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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 rotation Frauendorf, Meng, Reif, 1994

a. near spherical or weakly deformed nuclei

b. rotational bands with ∆I = 1

c. strong M1 transitions and very weak E2 transitions

d. shears mechanism

Pengwei Zhao () RMF-PC 5 / 16



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 198,199Pb

Clark et al., PRL1997

c. in A ∼ 80, A ∼ 110 and A ∼ 140 regions

Amita et al., ADNDT2000

d. 60Ni: 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.

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 84Rb.

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; Bürvenich 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 σ 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.

Investigate the newly observed shears bands in 60Ni 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

Ω = (Ωx, 0,Ωz) = (Ω cos θΩ, 0,Ω sin θΩ) (1)

xα =

(
t
x

)
→ x̃µ =

(
t̃
x̃

)
=

(
1 0
0 R

)(
t
x

)
(2)

Dirac equation:[
α · (−i∇− V (r)) + β (m + S(r)) + V (r)−Ω · Ĵ

]
ψα = εψα (3)

with Ĵ = L̂ + 1
2Σ̂

Potential:

S(r) = αSρS + βSρ
2
S + γSρ

3
S + δS4ρS, (4)

V µ(r) = αV j
µ
V + γV (jµV )3 + δV4jµV + τ3αTV j

µ
TV + τ3δTV4jµTV + e

1− τ3

2
Aµ (5)

Spatial components of vector field are involved due to the time-reversal invariance
broken, and the terms ∝ Ω2 are neglected similar to the meson-exchange version.
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Theoretical framework

Observables

Binding energy:

Etot =

A∑
k=1

εk −
∫
d3r

{
1

2
αSρ

2
S +

1

2
αV j

µ
V (jV )µ +

1

2
αTV j

µ
TV (jTV )µ

+
2

3
βSρ

3
S +

3

4
γSρ

4
S +

3

4
γV (jµV (jV )µ)2 +

1

2
δSρS4ρS +

1

2
δV (jV )µ4jµV

+
1

2
δTV j

µ
TV4(jTV )µ +

1

2
ej0
pA0

}
+

A∑
k=1

〈k|Ω · Ĵ |k〉 (6)

Total angular momentum
〈Ĵ〉2 = I(I + 1) (7)

Quadrupole moments and magnetic moments

Q20 =

√
5

16π
〈3z2 − r2〉, Q22 =

√
15

32π
〈x2 − y2〉 (8)

µ =

A∑
i

∫
d3r

[
mc2

~c
Qiψ

†
i (r)r ×αψi(r) + κiψ

†
i (r)βΣψi(r)

]
. (9)

where Qp = 1, Qn = 0, κp = 1.793, and κn = −1.913.

B(M1) and B(E2) transition probabilities
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〈Ĵ〉2 = I(I + 1) (7)

Quadrupole moments and magnetic moments

B(M1) and B(E2) transition probabilities

B(M1) =
3

8π
µ2
⊥ =

3

8π
(µx sin θJ − µz cos θJ)2 (8)

B(E2) =
3

8

[
Q20 cos2 θJ +

√
2

3
Q22(1 + sin2 θJ)

]2

(9)
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Numerical details

Numerical details

Nucleus: 60Ni;

Harmonic oscillator shells: Nf = 10;

Parameter set: PC-PK1; PWZ, Li, Yao, Meng, PRC2010

Configurations:

M-1
Config1 π[(1f7/2)−1(fp)1] ν[(1g9/2)1(fp)3]
Config1* π[(1f7/2)−1(fp)1] ν[(1g9/2)1(fp)4(1f7/2)−1]

M-2 Config2 π[(1f7/2)−1(1g9/2)1] ν[(1g9/2)1(fp)3]

M-3
Config3 π[(1f7/2)−1(fp)1] ν[(1g9/2)2(fp)2]
Config3* π[(1f7/2)−2(fp)2] ν[(1g9/2)2(fp)3(1f7/2)−1]

Config1, Config2, and Config3 were proposed for M-1, M-2, and M-3 respectively by Torres et al.

Torres et al., PRC2008

Config1* 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 jz = 7/2, the other is jz = −7/2.
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Results and Discussion

Energy spectra

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 I = 9~, I = 11~, and I = 15~ are taken as references in the left, middle and right

panels respectively.

