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What we do….
Measure nuclear ground/isomeric states properties

• Spins
• Nuclear moment (u,Q)
• Mean square charge radii

To probe…
• Nuclear wave function
• Deformation and collectivity
•….

By using…
•Laser spectroscopy at ISOLDE, CERN 
COLLAPS: collinear laser spectroscopy
CRIS :collinear resonance ionization spectroscopy

•β-NMR at LISE, GANIL

We also do…
β-NMR and β-asymmetry measurement of radioactive isotopes polarized by laser
technique at VITO-ISOLDE (New beam line commissioned this year)

To study.. (near future)
nuclear physics, fundamental interactions, material and life science

Nuclear Moment group
Prof. Gerda Neyens

This talk



with thanks to the COLLAPS and CRIS collaborations at ISOLDE-CERN
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Research interests in our group
Main focus: - transition regions between/towards closed shells

- towards exotic doubly-magic nuclei

O and F: towards N=16

Sn region : Cd, Sn, Sb…
towards N=50 and beyond N=82

Ca region: K, Sc, Ca
beyond N=32 and up to N=34

78Ni region and beyond: eg. Ni, Cu, Zn, Ga, Ge….
across N=40 and up to N=50

Pb region:
around Z=82,Fr, Po, Ra
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My research focus on…
Main focus: - transition regions between/towards closed shells

- towards exotic doubly-magic nuclei

O and F: towards N=16

Sn region : Cd, Sn, Sb…
towards N=50 and beyond N=82

Ca region: K, Sc, Ca
beyond N=32 and up to N=34

78Ni region and beyond: Zn, Ge….
across N=40 and up to N=50

Pb region:
around Z=82,Fr, Po, Ra
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• Magnetic dipole HF parameter 

• Electric quadrupole HF parameter

• Centroid ν0
Isotopes shift

Atomic parameters

How to measure?     =>Probe the hyperfine structure

I, µ

Q

<r2>1/2

△E= A・K/2 + B・{3K(K+1)/4 –I(I+1)J(J+1)}/{2(2I-1)(2J-1)IJ}, K=F(F+1)-I(I+1)-J(J+1)

What we learn?     => few examples will follow.



Nuclear spinsó shell evolution!

T. Otsuka et al, PRL 104, 012501 (2010)
T. Otsuka et al, PRL 95, 232502 (2005)

vg9/2
πf5/2

πp3/2

K. T. Flanagan et al., Phys. Rev. Lett. 103, 142501 (2009) 

neutrons in g9/2
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Neutron excitations 
across  N = 40

Magnetic moment  (g-factor) ó Wave function

Excitations across N = 40 induce increase 
in proton excitations across Z = 28
(type-II shell evolution Tsunoda et al., PRC89, 2014)

C.Babcock, H. Heylen et al., PLB 750 (2015) 176

pf

40Ca

GXPF1A

f7/2

p1/2
p3/2
f5/2

pf

48Ca

LNPS

f7/2

p1/2
p3/2
f5/2

g9/2

pfg

vs

Honma, PRC65 (2002);   Lenzi, PRC82 (2010)



Quadrupole moment ó deformation/ correlations

à neutron excitations are needed from N =36 onwards,
into νg9/2 and νd5/2 !

C.Babcock, H. Heylen et al., PLB 760 (2016) 387 
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Excitations to 
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only to νg9/2

Onset of deformation 
•Particle-hole excitations across N = 40, N=50



Charge radiió shell gap / magic numbers

Ø large charge radii of 52 Ca   --no signature for shell closure at N=32 ?
Ø same trend as Fe                 --no shell closure is expected

