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Modeling the Atomic Nucleus

he nucleus as a self-organized (not so) many-body system
lHow does it organize itself and what phenomena emerge?
The limit of its existence?
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E=M Nuclear theory: guiding principles

%54 The quest for the mean field
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p-y Motivation
t231 microscopic shell-model description of
(super)heavy nuclei

Ab initio
Configuration interaction (Cl) with a core
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**The nuclear shell model, as we call it, is a full configuration
interaction approach. That is, it considers the mixing effect of




Pb isotopes below N=126
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Dimension

Lanczos approach for Ci .
AX=AX oz

Usually the Lanczos iteration approach is used for the diagonalization since we only need the

lowest a few eigenstates  Lanczos method can covert original matrix to
tridiagonal one, which is easily diagonalized.
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* H operation enhances low-lying components.
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* We diagonalize the hamiltonian by these basis vectors.

* As these vectors are non-orthgonal, we orthogonalize them. * Ground state energy can be obtained by L Lanczos
« These vectors are called Lanczos vectors. vectors. We consider convergence of ground state
energy as a function of L.



¥ Bare” Nucleon-Nucleon Potentia

&8 Argonne V18: PRC 56, 1720 (1997)
- CD-Bonn 2000: PRC 63, 024001 (2000)
- N’LO: PRC 68, 041001 (2003)
- INOY: PRC 69, 054001 (2004)

Perturbation treatment

and many others.
Usually we stop at the second or third order
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Quest of the effective interaction
€ Empirical effective interaction

@ <*USD, B. A. Brown and W. A. Richter, Phys. Rev. C 74, 034315 (2006).
s»fp (KB3, gxpf), 1990s

+»+fpg, M. Honma et al., Phys. Rev. C 80, 064323 (2009)

++gdsh, CQ, Z. Xu, Phys. Rev. C 86, 044323 (2012)

+»*Cross-shell fpg+gdsh to understand the effect of the N=50 shell

T. Back, CQ et al.PRC 87, 031306 (2013). gdsh
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1D to 2D shell structure
Shell evolution at drip lines
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Shell model predictions for the 2+ energies,
which are one of the key quantities for determining the shell gap

6brr—Tr T T T T T T T T T T T rrrrrrrrrrrr1r 11
— 5 " (a) Phenomenological Forces 1 L (b) NN-only Theory N
- . 4 F o
)

z 4 — ‘ A — —
N [~ ’\ /7 \ - - =
> - / / . . -
g 3 - ;o\ o \ 4k -
L / \. / \
‘5 2 - / \ ,/ \ — -
i-.-_.-—‘ \/ \ 1 - —
+ - 1+ ———t el -
N p— - p— —
= _ - b= -
e Experiment
- = GXPF1 - =+ G [SPE_KB3G]
KB3¢ || eee-- V.wi ISPE_KB3G]
Lo b oo oo oo 1 s b 1 a1 41 L+ 1 o 1 3+ 1 3 1 s+ 1 3 1 51 1

42 44 46 48 S0 52 54 56 S8 42 44 46 48 50 52 54 56 58
Mass Number A




£ Single-particle structure of Ca isotopes

T Binding energy
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16 20 24 28 32 36 40 44 48 52 ground-state energies of Ca isotopes, relative to that of “°Ca,
as a function of mass number A.

Simple rules of shell evolution

»HO magic numbers like N=8, 20 disappear;

»New SO magic numbers like N = 6, 14, 16, 32 and 34 will appear;

»The traditional SO magic numbers N = 28 and 50 and the magic number N = 14 will be eroded somehow but
are more robust than the HO magic numbers;

»Pseudospin symmetry breaks, resulting in new shell closures like N = 56 and 90;
»HO shell clo




=8 Monopole Hamiltonian
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nines average energy of eigenstates in a given
configuration.

» Important for binding energies, shell gaps
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Monopole centroids

» Angular-momentum averaged effects of two-body interaction

» The monopole interaction itself does not induce mixing between
different configurations.

» Strong mixture of the wave function is mainly induced by the residual
J=0 pairing and QQ np interaction
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Optimization of the monopole interaction
for Sn isotopes
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FIG. 4. (Color online) Differences between experimental and
calculated binding energies EF‘XPI' — EC a¢ a function of valence
neutron number.

[he ground and yrast excited states in Sn isotopes can be
-eproduced within an average deviation of about 130 keV.

V Random walk (Metropolis)




Binding energy and odd-even staggering Iin
Pb isotopes
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FIG. 9. (color online) Left: Experimental [80] and calculated
shell-model correlation energies as a function of neutron num-
ber; Right: The empirical pairing gaps as extracted according
to Eq. (5).
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2.0} /
Larger pairing energy => Enhanced two-particle clustering at 7
the nuclear surface
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Spin flip in 1011035
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CQ, Z. Xu, Phys. Rev. C
86, 044323 (2012)

B. Cederwall,.., CQ et al., Nature 469, 68 (2011)
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Long quest for np pair correlation

nucleonic Cooper pairs
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H = H,, + Hy
ESM = (U |H|¥ ;)

B ZEQ < Na >+ Z Vim;ap <Na(NB — 5aﬂ)>

a<pB 1+ 5aﬁ
+(Wr|Hp|Y7), (4)
‘Monopole’ truncation V= C—e—e— to,—e——— to,— 4

» The idea behind is that the Hamiltonian is dominated by the diagonal monopole channel.