Remarks
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 Config1* 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.

Remarks
a. β: smoothly decrease; γ: smoothly increase.

b. Config3*: γ reduces to nearly zero.
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Results and Discussion

Angular momentum

0 . 5 0 . 7 0 . 9 1 . 1 1 . 3

1 0
1 2
1 4
1 6
1 8

0 . 2 0 . 4 0 . 6 0 . 8 1 . 0 1 . 2 0 . 5 0 . 7 0 . 9 1 . 1 1 . 3

 

I [�
]

�  W   [ M e V ]

 E x p .  ( M - 1 )
 C o n f i g 1
 C o n f i g 1 *

�  W   [ M e V ]

 E x p .  ( M - 2 )
 C o n f i g 2

�  W   [ M e V ]

 E x p .  ( M - 3 )
 C o n f i g 3
 C o n f i g 3 *

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).

Remarks
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 Config1 (left panel), Config2

(middle panel), and Config3 (right panel).

Config1 π[(1f7/2)−1(fp)1] ν[(1g9/2)1(fp)3]

Config2 π[(1f7/2)−1(1g9/2)1] ν[(1g9/2)1(fp)3]

Config3 π[(1f7/2)−1(fp)1] ν[(1g9/2)2(fp)2]
Config3* π[(1f7/2)−2(fp)2] ν[(1g9/2)2(fp)3(1f7/2)−1]
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Results and Discussion

Electromagnetic transition properties
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a. The tendency of

B(M1)/B(E2) is well

reproduced.

b. M-1(M-3): smooth

decrease B(M1) =⇒
shears effect.

c. M-2: small decline of

shears angles =⇒
near-constant B(M1)

d. The B(E2) values are

very small (< 0.02(eb)2).

e. Sharp decrease of B(E2)

values =⇒ band

termination.

f. Attenuating B(M1)

values by factor 0.3, the

data are reproduced

reasonably.

g. Pairing may reduce the

B(M1) value.
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Summary

Summary

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

Applied to investigate the newly observed shears bands in 60Ni systematically.

X 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.

X The tendency of B(M1)/B(E2) 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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Appendix

Relativistic point-coupling model

Lagrangian density:

L = Lfree + L4f + Lhot + Lder + Lem

Nikolaus PRC1992; Bürvenich PRC2002

where: 11 effective parameters

Lfree = ψ̄(iγµ∂
µ −m)ψ (10)

L4f = −1

2
αS(ψ̄ψ)(ψ̄ψ)− 1

2
αV (ψ̄γµψ)(ψ̄γµψ) (11)

−1

2
αTS(ψ̄~τψ)(ψ̄~τψ)− 1

2
αTV (ψ̄~τγµψ)(ψ̄~τγµψ) (12)

Lhot = −1

3
βS(ψ̄ψ)3 − 1

4
γS(ψ̄ψ)4 − 1

4
γV [(ψ̄γµψ)(ψ̄γµψ)]2 (13)

Lder = −1

2
δS∂ν(ψ̄ψ)∂ν(ψ̄ψ)− 1

2
δV ∂ν(ψ̄γµψ)∂ν(ψ̄γµψ)

−1

2
δTS∂ν(ψ̄~τψ)∂ν(ψ̄~τψ)− 1

2
δTV ∂ν(ψ̄~τγµψ)∂ν(ψ̄~τγµψ) (14)

Lem = −e1− τ3

2
ψ̄γµψAµ −

1

4
F µνFµν (15)

Mean-field approximation:

|φ〉 =

A∏
k=1

a†k|0〉

Dirac equation:

i~γ · ~∂ + m + VS + VV γ0 + VTSτ3 + VTV τ3γ0 + VC[(1− τ3)/2]γ0ψk = γ0εkψk

Binding energy:

ET =

A∑
k=1

εk −
∫
d3x{1

2
αSρ

2
S +

1

2
αV ρ

2
V +

1

2
αTSρ

2
TS +

1

2
αTV ρ

2
TV

+
2

3
βSρ

3
S +

3

4
γSρ

4
S +

3

4
γV ρ

4
V +

1

2
δSρS∆ρS +

1

2
δV ρV ∆ρV

+
1

2
δTSρTS∆ρTS +

1

2
δTV ρTV ∆ρTV +

1

2
j0
pVC} (16)