R.F. Garcia Ruiz et al., Nature Physics 12 (2016) 594 
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laser spectroscopy techniques:
Collinear laser spectroscopy (COLLAPS)
Collinear resonance ionization spectroscopy (CRIS)
In source spectroscopy
Laser spectroscopy of trapped ions/atoms

laser	photon

Detect	photons

λ1

λ2

at COLLAPS at CRIS

@ ISOLDE and using Cooled bunched beam

GS

Ex

GS

Ex

IP

detect	ions





Collinear Laser Spectroscopy @ISOLDE-CERN 

Ion beam
from HRS 

RFQ buncher

Post-acceleration 
voltage     

CEC

PMTs
Electrostatic 
deflectors

481.1873 nm

Gated signal for PMTs       Reducing the background photon counts

荧
光
探
测

3P2

3S1

Laser excitation Photon detection

C
ounts from

 PM
Ts

Laser frequency
16

Well demonstrated technique for high resolution



58Ni
59Ni
60Ni
61Ni
62Ni
63Ni

64Ni
65Ni
66Ni

67Ni
68Ni
70Ni

Pictures courtesy Liang Xie (ISOLDE workshop 2016)

HFS of Ni isotopes across N = 40
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IP

Collinear resonance ionization spectroscopy @ISOLDE - CERN 

Scan laser frequency

C
ounts of ions

TOF Gated signal for MCP

Pictures courtesy of Kara Lynch



HFS of Cu isotopes 
--with high-resolution (70MHz) and high efficiency (1%)

Injection locked pulsed Ti:Sa
laser for 249 nm (Tripled) and
Pulse dye laser (doubled)

Pictures courtesy of R.P. de Groote (ISOLDE workshop 2016)

AI

314 nm

249 nm

P3/2

S1/2
GS

Ex

IP

20 ions/sNew data
76Cu: 3-, u, Q moments, <r2>1/2

77Cu: Q , <r2>1/2

78Cu: (6-), u, Q moments, <r2>1/2
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62-80Zn experiment

Spins, moments, charge radii

Ni Regions 
• Role of tensor force 
• Sub/shell closure N = 40，50
• Collectivity above N = 40,
• ….....

28
1f7/2
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2p3/2

2p1/2

1g9/2

3s1/2
1g7/2
2d5/2 50

40

Proton Neutron

Zn 
(Z=30)



Collinear Laser Spectroscopy (Zn)

Ion beam
from HRS 

RFQ buncher

Post-acceleration 
voltage     

CEC

PMTs
Electrostatic 
deflectors

Gated signal for PMTs       Reducing the background photon counts

480.7254

600 ms measurement time
(3 bunher * 200 AT)
=> After each proton pulse (1.2 s)



Spins assignments

481.1873 nm
3P2

3S1

1S0

Aup

Adown

New confirmed spins

Ratio Aup/Adown:constant
（hyperfine anomaly is negligible）

A(S1) / A(P2) =2.383(2) 

èdepends on nuclear spin assumed  
in fitting procedure
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----

3/2-

C. Wraith, X.F. Yang et al., to be submitted to Phys. Lett. B (2016)

I= 3/2



Spins assignments

D. Verney et al., Phys. Rev. C 76, 054312 (2007)   M. Honma et al., Phys. Rev. C 80, 064323 (2009) 
Y. Tsunoda et al., PRC 89, 031301(R) (2014)   F. Nowacki et al., http://arxiv.org/abs/1605.05103 (2016)  



g-factors (magnetic moment) 
Information on the orbit occupied by unpaired neutron(s):  
compare data to effective single particle g-factors    (0.7 gs

free)
Effective single-particle g factor 

ü the ½- states have a hole in νp1/2

ü all high-spin isomers have hole(s) in 
νg9/2

ü positive parity of the ½ isomer in 79Zn 
confirmed à only νs1/2 has strong 
negative g-factor

1f5/2

2p1/2

1g9/2

3s1/2
1g7/2
2d5/2 N=50

C. Wraith, X.F. Yang et al., to be submitted to Phys. Lett. B (2016)

----will be discussed in details later



g-factors (magnetic moment) 

9/2+ 9/2+ 5/2+ 7/2+ 7/2+ 9/2+

➔ well reproduced by the JUN45/LNPS-m interaction
➔ the 5/2+ state in 73Zn has more mixing 

JUN45 jj44b

C. Wraith, X.F. Yang et al., to be submitted to Phys. Lett. B (2016)
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69Zn39     
71Zn41      

73Zn43      
75Zn45       

77Zn47      
79Zn49          

for the positive parity high-spin levels calculated by JUN45

Occupation numbers of proton/neutron

• An inversion of occupation occurs in πp3/2  / 
πf5/2 around 76Zn46(Z=30), which is 
consistent with the inversion of the proton 
orbit due to tensor effect. It is known to 
occur in 75Cu46 (Z = 29) and 79Ga48 (Z = 31).