The monopole interaction can change significantly the (effective) mean field and drive the
evolution of the shell structure.

» Easy to implement and keeps the simplicity of the M-scheme algorithm
» Possibility to include certain intruder configurations
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Shell-model calculations of Pb may provide
> Better description of the (spherical) low-lying levels which may be beyond the scope

of symmetry truncated models like IBM
> Critical te
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&1 B(E2; 0*->2%) in Pb isotopes
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Cd isotopes
PRL 110, 192501 (2013)
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FIG. 2 (color online). Magnetic (a) and quadrupole (b) mo-
ments of !''"12°Cd from this work. The experimental error bars
are smaller than the markers. A straight line is fitted through the
h11/, quadrupole moments, consistent with Eq. (2). The dashed
line indicates the effect of core polarization.
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FIG. 8. (Color Online) Experimental [79, 80] and calculated
B(E2) values on the transitions of the 10 states in even Sn

isotopes. The lower panel gives the calculated occpancies of
the Ohy1 /o orbital in the 10" and 8™ states.




The robustness of the N=Z=50 shell closures

VETENSKAP

PHYSICAL REVIEW C 72, 061305(R) (2003)

1%8Sn studied with intermediate-energy Coulomb excitation

A. Banu,'?* J. Gerl,' C. Fahlander,” M. Gérska,' H. Grawe,' T. R. Saito,' H.-J. Wollersheim,' E. Caurier,* T. Engeland,’
A. Gniady," M. Hjorth-Jensen,” F. Nowacki," T. Beck,' F. Becker,' P. Bednarczyk,'” M. A. Bentley,” A. Biirger,'
F. Cristancho,™' G. de Angelis,” Zs. Dombrédi,'” P. Doomenbal,"'! H. Geissel,' J. Grgbosz,'* G. Hammond,'**
M. Hellstrsm, ' 1. Jolie,'" 1. Kojouharov,! N, Kurz,' R. Lozeva,'" S. Mandal,"¥ N. Mirginean,” S. Muralithar,'** J. Nyberg,'*
J. Pochodzalla,” W. Prokopowicz,'# P. Reiter,'’ D. Rudolph,” C. Rusu,” N. Saito,' H. Schaffner,' D. Sohler,”” H. Weick,'
C. Wheldon,"'" and M. Winkler'

0'30 1 N M L M 1 " N N s 1 X 2 1 N
T ex R
ted |
t — — —
0.25 1 t=4 g9g7d5 ——— |
2 |
NH
~° 0.20 - =
2,
&
A 015 - -
+l
° L
g 0.10 _
m =3
0.05 - o

Neutron number




Veumn N
© | —rLssm* - Lssme Thig Work
(D]
— ~LssM® -- Lssm® 3 GSUIEAC
~ 0.3 vREX-ISOLDE
T + NSCL
oL * ORNL
+ o |0 0 uh A g
<.
o I ] P | | O g
N 0.2
N
m -
0.1~
*
] | L | ] |
2 60 70 )
Neutron Number N

P. Doornenbal et al,arxiv.org/abs/1305.2877




| | |

----------------------------- | NNDC
Oc8 Te ...................... — SMa.

- e — SMb o
0.6 |- .
0.4 4 -

_ 108 ]
0.2 Te hy1 /2 truncation: Fermi+4 particles

0 | l | l l I | | l

52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82
N

T. Back, CQ et al, PRC (R), 84 (4), 041306 (2011)



Te isotopes
2015 update
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FIG. 3. (Color online) Comparison of the theoretical and experi-
mental B(E2;0;; — 2%) values for the Te isotopic chain. The solid
line corresponds to the calculation in which the full model space
(8772, ds2, d32, S172, and hy1/2) has been considered for all nuclei
except 167120Te (marked by small solid squares) while the dashed
line represents the calculation in the smaller space, see the main text
for more details.
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51 Summary

* Introduction to the nuclear shell model/full

configuration interaction approach

**Properties of the effective interaction 4
**Truncation methods

“*Truncation based an a correlated basis

* Applications in Sn, Rb and neighbid i iso
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¥ Pb isotopes below N=126 126 P12
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¥ Pb isotopes below N=126 126 P12
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Pb isotopes below N=126 126 P1o
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N scheme: Simple algorithm; avoid

the complicated angular
Two new computers became available this year momentum coupling
» N~Z Systems are relatively easier to
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factorization technique (as in
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Seniority coupling scheme
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jj coupling instead of LS coupling

properties of the effective interaction
The two-body interaction matrix elements in a single j shell (j*Jr|v|i*JT)
»Isovector (T=1): J=0,2,..,2J-1, J=0 term attractive (pairing), others close to zero
»Isoscalar (T=0): J=1,3,..,2j

<>strongly attractive monopole interaction (mean field)

<> Strong Quadrupole-Quadrupole correlation (which induces ‘deformation’)
<>The np interaction breaks the seniority coupling
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FIG. 3. Comparison of data from various multiplets with j;
=jy and T =1. The values of the matrix elements are divided
by E = }3,lJ1E; /3 ,[J] to display the similarities in the J de-
pendence (or 6 dependence) of the various multiplets.



