole-interaction of the tensor force

12 Mg20 Z=14 348,
f712 =
Z:=10 Ihe
N=20
A _
o000 Ui . * NIZO
>
—  / ee sy N
. ,,’, e 2 g Ca
(Js) 0000 eeeeee (. g ! /(l\
TN
e v W e S
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Monopole-interaction of the tensor force

10 N€x oY I
f7/2 Z:=12 EMg
Z-10
N=20 eeee®- ds,
A N=20
— / (<) _ | *
—_ - S 3 |
| 1/2 2. I Mg y
(Js) ———es  eeeese | . g | ﬂl\
w | Ne S
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Nuclear shell structure

The shell structure is strongly influenced by the attractive p-n force between J, and J_ orbitals
(7 ds;, and v ds, ).
34Si SUNe

4 of shell 4

0
1d3/2 E M

pf shell
1d3/2

N=20

1d5/2 1d5/2
1p3/2 1p3/2
E(2%) [MeV] 3 \ T
collectivity , R
1

40Ca 385;“ 368 34:Si 32iVIg 30Ne
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Nuclear shell structure

4000 spherical

&
=

Energy (keV)
2
32

E
i Si deformed
0 | |

18 20 22

Evidence of the nuclear shell model:

Nuclear field theory:
] ] Nuclear many-particle problem will be solved relativistically
high energies of the 2,* state

with the consequence: attractive scalar field (S-V)

.. Y repulsive vector field (S+V)
for nuclei with magic number

Relativistic quasi-particle random phase approximation
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4000

2000

4

&8 a 10
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12

Same mechanism :
- small 2* energies for N=8, 20 and 40
- Inversion between normal and intruder states for N=40
- Search for a (super)deformed 0%, state in ®8Ni

Nuclear shell structure
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a0l

- Proof the extreme deformation of ¢4Cr
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Nuclear shell structure

— -

% @ 815’/227 N+8 V. /\%51//2251/2 } N=14

— Role of the t P4/~ v Interaction »

'5 P-4, P32 .P}QR i 22

< T 7=6 | Z=2

i - =t vl = Dy | N=28
712 < —f/ =

= —d.,) /e G

o | e Role of the = de/,- v dg, interaction v

I 5/2 Us/ ds/ v —

¥ e \Y% p- N 5/2

i 7=14 | Z=8

ettty 0 dz, "

_ o N140 L } N=50

i o T 5/2

% f - Réé)e of the & f,,- v fc), mEeractg; 2 T

12 |7
p) 7 {_}n s f 712 - > f Small gaps
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Nuclear shell structure

0.190(3)us .+ N
2760 8 714
2612 — 148 ¢+ 2645 —14)25— 8: 5 21020us o1 N
330 299 —w — 6 3330 T106= 84 s 2 lf;us * AN
2282 —p— 4" 2187 i ot 325 28] — = — 6 N
) 2009 —F— 47 2083 T(4+) S
773 iy J 1
N
—3 2
1509 c 1431 —F— 21 1415 2t 1305 _” @
1509 1431 1415 1395
0o —¥—o* 0o—r— o 0 of o —%—of
92 94 96 98
4>Mos 14Rus, 468450 4gCdso

82

———— ggfz ——
40 40
p1.|"2 e —
—— i
1 f5f2
————— i —
: 28 p3f2 28
' —s-a-ne— —as-20-00-00—
1 f'HQ

26 28 30 32 34 36 38 40 42
N

Hans-Jurgen Wollersheim - 2022




Signatures near closed shells
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Isoscalar neutron-proton pairing in °2Pd
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Future: Nuclear- and Astrophysics

The shell evolution expected for The influence to
medium-mass and heavy nuclei r — process abundances
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Rare Isotope Beam Capabilities Worldwide

Nuclear Physics News

Louvai_ﬁ;]'a:Ne_qu’f'"- International

_~"aDubna 4 RIKEN
T Munich Y B'eij'if'ng &
L ]

Legnaro Lanzhou 2: 4 -R‘

\ el L JAERI/KEK
Delﬂv, I'*Calcutta

CERN/ISOLDE

Catania

feature article

RISING: Gamma Spectroscopy Far from Stability
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