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Chiral symmetries exist commonly in nature

 Macroscopic spirals of snail shells and the Human 
hands...

 In geometry, a figure is chiral if it is not 
identical to its mirror image, or it cannot be 
mapped onto its mirror image by rotations and 
translations alone

 Particle physics, chirality is a dynamic property 
distinguishing between the parallel and anti-
parallel orientations of the intrinsic spin with 
respect to the momentum of the massless particle.

 Chemistry, the study of chirality is a very active 
in inorganic, organic, physical, biochemistry and 
supramolecular chemistry.

 Nobel Prize in Chemistry for 2001: the 
development of catalytic asymmetric synthesis

 …



Electric & Magnetic Rotation
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I = 2

E2 Transitions

I = 1

M1 Transitions

Hübel PPNP2005 

Twin PRL1986



Magnetic rotation
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 near spherical or weakly deformed nuclei

 strong M1 and very weak E2 transitions

 rotational bands with  I = 1

 shears mechanism

Frauendorf, Rev. Mod. Phys. 73, 463 (2001).
Frauendorf, Meng, Reif, in Proc. Large γ -Ray Detector Arrays (Berkeley, 1994), 

S . Frauendorf,  Nuclear Physics A557 (1993) 259c-276c



I=1 regular bands



ΔI = 1 Enhanced magnetic dipole transition

How does B(M1) change with spin I ?
Possible problems: mean field approximation / semi-classic approach
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Semi-classic cranking model versus quantum Particle-rotor model 
PAC



Good agreement between TAC and PRM

Semi-classic cranking model versus quantum Particle-rotor model 
TAC



Good agreement with prediction for BM1 versus I
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Semi-classic cranking model versus quantum Particle-rotor 
model: Aplanar rotation



Chiral symmetry in atomic nuclei



h+h+triaxial rotor=MR

p+h+triaxial rotor=Chiral doublets

Chiral doublets bands: experimental signal

两条简并的磁转
动带，由于量子
PRM模型导致分
裂从而可以从实
验上进行观测。



I=2 rotational bands

I=１magnetic 
rotational bands

Shears bands

1. J lies along a principal axis

2. J lies in a principal plane

Chiral doublets bands, Why ?



Chiral bands
Experimental signature:

Degenerate pairs of  I=1 bands

3. J does not lie in any of principal plane

Frauendorf, Meng, Nucl. Phys. A 617, 131(1997 )

 =  y()

Chiral doublets bands, Why ?
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First Observations of the Chiral doublets bands



Observations in Odd-A Nucleus



Observations in A~100  Nucleus



Self- consistent rotating mean field chiral solutions



Critical frequency in Chiral rotations



Selection rule of EM transitions  in Chiral rotations



Observations of the Chiral doublets bands in China



Candidate Chiral bands in A~130 region



Candidate Chiral bands in A~100 region



Candidate Chiral bands in A~80 region?

A~190 region 188Ir:  Balabanski 2004
198Tl: Lawrie2008

China & South Africa 
& Hungary

Mar.20-29 2009
@ iThemba Labs！

Chiral bands in other region

A~80 region



• Up till now, more than 30 candidate have been reported in the A∼80,
100, 130, and 190 mass regions. [Meng and Zhang2010JPG]

• Multiple chiral doublets (MD) were predicted in 2006 [Meng2006PRC]
and experimentally observed in 2013 [Ayangeakaa2013PRL]

Nuclear Chiral chart



Good agreement 
between the experimental

and the PRM calculated  results

Chiral criteria: Near energy degeneracy?

Peng, Meng, Zhang,Phys. Rev.C68, 044324 (2003 )



Near energy degeneracy - chirality？



134 Pr - Chiral candidate  ？？？

End of the story ?



手征原子核:  another best example！？



手征原子核:  another best example！？

Question:  Chiral bands ?

Reproduction of Spectra & transition in 2qp coupled with 
triaxial rotor ! Examine the orientation of the AM



chiral bands

1. nearly degenerate doublet bands

2. S(I) independent of spin

3. identical spin alignments

4. identical B(M1), B(E2) values

6. interband B(E2)=0 at high spin

5. staggering of B(M1)/B(E2) ratios 

Nuclear Chirality：Based on the geometry for one 
particle and one hole coupled to a triaxial rotor with 

gamma=300

A microscopic quantum
many-body model with
n-particles and n-holes !