Pengwei Zhao () RMF-PC 17 / 16



Appendix

Relativistic point-coupling model

Lagrangian density:

L = Lfree + L4f + Lhot + Lder + Lem

Nikolaus PRC1992; Bürvenich PRC2002

Mean-field approximation:

|φ〉 =

A∏
k=1

a†k|0〉

Dirac equation:

i~γ · ~∂ + m + VS + VV γ0 + VTSτ3 + VTV τ3γ0 + VC[(1− τ3)/2]γ0ψk = γ0εkψk

Binding energy:

ET =

A∑
k=1

εk −
∫
d3x{1

2
αSρ

2
S +

1

2
αV ρ

2
V +

1

2
αTSρ

2
TS +

1

2
αTV ρ

2
TV

+
2

3
βSρ

3
S +

3

4
γSρ

4
S +

3

4
γV ρ

4
V +

1

2
δSρS∆ρS +

1

2
δV ρV ∆ρV

+
1

2
δTSρTS∆ρTS +

1

2
δTV ρTV ∆ρTV +

1

2
j0
pVC} (10)

Pengwei Zhao () RMF-PC 17 / 16



Appendix

Relativistic point-coupling model

Lagrangian density:

L = Lfree + L4f + Lhot + Lder + Lem

Nikolaus PRC1992; Bürvenich PRC2002

Mean-field approximation:

|φ〉 =

A∏
k=1

a†k|0〉

Dirac equation:

i~γ · ~∂ + m + VS + VV γ0 + VTSτ3 + VTV τ3γ0 + VC[(1− τ3)/2]γ0ψk = γ0εkψk

where,

VS = αSρS + βSρ
2
S + γSρ

3
S + δS∆ρS (10)

VV = αV ρV + γV ρ
3
V + δV ∆ρV (11)

VTS = αTSρTS + δTS∆ρTS (12)

VTV = αTV ρTV + δTV ∆ρTV (13)

VC = eA0 (14)

Binding energy:

ET =

A∑
k=1

εk −
∫
d3x{1

2
αSρ

2
S +

1

2
αV ρ

2
V +

1

2
αTSρ

2
TS +

1

2
αTV ρ

2
TV

+
2

3
βSρ

3
S +

3

4
γSρ

4
S +

3

4
γV ρ

4
V +

1

2
δSρS∆ρS +

1

2
δV ρV ∆ρV

+
1

2
δTSρTS∆ρTS +

1

2
δTV ρTV ∆ρTV +

1

2
j0
pVC} (15)

Pengwei Zhao () RMF-PC 17 / 16



Appendix

Relativistic point-coupling model

Lagrangian density:

L = Lfree + L4f + Lhot + Lder + Lem

Nikolaus PRC1992; Bürvenich PRC2002

Mean-field approximation:

|φ〉 =

A∏
k=1

a†k|0〉

Dirac equation:

i~γ · ~∂ + m + VS + VV γ0 + VTSτ3 + VTV τ3γ0 + VC[(1− τ3)/2]γ0ψk = γ0εkψk

Binding energy:

ET =

A∑
k=1

εk −
∫
d3x{1

2
αSρ

2
S +

1

2
αV ρ

2
V +

1

2
αTSρ

2
TS +

1

2
αTV ρ

2
TV

+
2

3
βSρ

3
S +

3

4
γSρ

4
S +

3

4
γV ρ

4
V +

1

2
δSρS∆ρS +

1

2
δV ρV ∆ρV

+
1

2
δTSρTS∆ρTS +

1

2
δTV ρTV ∆ρTV +

1

2
j0
pVC} (10)

Pengwei Zhao () RMF-PC 17 / 16



Appendix

Numerical details

Identify configuration: quantum number transformation

|nx, ny, nz, ns〉 → |nljmz〉 → |nljmx〉 (11)

Fix configuration: parallel transport

〈φj(Ω + δΩ)|φi(Ω)〉 ≈ 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 θΩ and the total angular momentum vector θJ 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).

Remarks
a. Self-consistency =⇒ Minimizing total Routhian =⇒ Ω ‖ J .

b. θΩ = θJ =⇒ self-consistency is fully achieved.
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