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Introduction
Rotation bands in nuclei

@ Substantial quadrupole deformation
@ Strong electric quadrupole (E2) transitions

@ Coherent collective rotation of many nucleons around
an axis perpendicular to the symmetry axis.
Bohr and Mottelson, ”"Nuclear Structure”, 1975
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Introduction
Rotation bands in nuclei

@ Long cascades of magnetic dipole (M1) transitions in neutron

deficient Pb nuclei
Clark et al., PLB1992; Baldsiefen et al., PLB1992: Kuhnert et al., PRC1992

* Near spherical or weakly deformed nuclei

* Strong M1 transitions

* Very weak E2 transtions
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Introduction

Magnetic rotation

MAGNETIC BN J
ROTATION

@ Magnetic rotation Frauendorf, Meng, Reif, 1994

a. near spherical or weakly deformed nuclei

b. rotational bands with A7 =1
c. strong M1 transitions and very weak E2 transitions

d. shears mechanism
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Introduction

Magnetic rotation bands

@ Experimentally

a. long cascades of M1 transitions in the neutron deficient Pb nuclei
Clark et al., PLB1992; Baldsiefen et al., PLB1992: Kuhnert et al., PRC1992

b. clear evidence: lifetime measurements for four M1-bands in %99ph
Clark et al., PRL1997

c. in A~ 80, A~ 110 and A ~ 140 regions
Amita et al., ADNDT2000

d. 9“Ni: the lightest system in which magnetic rotation has been observed up to date
Torres et al., PRC2008

@ Tilted Axis Cranking (TAC) model (Beyond 1D-Cranking)

a. the first fully self-consistent TAC solutions base on Nilsson model .
Frauendorf, NPA1993

b. qualities of the TAC approximation have been tested with the particle rotor model.
Frauendorf and Meng, ZPA1996

c. semi-phenomenological models: pairing-plus-quadrupole-quadrupole TAC (PQTAC).
Frauendorf, NPA2000

d. fully microscopic investigations: (covariant) density functional theory
Madokoro et al., PRC2000, Olbratowski et al., PRL2004
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Introduction

Covariant density functional theory — Cranking version

Covariant density functional theory (CDFT) has achieved great success in describing lots of
nuclear phenomena in stable as well as exotic nuclei.

Pengwei Zhao () 7/ 16




Introduction

Covariant density functional theory — Cranking version

Covariant density functional theory (CDFT) has achieved great success in describing lots of
nuclear phenomena in stable as well as exotic nuclei.

@ Cranking model based on CDFT (Cranking Relativistic Mean-Field (RMF))

a. without any additional parameters in describing rotational excitations.

b. 3D-Cranking RMF: Magnetic rotation in *'Rb.
Madokoro, Meng, Matsuzaki, Yamaji, PRC 62, 061301 (2000)

c. 2D-Cranking RMF: Systematic investigations of magnetic rotation.
Peng, Meng, Ring, Zhang, PRC 78, 024313 (2008)

@ RMF model based on the point-coupling (PC) interaction
Nikolaus et al., PRC1992; Birvenich et al., PRC2002; PWZ, Li, Yao, Meng, PRC2010

a. avoid the possible physical constrains introduced by explicit usage of the Klein-Gordon equation to
describe mean meson fields, especially the fictitious o meson.

b. possible to study the role of naturalness in effective theories for nuclear structure related problem.

c. provide more opportunity to investigate its relationship to the nonrelativistic approaches.
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Covariant density functional theory — Cranking version

Covariant density functional theory (CDFT) has achieved great success in describing lots of
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@ Cranking model based on CDFT (Cranking Relativistic Mean-Field (RMF))

a. without any additional parameters in describing rotational excitations.

b. 3D-Cranking RMF: Magnetic rotation in *'Rb.
Madokoro, Meng, Matsuzaki, Yamaji, PRC 62, 061301 (2000)

c. 2D-Cranking RMF: Systematic investigations of magnetic rotation.
Peng, Meng, Ring, Zhang, PRC 78, 024313 (2008)

@ RMF model based on the point-coupling (PC) interaction
Nikolaus et al., PRC1992; Birvenich et al., PRC2002; PWZ, Li, Yao, Meng, PRC2010

a. avoid the possible physical constrains introduced by explicit usage of the Klein-Gordon equation to
describe mean meson fields, especially the fictitious o meson.

b. possible to study the role of naturalness in effective theories for nuclear structure related problem.

c. provide more opportunity to investigate its relationship to the nonrelativistic approaches.