S.Y. Wang, S.Q. Zhang, B. Qi, and J. Meng, Examining the Chiral Geometry in 104Rh 
and 106Rh, Chinese Physics Letters    2007 24 (3): 664-667 



 Tilted axis cranking (intrinsic frame; microscopic; mean-field; self-consistent; 
semi-classical; no quantum tunneling;)
– Single-j model Frauendorf and Meng NPA(1997);
– Hybird Woods-Saxon and Nilsson model Dimitrov et al PRL(2000)
– Skyrme Hartree-Fock model Olbratowski et al PRL(2004), PRC(2006)
– Relativistic mean field (RMF) theory Madokoro et al PRC(2000); Peng et  al PRC (2008)
– TAC+RPA (135Nd)  S. Mukhopadhyay et al PRL2007;

Theoretical models for nuclear chirality



Theoretical tools for nuclear chirality

Advantage:
 Easily extended to the multi-particle case.
 microscopic method

Tilted Axis Cranking

Problems:
 The cranking model is a semi-classical approach, where the

total angular momentum is not a good quantum number and the
electromagnetic transitions are calculated in semiclassical
approximation.

 The description of quantum tunneling of chiral partners is
beyond the mean field approximation .



 Particle Core Coupling (lab frame; phenomenological; quantum; with 
quantum tunneling; ) 
 Triaxial Particle Rotor Model 

Frauendorf and Meng NPA(1997);  Peng et al PRC(2003);  Koike et al PRL(2004); 
Zhang et.al PRC(2007); Lawrie et al PRC (2008); Qi et al PLB(2009)

– Core-quasiparticle coupling model, which follows the KKDF method     
T. Koike, K. Starosta, and I. Hamamoto, Phys. Rev. Lett. 93, 172502 (2004) 
K. Starosta et al., Phys. Rev. C65 044328 (2004) 

– Interacting Boson Fermion Fermion Model (IBFFM)
Brant,  Vretenar, and  Ventura, Phys. Rev. C 69, 017304 (2004)

– Interacting Vector Boson Model ( IVBM)
Ganev,  Georgieva, Brant, and  Ventura, Phys. Rev. C 79, 044322 (2009) 
Tonev et al PRL(2006)

– Pair Truncated Shell Model / Quadrupole Coupling Model 
Higashiyama, Yoshinaga, and Tanabe, Phys. Rev. C 72, 024315 (2005)
Yoshinaga and Higashiyama, Eur. Phys. J A 30,343 (2006)

Theoretical models for nuclear chirality



Advantage

Theoretical tools for nuclear chirality

 A quantum-mechanical model with the angular
momentum as a good quantum number.

 In the laboratory frame and yields directly the
energy splitting and tunneling between doublet
bands.

Particle Rotor Model

Problem

 In PRM calculation, the quadrupole deformation
parameters β and γ are inputs.
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Theoretical tools for nuclear chirality

Particle Rotor Model  beyond one particle 
one hole configuration



Simulating n-particles-n-holes by pairing

Energy spectra
of 126Cs

configuration:  
one proton in h11/2
one quasi-neutron in h11/2 ：simulate n-neutron holes 

S.Y. Wang, S.Q. Zhang, B. Qi, and J. Meng, Phys. Rev. C 75, 024309 (2007)



Electromagnetic 
properties of 126Cs

S.Y. Wang, S.Q. Zhang, B. Qi, J. Meng,  

Phys. Rev. C 75, 024309 (2007)

Simulating n-particles-n-holes by pairing



135Nd as an example



Many-particle-many-hole & triaxial rotor

Numerical details

 Config：

 deformation  from RMF

 MOI                                justified by data

 intrinsic Q   

 g-factor

2 1
11/2 11/2h h  

229 / MeV

0.235,   =22.4  

2
0 0(3 / 5 ) 4.0Q R Z eb  

/ ,    1 . 2 1 ,    0 . 2 1R p ng Z A g g   

Odd-A Chiral Nucleus 135Nd



奇-A 核135Nd中候选手征带的能谱

Data:  Zhu PRL 2003 
TAC:  Mukhopahyay PRL 2007

Chirality in odd-A nucleus 135Nd  in particle rotor model, 
B.Qi, S.Q. Zhang,  J. Meng, S.Y. Wang, S. Frauendorf,  Phys. Lett. B 675 (2009) 175–180

