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Systematics of the Scissors Mode in heavy deformed nuclei 

Courtesy A. Richter 



Testing the M1 sum rule of J.Ginocchio PLB265(1991),6  



Important connection between the M1,E2 and E0 e.m.  
operators in strongly deformed nuclei ! 

• Van Isacker, 2012 (arXiiv 1207.3644) 







Magnetic dipole response for  
several deformed rare-earth 
nuclei, determined by inelastic 
electron, photon and proton 
scattering  
 

 
 

A.Richter, Prog. Part. Nucl.  
Phys. 34 (1995),261 
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Experimental methods to study 1+ strength in deformed nuclei 
 
e,-scattering to extract orbital spin strength. Hadron scattering (p,p’) to  
extract spin-flip strength. 

Spherical nuclei 
 
Need to identify strong M1 strength into isoscalar (mainly 2+

1) states 
and identify weak E2 strength into the 0+ ground state (few % of  
B(E2;2+

1  0+
1) value). 

Complementary probes  
 
* Lifetime (DSAM) in (n,n’) and light-ion induced reactions, Coulex in  
   inverse kinematics 
* J  

* -decay branching ratios 
* (E2/M1) mixing ratios  
 
For complete set of states with given J 
 

Classical -ray spectroscopy extended with photon scattering 
 





B(M1) in Xe nuclei  



Recent new developments 

Search for M1 transitions between higher multipole phonon  
excitations: isovector into isoscalar 
 
Octupole phonons: M.Scheck et al., PRC 81 (2010),064305 

Isovector M1 in red 
 
E2 strength in blue 
 
E1 strength in green 



sdf IBM approach 
Smirnova et al. NPA678 (2000),235 



Recent new developments (continued) 

Hexadecapole phonons: M.J.Casperson et al., Phys.Lett. B271(2013),51 

Search for M1 strength in actinides 
 
Use of the High-intensity -ray source facility at TUNL generating 
polarized photons 
Recent new results in 232Th (Adekola et al., RC83(2011),034615) 
and in 238U (Hammond et al., PRC85(2011),044302) 



Theoretical suggestions,... 

Scissors modes in neutron rich (skins) nuclei 
 
Early studies of soft M1 modes in algebraic models by Warner and Van  
Isacker (Phys. Lett. B395(1997),145) and Caprio and Iachello (Phys. Rev.  
Lett. 93(2004),242502). 
Recently renewed interest: Pena Arteaga and Ring (arXiv:0912.0908) of a   
soft M1 mode is obtained in which the deformed neutron skin oscillates  
against a deformed core in a scissors mode.  
 
Can the overtones of the scissors 1+ mode be experimentally observed 
 
Recent papers by Hatada et al. [PRC84(2011),011302 and PRC88(2013), 
014305].  First suggestion made by Sun et al., NPA703(2002),130 
 
Spin scissors mode in nuclei and M1 excitation 
 
Work by Balbutsev, Molodtsova and P. Schuck: NPA872(2011),42 and 
PRC88(2013),014306 
 



Soft M1 modes?? 

Relativistic Quasiparticle 
RPA approach 

 
 

Algebraic approach 

RIA2003:white paper  





(a) Image of the thermal cloud in the trap.     
(b) Image of the condensate after 15 ms of time 
of flight. The condensate expands most rapidly 
along the direction which is initially most tightly 
confined, leading to a 90° difference in 
orientation as compared to the thermal cloud. 



“The experimental discovery of the scissors mode, first predicted  
in a geometrical model, has been one of the most exciting findings in 
nuclear physics during the past two decades” 
 
Quote from Marago et al. (taken from PRL 86(2001),3938) 

Marago et al., PRL 84(2000),2056 

Frequency = 265.6 +/- 0.8 s-1  
Angle= 5.5º (measured) 
 

Compare with 156Gd 
 

 



Scissors mode in metallic clusters 

Mass spectra for metallic clusters 
were produced by Knight et al. 
 
Knight et al., PRL52(1984),2141 
 
Almost 30 years ago 



Scissors mode in metallic clusters 

Extra stability (abundance peaks) at  
specific number N of atoms 8,20,40,58, 
92,138,... Points towards “a shell 
structure” - 
Stable configurations in a square-well  
potential. 
 
Model of ionic core with electrons that 
are bound in a potential well 

Bjornholm et al.,PRL65(1990),1627 

Mass spectra for metallic clusters 
were produced by Knight et al. 
 
Knight et al., PRL52(1984),2141 
 
Almost 30 years ago 



Scissors mode in metallic clusters 

Theoretical description of cluster with N neutral atoms 
 
* N nuclei with Z electrons each: complex Coulomb force problem 
 
* For simple metals (Ag,Al,Na,..): separation into “core” electrons 
  (well-bound and localized in atom) and “valence” electrons. 