In the present work: PWZ, Zhang, Peng, Liang, Ring, Meng, PLB2011
@ The self-consistent TAC-RMF theory with PC interaction is established.

o Investigate the newly observed shears bands in “’Ni systematically as an example.
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Theoretical framework

Tilted axis cranking relativistic point-coupling model

@ The Lagrangian is transformed to the frame rotating with the uniform velocity
Koepf NPA1989; Kaneko PLB1993;, Madokoro PRC1997

) = (£2,,0,9,) = (Qcosbq, 0, 2sin ) (1)
@GN e

@ Dirac equation:
- (<iV = V() +Bm+ S+ V() - Q- F| o=t (3)

with J = L + 1%
e Potential:
S(r) = asps + Bsps +1sps + 0sLps, 1 (4)
B,

VE(r) = avit + wih)® + ov ANl + magyiby, + morvNjh, + e Al (5)

@ Spatial components of vector field are involved due to the time-reversal invariance
broken, and the terms oc ()? are neglected similar to the meson-exchange version.
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Theoretical framework
Observables

@ Binding energy:

1 1
Fitot = ZEk - /d 7“{ @SP5+ 2041/]1/(]‘/) + 204TV]T\/<JTV>
k=1
+5 8505 + Jvsps + v v (Gv),) ¥ 505Ps ps + - S0V )uBy
A
1 . . I -
+50rv iy ATV )u + iejngO} +) (k|- Tk (6)
k=1
@ Total angular momentum A
(J)" =I(I+1) (7)
@ Quadrupole moments and magnetic moments
B 5 5 o9 /15
Q20 = 167r<32 ), Qo= 327T<$ v) (8)
- mc?
B = Z/dST [EQizpj(r)r X a;(r) + /@w;f(r)ﬁzwi(r)] . (9)

where (), = 1, (), = 0, K, = 1.793, and k,, = —1.913.
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Theoretical framework
Observables

@ Binding energy:

A
o = 3 [ @ {Gasei + qavitln, + arvit nv)
EE sy 2 Lo o "
+2Bsps + vsps + v (v)u)” + 50spsBps + S0v(iv)uliy
1 1 4 .
drvity Al + geito ) + (R T10 (6
k=1
@ Total angular momentum
(J)* =1(I+1) (7)

@ Quadrupole moments and magnetic moments

@ B(MT1) and B(FE2) transition probabilities

3 3 .
B(M1) = 8—7r'ui 8—7T(,ux sinfy — i cos ) (8)

2
B<E2) — g [QQO COS2 QJ + \/§Q22<1 + sin2 QJ)] (9)
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Numerical details
Numerical details

@ Nucleus: °“Ni;

@ Harmonic oscillator shells: N, = 10;

@ Parameter set: PC-PK1: pwz, Li, Yao, Meng, PRC2010
e Configurations:

wp | Confiel | al(1fr) ' (fp)'] | vl(1go)' (/)

M-2 | Config2 | m[(1fr2) " (1go2)'] | v[(1g0s2)"(f)°]
M3 | Configd [ wl(Lfre) (/)] | vl(lgos2)(fp)]

@ Configl, Config2, and Config3 were proposed for M-1, M-2, and M-3 respectively by Torres et al.
Torres et al., PRC2008
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Numerical details
Numerical details

@ Nucleus: °“Ni;

@ Harmonic oscillator shells: N, = 10;

@ Parameter set: PC-PK1: pwz, Li, Yao, Meng, PRC2010
e Configurations:

Configl
Configl*

(1f772) (1g9/2)"(fP)
(1f72)~( (1g9/2)"(fP)
M-2 | Config2 | m[(1f7/2) "(1gos2)'] | [(1g9s2)'(fp)"]
(1f772) (199/2)*(fp)’]
(1f72) (1g9/2)"(fP)

lﬁl

M-1

|ﬂ|

Config3 | 7|

M-3 Config3* | 7|

@ Configl, Config2, and Config3 were proposed for M-1, M-2, and M-3 respectively by Torres et al.
Torres et al., PRC2008

@ Configl™* and Config3* have to be introduced to describe M-1 and M-3 completely.
@ For Config3*, the two proton holes are paired, i.e., one is j. = 7/2, the other is j. = —7/2.
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Results and Discussion
Energy spectra
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Figure: Energy as a function of the total angular momentum in the tilted axis cranking RMF calculation in
comparison with the available data for band M-1 and M-4 (left panel), M-2 (middle panel), as well as M-3

(right panel). The energy at / = 9h, [ = 11h, and [ = 15h are taken as references in the left, middle and right
panels respectively.
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a. The experimental energies are reproduced quite well.

b. The appropriate configuration could not be followed up to the largest observed spin.
c. The data for high-spin states in band M-1 and M-3 can be well reproduced with Configl* and Config3*.
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Results and Discussion

Deformation
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Figure: Deformation parameters as functions of the rotational frequency in the tilted axis cranking RMF
calculations.

a. [3: smoothly decrease; ~: smoothly increase.

b. Config3*: ~ reduces to nearly zero.

