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of collectivity can be understood through a competition between the spherical sub-shell 
closure at N=56 and deformed shell gaps at N=60, 62 and 64, i.e. by removing neutrons from 
the up-sloping νg9/2 9/2+[404] extruder orbital (coming from the 78Ni core) into the down-
sloping νh11/2 3/2-[541] orbital driving the nucleus towards large deformation [4]. Microscopic 
calculations have been performed in the Sr and Zr isotopic chains in an extended model space 
using the HFB method and either the surface delta interaction [5], the quadrupole plus pairing 
interaction Hamiltonian [6] or, finally, in a pure shell model calculation [7]. In this last work 
the π − ν interaction between the spin-orbit partners 1πg9/2 and 1νg7/2 was again emphasized 
as being the main mechanism responsible for the shape modification. From the calculations at 
N=58, the ground state wave function in Zr and Sr isotopes contains a fraction of 1πg9/2 
orbital. At N=60, the νg7/2 orbital is being filled and the interaction with the 1πg9/2 orbital 
leads to a shrinking of the Z=40 subshell closure; i.e., the 1πf5/2 and 1πg9/2 effective single-
particle energies become close. As a consequence, multi-particle excitations over the Z=40 
gap become energetically favored inducing collectivity and deformation. This is illustrated in 
the calculations by an important increase of the occupancy of the 1πg9/2 orbital in the ground 
state for the deformed N=60 nuclei, similar to the early analysis [1]. For the neutrons on the 
other hand, the occupancy of the high-lying νh11/2 orbital increases [5,6] underlying its role in 
the development of deformation. This is also supported by the isomer spectroscopy in odd-
mass Sr and Zr isotopes [4]. In the Mo isotopes (Z=42), the 1πg9/2 orbital is being filled and 
proton excitations across the Z=40 gap might have a weaker influence at N=60, which is 
reflected by a smoother decrease of the 2+ energy.  

Figure 1: (left) Excitation energy of the first 2+ state in neutron-rich Zr, Sr and Kr isotopes 
beyond N=50. High excitation energies signal spherical shell closures at N=50 and 56, while 
the strong decrease at N=60 indicates a rapid onset of deformation. (Right) Excitation energy 
of excited 0+ states in neutron-rich Zr and Sr isotopes beyond N=50 showing a similar drop in 
excitation energy at N=60 as the 2+ states. 
 
The shape coexistence scenario is further corroborated by the observation of low-lying 
excited 0+ states in the Zr and Sr chains [8]. The systematics is presented on the right side of 
Figure 1. The drop in energy at N=60 mirrors that of the corresponding 2+ states. In the shell-
model framework, these states are interpreted as proton 2p−2h excitations from the 1πf5/2 into 
the 1πg9/2 orbital. The impressive decrease of the 0+ energy illustrates the complete collapse 
of the Z=40 sub-shell closure at N=60.  
 
Mean field calculations using, for example, the Nilsson-Strutinsky method with a Woods-
Saxon potential [9], the relativistic mean field theory [10], or the Hartree-Fock-Bogoliubov 
approach with the Gogny interaction [11], also reproduce the onset of deformation at N=60 
qualitatively. However, the results of these calculations differ in the details of the deformation 
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CARIBU gas catcher: transforms fission recoils 

into a beam with good optical properties 
� Based on smaller devices developed at ANL 

– Radioactive recoils stop in sub-ppb level impurity Helium gas 
–  Radioactive ion transport by RF field + DC field + gas flow 
– Stainless steel and ceramics construction (1.2 m length, 50 cm 

inner diameter) 
– Fast  and essentially universally applicable  
– Extraction in 2 RFQ sections with ʅRFQs for differential pumping 
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Proposed electronics diagram for CHICO II 
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Anode (20)! CFD (CAEN V812)! TDC (CAEN V1190A)!

500 MHz Bandwidth         
Gain of 200!

16-channel; 1 – 5 ns delay! 128-channel; 100 ps res!

Cathode (80)! CFD (Tenn 454)! TDC (CAEN V1190A)!

500 MHz Bandwidth 
Gain of 800!

4-channel;  
2 ns delay!

128-channel; 100 ps res!

QDC (CAEN V792)!

32-channel; 400 pC !

DIS (LeCroy 4413)!

VME! VME	
  

VME	
  

16-channel; 150 MHz!

NIM! CAMAC! VME	
  

(Delayed ~ 900 ns)!

Scaler (CAEN FW1495SC)!

128-channel; 270 MHz!

VME	
  

Logic/Trig (CAEN V1495)!

Customisable FPGA!

VME	
  

(Gate)!

(Enable)!

(External clock)!

GRETINA!
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Specifica_ons	
  for	
  the	
  firmware	
  for	
  V1495	
  

§  Inputs: 32 channels to group A from the outputs of V812 (Ch. 0 – 19) with the 
width ~ 50 ns and one gamma input (Ch. 31) with the width ~ 600 ns 

§  Outputs; no unnecessary delay 
1)  All channels in group D are the duplication of the inputs to the scaler 

(FW1495SC) 
2)  Channel 16 – 22 in group E are the fan-out outputs with the width ~ 50 ns 

when any one in the inputs is true. [Multiplicity(Ch. 0 – 19)>0] 
3)  Channel 25 – 31 in group E are the fan-out outputs with the width ~ 50 ns 

when any two in first 20 inputs (Ch. 0 – 19) overlapped OR any one in the 
second10 inputs (Ch. 10 – 19) is true. [Multiplicity(Ch. 0 – 19 >=2 OR 
Multiplicity(Ch. 10 – 19 >0] 

4)  Channel 0 – 7 in group E are the fan-out outputs with the width ~ 250 ns for 
the condition set in 2). 

5)  Channel 8 – 15 in group E are the fan-out outputs with the width ~ 250 ns for 
the condition set in 3). 

6)  In Group E, Ch. 23 is the particle single flag with the condition set in 2) and 
Ch. 24 is the particle single flag with the condition set in 3) 
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Firmware	
  diagram	
  



Species	
  extracted	
  so	
  far…	
  

•  	
  Neutron-­‐deficient	
  isotopes	
  
Cs,	
  Xe,	
  Te,	
  Sb,	
  Sn,	
  In,	
  Cd,	
  Ag,	
  Rh,	
  Ru,	
  Pd,	
  Tc,	
  Mo,	
  Nb,	
  
Se,	
  As,	
  Ge,	
  Ga,	
  As,	
  Zn,	
  Co,	
  Fe,	
  V,	
  Ti,	
  K,	
  Al,	
  Mg,	
  Na,	
  O,	
  
C,	
  B**	
  	
  

•  Neutron-­‐rich	
  isotopes	
  	
  
	
  	
  	
  	
  	
  Nd*,	
  Ce*,	
  Pr*,	
  La*,	
  Ba*,	
  Pm*,	
  Sm*,	
  Eu*,	
  Gd*,	
  Rh,	
  Ru,	
  

	
  Tc,	
  Mo,	
  Zr,	
  Sr,	
  Cs,	
  Xe,	
  I,	
  Te,	
  Sb,	
  Sn,	
  In,	
  Li**	
  	
  
	
  
*Extracted	
  as	
  singly	
  or	
  doubly	
  charged	
  ions	
  
**	
  Extracted	
  as	
  molecules.	
  