Ionic potential: presented by a “pseudo-potential 
- “constant” background charge  

D Heer, Rev.Mod.Phys.65(1993),611  

Model of xN electrons moving in “ionic” potential 
generated by N ions 



Collective modes of the electron “cloud” 

Spherical cluster 

Classical surface (-plasmon) oscillator of the electrons against 
the positive charged cluster  Ashcroft and Mermin, Solid State 
Physics (1976) (Saunders College, Philadelphia) 
 
Equivalent to E1 proton-neutron GDR in nuclei 

Deformed cluster 

Model of Lipparini and Stringari for magnetic excitations of 
orbital nature (M1) Lipparini and Stringari, PRL 63(1989),570 
 
Equivalent to scissors M1 mode in nuclei 
 



For the Na clusters  
B(M1)~  N4/3 2

B 

Self-consistent RPA approach 
 Nesterenko et al., PRL83(1999),333 
 
Remark: N-1/3 dependence in 
             the energy 
              N4/3 dependence of  
              the B(M1)   

No unique experimental data confirming this orbital state at present  





TOPICS FOR FUTURE RESEARCH 



Group at Gent at the “very” start in 1984: 
P. Van Isacker, J.Jolie, A.Frank*,O.Scholten (* both visiting), 
A.Sevrin, J.Sau (Lyon), C.De Coster (1989-1995) 
 
Extensive experimental efforts of many groups, in particular  
Darmstadt, Giessen, Stuttgart, Köln, Münster,TRIUMF, Orsay,... 
over a period of 3 decades ! 
 
Many theorists... 
 
A. Richter and P. Von Neumann-Cosel (review on magnetic dipole 
excitations in 2010) 

 THANKS TO 



Extra slides 



Implicit effect of pairing on B(M1) strength – relation to deformation  

  B(M1) ~ (u v’ - v u’)
2  



Implicit effect of pairing on B(M1) strength – relation to deformation  

(a) Quadrupole equilibrium deformation 
(b) Summed orbital strength in the rare-  
earth region 

2 = 0.27 (0.05) 

B(M1) = 5 2
N 

                     (0.5) 

  B(M1) ~ (u v’ - v u’)
2  

De Coster et al., PRL 63(1989),2797 



Summed M1 strength in the rare-earth 
region: 140Ce -> 198Pt (increments of 
1 2

N). Black zone:  B(M1) > 20 2
N  

(a) 2qp M1 strength in 154Sm: proton (full) 
and neutro (dashed)lines. (b) Full QRPA 
(c) Data in 154Sm from (p,p’)  
[Frekers et al. Phys.Lett.B244(1990),178]      

De Coster et al., PRL 66(1991),2456 





M1 strength in fp shell and lighter rare-earth nuclei  
(N ~ 82, 50 < Z < 66)  

M1 strength can be obtained 
from coupling the lowest 2+

  

with  2
+
 excitations (orbital 

part) – fp shell  
 
Higher-lying 1p-1h excitations  
carry spin-flip GT M1 strength.  
 



M1 strength in light nuclei: fp shell 

Liu and Zamick, PRC36 (1987)2057 (e,e’) scattering: Sober et al., PRC31(1985) 2054 



Members of a K =1+ rotational band in 165Ho(t,)164Dy  
Freeman et al., Phys.Lett. B222(1989),347  

Ex=2.539 MeV 

Ex=2.543(13) MeV from observed 
rotational band structure. 





Shell model predictions of mixed-symmetric states in the 
light even-even Cd nuclei 



Marago et al., PRL86(2001),3938 



(c) (a) 

(b) 

(a):thermal cloud, (b): heavily damped BEC 
(c):condensate: ligthly damped BEC  Marago et al., PRL86(2001),3938 



(c) (a) 

(b) 

(a):thermal cloud, (b): heavily damped BEC 
(c):condensate: ligthly damped BEC  Marago et al., PRL86(2001),3938 



For the Na clusters the frequency M1 becomes  4.6 N-1/3 

For clusters with N~10-100 and typical deformations ~ 0.2-0.4 the 
M1 frequency ~0.2 – 0.6 eV (well below the plasmon frequency of 3.4 eV) 

Rigid rotation relative. 
to Jellium background  

Rotation within 
rigid surface  

 Deformed clusters   



Breaking rotational symmetry via quadrupole distortion 
(xy) induces a LOW ENERGY ORBITAL CURRENT in  
a 2D quantum dot.  

Similar analysis as for metallic clusters, now in 2D, leads 
to  
 
* Orbital current excitation (OCE) with frequency 

*Only keeping the quadrupole distortion (xy), a quadrupole 
  charge-density excitation (QCDE) results with frequency 

[0 = ½(x + y)]  



M1 response <Lz> as function 
of time f(t) and B(M1) response 

B(M1) in two enery intervals 
 
High-energy part: associated 
with quadrupole distortion 
(QCDE) 
Low-energy part: associated 
with orbital excitation 
(OCE)  

Compare with deformed nuclei 
 
* M1 scissors -> OCE 
* K = 1+  comp. of IVGQR ->  
   QCDE 

Serra et al., PRB 60(1999-II),R13 966 



Scissors mode in deformed quantum dots   

Advances in semiconductor technology led to building  
nanostructures with a varying shape. 
Formationof 2-dimensional (2D) quantum dots. 
 
Many properties well described using a parabolic  
confining potential or use concept of a  
Jellium disk 

Alhassid, Rev.Mod.Phys. 72(2000),895 