Pengwei Zhao () 12 / 16



Results and Discussion

Angular momentum
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Figure: Total angular momentum as a function of the rotational frequency in tilted axis cranking RMF
calculation in comparison with the data for band M-1 (left panel), M-2 (middle panel), as well as M-3 (right

panel).

a. The calculated total angular momenta well agree with the data which also demonstrates that the
relativistic TAC calculations can reproduce the moments of inertial quite well.

b. Observed backbending in M-2 and M-3 bands = transitions from one configuration to another.
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Results and Discussion

Direction of the total angular momentum vector
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Figure: Composition of the total angular momentum at both the bandhead and the maximum rotational
frequency in tilted axis cranking RMF calculations with the configuration of Configl (left panel), Config2
(middle panel), and Config3 (right panel).
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Results and Discussion

Electromagnetic transition properties

a. The tendency of
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Summary

@ The self-consistent TAC-RMF theory with PC interaction has been established.

e Applied to investigate the newly observed shears bands in “’Ni systematically.

v" The competition between configurations and transitions from magnetic to electric rotations have to
be considered to reproduce the energy spectra as well as the band crossing phenomena.

v" The tendency of B(M1)/B(FE2) is in a good agreement with the data, in particular, the B(M1)
values decrease with increasing spin as expected for the shears mechanism.
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Summary

@ The self-consistent TAC-RMF theory with PC interaction has been established.

e Applied to investigate the newly observed shears bands in “’Ni systematically.

v" The competition between configurations and transitions from magnetic to electric rotations have to
be considered to reproduce the energy spectra as well as the band crossing phenomena.

v" The tendency of B(M1)/B(FE2) is in a good agreement with the data, in particular, the B(M1)
values decrease with increasing spin as expected for the shears mechanism.

Thank, you!
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Appendix

Relativistic point-coupling model

@ Lagrangian density:

Finite-range Zero—range
[ = Efree 4+ L4f + Lhot 4+ £der 4+ £em ——————
Nikolaus PRC1992; Biirvenich PRC2002
g¢ -
+

_g¢ _

¢
where: 11 effective parameters

LI = §(in 0" — m) (10)
£ = —as()(§v) — v (D) (579) (11)

—0rs(FFO) D7) — Soav (@) (F7"Y) (12)

£ = —285($0)° — 5P} — vl @) (13)

1

L7 = —285D,(6)D () — 0vDu() (")

_%5”@ (VFY)D (7)) — l(swaywwaymmw (14)
[fem o — 1_7-3¢7N¢A —iF VFW (15)




Appendix

Relativistic point-coupling model

@ Lagrangian density:

Finite-range Zero—range
[ — Efree 4+ L4f + Lhot 4+ £der 4 Lem ___¢i__ ——)
Nikolaus PRC1992; Biirvenich PRC2002

_g; _g; + _g; \V/ 2
. L -V +m; mgoomy
@ Mean-field approximation:
A
_ T
9) = Hak!0>
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Appendix

Relativistic point-coupling model

@ Lagrangian density:

Finite-range Zero—range
[ — Efree 4+ L4f + Lhot 4+ £der 4 Lem ___¢i__ ——)
Nikolaus PRC1992; Biirvenich PRC2002

_g; _g; + _g; \V/ 2
. L -V +m; mgoomy
@ Mean-field approximation:
A
_ T
9) = Hak!0>

@ Dirac equation:
iy - 0+ m+ Vs + Vi + Vgt + Vv + Ve (1 — 13) /200 = Yoertn

where,

—_
o

Vs = agps + Bspe + vsps + 0sAps
Ve = avpv +wpy + dvilpy

Virs = arsprs + orsAprs

Vv = arvprv + 0rvApry
Vo = eA
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—_
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Appendix

Relativistic point-coupling model

@ Lagrangian density:

Finite-range Zero—range
[ — Efree 4+ L4f + Lhot 4+ £der 4 Lem ___¢i__ ——)
Nikolaus PRC1992; Biirvenich PRC2002

_g; _g; + _g; \V/ 2
. L -V +m; mgoomy
@ Mean-field approximation:
A
_ T
9) = Hak!0>

@ Dirac equation:
iy - 0+ m+ Vs + Vi + Vgt + Vv + Ve (1 — 13) /200 = Yoertn

e Binding energy:
A

1 1 1 1
Er = ; € — /d?’:z:{éasp% + éCWP%/ + éaTSP%S + éaTszTV
2 3 3 1 1
+§551035 + ZYSP%* + EWPZLV + §6SIOSAPS + §5vpvﬁpv
1 1 L.
—|—§(5TS,0T5A,0TS T §5TV,0TVAPTV + 5]2‘/0} (10)
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Appendix
Numerical details

@ ldentify configuration: quantum number transformation
sy ey ) = [nljm.) — ndjm,) (1)
e Fix configuration: parallel transport
(@5 (€2 +0Q)|di(£2)) = 1 (12)
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Appendix

Self-consistency of the tilted axis cranking
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Figure: Tilt angle of the tilted axis 6, and the total angular momentum vector € ; as functions of the rotational
frequency in the tilted axis cranking RMF calculations for band M-1 (left panel), M-2 (middle panel) and M-3
(right panel).

(&

a. Self-consistency == Minimizing total Routhian =— € || J.

b. 6 = 0; = self-consistency is fully achieved.
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