奇A核135Nd中的手征性
Odd-A Chiral Nucleus 135Nd



B(M1) & B(E2)B(M1) & B(E2)

奇A核135Nd中的手征性

B(M1) & B(E2)的实验
特征被很好的再现

B(M1) & B(E2)的实验
特征被很好的再现

Odd-A Chiral Nucleus 135Nd



角动量期待值角动量期待值

Odd-A Chiral Nucleus 135Nd



角动量投影值角动量投影值

奇A核135Nd中的动态和静态手征性
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 Collective Hamiltonian based on the TAC solutions is developed for
chiral rotation and chiral vibration.
Chen, Zhang, Zhao, Jolos, Meng, Phys. Rev. C87, 024314 (2013).

 Covariant density functional: configuration constraint and
cranking

Beyond phenomenological Cranking approach



Collective 

Hamiltonian
TAC

Q. B. Chen, S. Q. Zhang, P. W. Zhao, R. V. Jolos, J. Meng

Phys. Rev. C87, 024314 (2013).

minimize

Collective Hamiltonian for Chiral Modes



Total Routhian



Potential energy



Mass parameter



With the increasing frequency, the energy difference between levels 1 and 2 decreases.

Energy levels



Wave function and probability distributions



Comparison with exact solutions

• Apart from the agreement of collective Hamiltonian and
PRM results for the yrast band, the partner band of
PRM can also be reasonably reproduced by the
collective Hamiltonian.



Multiple chiral doublets

The investigation followed by:
 Prediction for other odd-odd Rh isotopes:    J. Peng et al., PRC77, 024309 (2008
 Confirmed with time-odd fields included:     J. M. Yao et al., PRC79, 067302 (20
 Prediction for the odd-A Rh isotopes:          J. Li et al., PRC83, 037301 (2011)



MD

Microscopic deformation calculation for chiral Nucleus



MD

MD
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 2013年4月24日：Evidence for Multiple Chiral Doublet Bands in 
133Ce【Phys. Rev. Lett. 110, 172504 (2013)】。

 美国圣母大学的核物理实验组在美国Argonne国家实验室先后于2008
和2011年进行。

 2012年3月至5月，实验组负责人 U. Garg 教授获得北京大学海外学者
讲学计划资助访问中国，

 中国负责物理分析和理论解释，共同合作完成该文章。



MD: Multi Chiral Pair-Bands

Q. B. Chen, J. M. Yao, S. Q. Zhang, B. Qi, 
Chiral geometry of higher excited bands in 
triaxial nuclei with particle-hole 
configuration, Phys.Rev.C82, 067302(2010)

 Ikuko Hamamoto, Possible Presence and 
Properties of Multi Chiral Pair-Bands in Odd-
Odd Nuclei with the Same Intrinsic  
Configuration, arXiv:1307.2970
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DFT: Cranking version

TAC based on Covariant Density Functional Theory
 Meson exchange version:

3-D Cranking: Madokoro, Meng, Matsuzaki, Yamaji, PRC 62, 061301 (2000)

2-D Cranking: Peng, Meng, Ring, Zhang, PRC 78, 024313 (2008)

 Point coupling version: Simple and more suitable for systematic investigations

2-D Cranking: Zhao, Zhang, Peng, Liang, Ring, Meng, PLB 699, 181 (2011)

TAC based on Skyrme Density Functional Theory

Fully self-consistent microscopic investigations

 fully taken into account polarization effects

 self-consistently treated the nuclear currents

 without any adjustable parameters for rotational excitations

3-D Cranking: Olbratowski, Dobaczewski, Dudek, Płóciennik, PRL 93, 052501(2004) 

2-D Cranking: Olbratowski, Dobaczewski, Dudek, Rzaca-Urban, Marcinkowska, Lieder, APPB 33, 389(2002) 



Tilted axis cranking CDFT
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General Lagrangian density

