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Evolution of nuclear structure
(as a function of nucleon number)
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Shell model with residual interaction

H = Hy + Hyesiquai
Start with 2-particle system, that is a nucleus ,,doubly magic nucleus + 2 nucleons*

Hyesiquar = Hi2(112)
Consider two identical valence nucleons with j, and j,

Two questions:

What total angular momenta j, + j, = J can be formed?

What are the energies of states with these J values?
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Nuclear shell structure

Bi209 Table 1 -- Nuclear Shell Structure (from Elementary Theory of Nuclear Shell Structure,
o Maria Goeppert Mayer & J. Hans D. Jensen, John Wiley & Sons, Inc., New York, 1955.)
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Experimental single-particle energies
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Experimental single-particle energies @
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Experimental single-particle energies

particle states
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Coupling of two angular momenta

Jit), allvaluesfrom: j—j, to ji+), (1=])
Example: j; =3,),=5 J=2,3,4,5,6,7,8

BUT: Forj,=jJ,; J=0,2,4,6,...(2)-1) (Why these?)
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Coupling of two angular momenta

How can we know which total angular momenta J are observed for the coupling of two
identical nucleons in the same orbit with angular momentum j?

Several methods: easiest is the “m-scheme”.

Table 5.1 m scheme for the configuration |(7/2)*J)*

J1=17/2 =712

nmi nmo M J
772 5/2 6 |

7/2 3/2 5

7/2 1/2 4

712 =1/2 3 6
712 ~3/2 )

712 -5 1

712 712 0_

5/2 312 4]

512 12 3

52 -172 3 4
52 -3/2 1

52 ~5/2 0|

3/2 172 5]

3/2 37 1 13
3/2 ~3/2 0 |

1/2 -1/2 0] 0

* Only positive total M values are shown. The table is symmetric for M < 0.
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Coupling of two angular momenta

find
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Residual interaction - pairing

> Spectrum of 21°Pb:

208Ph, 56 COre + 2 neutrons

195/2;] = 2,468) v =2

(two unpaired nucleons)

» Assume pairing interaction in a single-j shell

1
(2 IM; |Vpairing (r1, m2) i TM;) = 52 +1D-g v=0]

0, v=2]#0

For the ground state the energy eigenvalue is none-zero;
all nucleons paired (v=0) and spin J=0.

» The J-interaction yields a
simple geometrical expression
for the coupling of two nucleons

—_

Energy MeV)
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Pairing — o-interaction

AE(j1j2 ) = Gz IMIVazljij2 JM) = Uiz JIVazlljijz 1)

1
J2J+1

. 1
wave function: @nem) = ;Rn{(r) - Yom (6, d)

. . =V
interaction: Vi2(8) = —>8(ry — 1) 8(cos8y — cosbz) 5(¢ps — b)
172

AE(jij J) = Vo - FR(nyt1nyty) - A(j2 )

1 1
With  Felmbinsts) = o [ 5 RE, 0, (ORE,, () dr
. . 2
and A(jljzf)=(2j1+1)‘(2j2+1)-<1]/12 2 {))

A. de-Shalit & I. Talmi: Nuclear Shell Theory, p.200
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o-interaction (semiclassical concept)

J? =ji +j5 + 2ljslljzlcos6

JPoji—iz _JU+D—jhGi+ 1D - )0+ 1)

+

E cosf = —

E - 217l 21U + D)2 Gz + 1)
6 J2

A

2 _ 2 2
cosf = 22 for ji=j,=j and j,J>1
]—> j 0 = 0° belongs to large J, @ = 180° belongs to small J
1
example h{, ,,: J=0 6 =180°, J=26~159°, J=4 6 ~137°,
J=6 0~114°, J=860~87° J=100~49°
IS 9 2 \1/?
[ = — 2 = - —_— n— = — 1/2 = —_—
sind =41 — cos j[l 12 sin [(1 - cos0)/2] <1 4],2)
j j ] 2 ) J?\1 1 _ sin?(0/2) _ tan(0/2)
(1/2 —-1/2 ()) ~ _4j2 T _ ]2 1/2 - j2 - sinf T - j2
Ji(1-4p)
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Pairing 6-interaction

/ 2

ﬂ.\" — 0 »(0
2 2+ y o-interaction yields a simple geometrical explanation for
Seniority-lsomers:
Av =2 AE ~ -V, Fy- tan (9,)
for T=1, even J
v energy intervals between states 0%, 2*, 4*, ...(2J-1)* decrease
ot with increasing spin.
Y Je
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The 199Sn / 132Sn region, a brief background

Single particle energies
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The 199Sn / 132Sn region, isomeric states

Single particle energies
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Isomeric states in 196Sn — 112Sn

T1/2 = 28(5) ns T1/2 = 74(4) ns T1/2 = 56(4) ns

6* 6*

2323.6

2365.1 2477.0

O+

T1/2 = 115 S
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Generalized seniority scheme

Seniority quantum number v is equal to the number of unpaired particles in the "
configuration, where n is the number of valence nucleons.

Su‘ 4r Sn I

2 ¢

E gl E"’“‘ﬂ——-ﬂ—u—n-—ﬂ—ﬁ—ﬁ-ﬁo—o—._o__q_o_—nh - T 2+ v=2

L5

[E or g'-—u-—-n»-—c-——n-—n-- -o—O—O——O—O0—O0—O0—0—O0—0—0 o Ei'_ 0* v=20

SI[} SIE 6:5 ‘?:1 EIE
neutron number
energy spacing between v=2 and ground state (v=0, J=0):
-2
E(G"v=2])—E({™v=0,]=0)=(?]IVIj2]) +nT-Vo —g'Vo
= (G2JIVI2]) = Vo independent of n

energy spacing within v=2 states:

) -2
EG™v =2])—EG"v=2]) = [<121|V|12/> +nT‘V0] - [UZJ’IVIJ'ZJ’> = 7 Vo

= G2JIWVIE D = G2V T) independent of n

G. Racah et al., Phys. Rev. 61 (1942), 186 and Phys. Rev. 63 (1943), 367
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Generalized seniority scheme @

Seniority quantum number v is equal to the number of unpaired particles in the j™ configuration,
where n is the number of valence nucleons.