Transformed to the frame rotating with the uniform velocity

Koepf  NPA1989; Kaneko PLB1993; Madokoro PRC1997
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TAC RMF:equations of motion
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Dirac Equation

Potential

Spatial components of vector field are included due to the violation of the 
time-reversal invariance

 ( ) ( )( ) ( ) i i ii M S VV J             
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MR: 60Ni
lightest nucleus with magnetic rotation  

Torres PRC 2008



MR: 60Ni

 Harmonic oscillator shells: Nf = 10

 Parameter set: PC-PK1 

 Configurations:

Zhao, Zhang, Peng, Liang, Ring, Meng, PLB 699, 181 (2011)



Numerical Details

(Py=PRy())

P PxT Px PzT Pz PyT Py

Jx       

Jz       

 Identification of the energy levels

 Symmetry

|nx ny nz ns  |nljmz  |nljmx
Spherical basisCartesian basis 

 Constrained intrinsic framework: principal axes identical with the x, y, z axis.

 2
2 1 2 1

1
2

H H C Q a     2 1 0a  

 Parallel transport principle: fixed the configuration

( δ ) ( ) 1j i     



MR: 60Ni

Zhao, Zhang, Peng, Liang, Ring, Meng, PLB 699, 181 (2011)



MR: 60Ni

Zhao, Zhang, Peng, Liang, Ring, Meng, PLB 699, 181 (2011)



MR: 60Ni

Shears mechanism

Magnetic Rotation

Electric Rotation

Zhao, Zhang, Peng, Liang, Ring, Meng, PLB 699, 181 (2011)



MR: 60Ni

Electromagnetic transition properties
Zhao, Zhang, Peng, Liang, Ring, Meng, PLB 699, 181 (2011)
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 198Pb and 199Pb: MR Yu, Zhao, Zhang, Ring, Meng, 

PRC 85, 024318 (2012)

 58Fe: MR Steppenbeck et al, PRC 85, 044316 (2012) 

Meng, Peng, Zhang, Zhao, 

Progress on tilted axis cranking covariant density functional 

theory for nuclear magnetic and antimagnetic rotation

Frontiers of Physics 8: 1, 55-79 (2013)



AMR: 105Cd
first odd-A nucleus with  antimagnetic rotation

Choudhury  et al., Phys. Rev. C 82, 061308 (2010). 



AMR: 105Cd
 Harmonic oscillator shells: Nf = 10

 Parameter set: PC-PK1 

 Configurations:

 Polarizations:

107Sn 107Sn + [(g9/2)-2] 105Cd
Zhao, Peng, Liang, Ring, Meng   PRL 107, 122501(2011)

Choudhury PRC2010
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AMR: Single particle routhians

Neutron Proton

• Time reversal symmetry broken           energy splitting

• For proton, two holes in the top of g9/2 shell

• For neutron, one particle in the bottom of h11/2 shell, the other six are 

distributed over the (gd) shell with strong mixing

• This configuration is similar to                                   , but not exactly



AMR: 105Cd

Zhao, Peng, Liang, Ring, Meng   PRL 107, 122501(2011)

Zhao, Peng, Liang, Ring, Meng PRC 85, 054310 (2012)



AMR: 105Cd

Polarization effects play important roles in the description of AMR, especially 

for E2 transitions. 
Zhao, Peng, Liang, Ring, Meng   PRL 107, 122501(2011)

Zhao, Peng, Liang, Ring, Meng PRC 85, 054310 (2012)



AMR: 105Cd

Two “shears-like” mechanism

Zhao, Peng, Liang, Ring, Meng   PRL 107, 122501(2011)

Zhao, Peng, Liang, Ring, Meng PRC 85, 054310 (2012)



AMR: 105Cd

In the microscopic point of view, increasing angular momentum results from 

the alignment of the proton holes and the mixing within the neutron orbitals.

Zhao, Peng, Liang, Ring, Meng   PRL 107, 122501(2011)

Zhao, Peng, Liang, Ring, Meng PRC 85, 054310 (2012)



Summary & Perspectives

78

2013-07-25

 Chirality in atomic nuclei is a hot topic  

 Lots of theoretical and experimental progress on chirality in 

atomic nuclei are achieved

 Efforts to understand nuclear chirality more are appreciated