1
E2 transition rates:  B(E2;J; = J;) = T T Jelen:)

) . n-(2j+1—n)
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Generalized seniority scheme g

Seniority quantum number v is equal to the number of unpaired particles in the j™ configuration,
where n is the number of valence nucleons.

2t vy=2

E2 vy 0OF v=20
L %(2) +1)? B(E2;2{ > 0f) =~ f-(1—f)
g ~ NparticIeS*Nholes
pC
°
3 067
+
N
o
d
—
m

0.0

0.0 1.0 2(2]- + 1) = number of nucleons
j

between shell closures

f=n/) @j+1)
J
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Generalized seniority scheme @

Seniority quantum number v is equal to the number of unpaired particles in the j™ configuration,
where n is the number of valence nucleons.

E2 transition rates that do not change seniority (v=2):

2i+1-2
GrlQlm ) = [¥] G2 QU2 )
_ g+l ” -
=5—3 1-2f1-G*Jllel* )
10 T T T T T T T T
E st Sn isotopes -
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A. Blazhev et al., Phys. Rev. C69 (2004) 064304 A. Jungclaus et al., Phys. Rev. Lett. 99 (2007), 132501
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Fig.7. Realistic level diagram for protons.

A. Blazhev et al., Phys.Rev.C69 (2004) 064304
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Core excited states in °8Cd
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Nature of nucleon pair correlations

T=1S=0
Isovector pairing

T=0S=1
Isoscalar pairing

Deuteron-like pair condensate
Does T=0 pairing exist?

** The strong nuclear force is observed to be roughly equally strong between a
proton-proton(pp) pair and a neutron-neutron(nn) pair (charge symmetry) and

%+ on average equally strong between a proton-neutron(pn) pair as between pp and
nn pairs (charge independence).
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What is the ground state structure of N=Z nuclei below °°Sn

For 92Pd and %Cd neutrons and protons
mainly occupy the g 4, subshell

The conventional picture :
P=({vg g2 }0)" X ({7 912 %}0.)"

This would lead to a normal seniority type spectrum of
low-lying excited states
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Shell Model calculations predict strong np-interactions

Model space: g, (and fs, Pajp Py )

R ~ Aligned np coupling:

P=[({vg ot x g 912 }o4) 0+ B v
X [({vg ot X g 9 }74)%10s Y=[({vg o X 18 02" }o4) o+

J. Blomgvist et al.
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Excitation Energy (MeV)
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Pd level systematics near N=Z
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Shell model calculations by J. Blomguvist, R. Liotta, C. Qi
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Experimental results and shell model calculations for °2Pd

experimental shell model calculations
results by Stockholm group
(6%) 2535 8+ 3127 10" 3257
8+ 2749 _, .
+ 8t 2633
750 6+ o466 52600 T ;i )
1+ 997-
(4%) 1786 67T 2110 4+ 2079 4 2212
4T 1708
47 1518 ot 1417
2% 13157

2+ 878 2-1— 797

0+ 0 0" 0 0F 0 ot 0

2P 92Pd 2Pd i 50
SNV T=0 T=1 no np

B. Cederwall et al,, Nature 469 (2011) 68 evidence that T=0 mode of the np-interactions play a role in %Pd?

@
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Experimental results and shell model calculations
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New manifestation of T=0 np “pairing”?

92pg 9%Cd

"Nuclear belly dancers”

Special deuteron-hole cluster like ground states imply significant deformation
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B(E2;0"—2") — sensitive probe of neutron-proton interactions

400

3

B(E2: 02" e’ fm’
I:~8J
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00 " cdno np
LA T
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A A% py =0

V¥V pd T=1

< >H

Z

Shell model calculations by J. Blomgvist, R. Liotta, C. Qi
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Evidence for enhanced collective strength in Te and Xe nuclei approaching N=Z

Te experimental E(2*) and B(E2; 2*— 0%)

1800 L L L L L L 0.2 L L L L L L ..
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*+ Evidence for onset of collectivity, possibly induced
by np pairing in neutron deficient Te and Xe nuclei

T,=1 nucleus 1%Te : B. Hadinia, B. Cederwall et al., Phys. Rev. C 72, 041303 (2005)
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Evidence for enhanced collective strength in Te and Xe nuclei approaching N=Z

Xe experimental E(2%) and B(E2; 2*— 0%)
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*+ Evidence for onset of collectivity, possibly induced
by np pairing in neutron deficient Te and Xe nuclei

T,=1 nucleus 1°Xe; M. Sandzelius, B. Hadinia,, B. Cederwall et al., Phys. Rev. Lett. 99, 022501 (2007)
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1
B(E2 )i~ Jp) = 55— Urllel)’

Seniority changing: 4v = 2
n - (2]+1— n)
| 2-(2j -

gnJ=2lQllj"J =0)* = ] (2] =2lQllj*J = 0)?

(2j +1)2

:T] f-@=1£)-G*7=2lellj*] = 0) f—%—’l forlargen

Seniority conserving: v — v

+1-2n
grnelsn ])—IZJT] G2 Jnelnz )
_ g+ 2 T
= 2ti-2v [1—2f]-G2JNQN* )Y f 2 +1

Example: quad rupole MOMENTS this is why nuclei are prolate at the beginning of a shell and oblate at the end.
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