• A kink appear around 73Zn, suggesting 
an increase of  configuration mixing for 
the 5/2+ isomer in 73Zn

• P-h excitations across N = 40 in 69-77Zn

C. Wraith, X.F. Yang et al., to be submitted to Phys. Lett. B (2016)

• As neutrons are added to the g9/2, the 
occupation number in πf5/2 increase but 
decrease in πp3/2. 



Quadrupole moments

Quadrupole moments could be well produced from all shell motel interactions

C. Wraith, X.F. Yang et al., to be submitted to Phys. Lett. B (2016)

5/2-
5/2-

5/2+

9/2+

9/2+

7/2+

7/2+
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Charge radii of Zn

M. L. Bissell et al., “Phys. Rev. C,” (2016); T. J. Procter et al., Phys. Rev. C 86, 034329 (2012).
N. Wang and T. Li, Phys. Rev. C 88, 011301 (2013). I. Angelia et al, At. Data Nucl. Data Tables99, 69 (2013).

X. Liang, X.F. Yang et al., in preparation(2016)

• Charge radii of Zn isotopes follows the general trend in Ni region

• The effect of N = 40 sub shell closure becomes weaker as the increase of Z

N=28 N=40 N=50

Preliminary results



• ½+ intruder isomer in 79Zn
--- spins, moments, charge radii

--- half-live, energy levels 28
1f7/2

28

1f5/2
2p3/2

2p1/2

1g9/2

3s1/2
1g7/2
2d5/2 50

40

Proton Neutron



g-factor & wave function of 79Zng,m

2828

1f5/2
2p3/2

2p1/2

1g9/2

3s1/2

2d5/2
50
40

Proton Neutron

2828

1f5/2
2p3/2

2p1/2

1g9/2

3s1/2

2d5/2 50
40

X.F. Yang et al., PRL 182501 (2016);



g-factor & wave function of 79Zng,m

A3DA(d5/2 only)

PFSDG-U (sdg)

F. Nowacki et al., 
http://arxiv.org/abs/1605.05103 (2016)  

Y. Tsunoda et al.,
PRC 89, 031301(R) (2014) 

C. Wraith, X.F. Yang et al., to be submitted to Phys. Lett. B (2016)



Charge radii of 69-79Zn

Significate increase in MS charge radius (~ 0.2 fm2)
--larger deformation of the isomer state?



v Isomer shift in Zn isotopes and N=49 isotones



1. HF spectra of 79g,mZn=> Long- lived ½+ isomer

2. Magnetic moment of 79g,mZn 
--intruder nature of isomer                  
--mp-mh excitation across N = 50

3. Larger increase in the rms charge radii of the isomer                       
--larger deformation of the isomer state

Thus, about the isomer…

Signature of shape coexistence near 78Ni
Need more experimental and theoretical investigation!!!

Shape coexistence in 78Ni as the portal to the fifth island of inversion
F. Nowacki et al. Phys. Rev. Lett (2016)

A. Gottardo et al. Phys. Rev. Lett.116 182501 (2016)
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65-83Ge experiment

Spins, moments, charge radii 28
1f7/2

28

1f5/2
2p3/2

2p1/2

1g9/2

3s1/2
1g7/2
2d5/2 50

40

Proton Neutron

Ge 
(Z=32)

Ni Regions 
• Role of tensor force 
• Sub/shell closure N = 40，50
• New region of shape coexistence?

Approved proposals at ISOLDE-CERN : CERN-INTC-2016-035/INTC-P-472, CERN-INTC-2016-036/INTC-I-170. 



The Landscape in Ni region

Increased 
collectivity
Around N=40

Increased 
collectivity
Around N = 40

Shape coexistence around N=40?
Triaxial deformation above N= 40?



A new region of shape coexistence? (Near N=50)

39

?



Ge: COLLPAS@ISOLDE-CERN 

Ion beam
from HRS 

RFQ buncher

Post-acceleration 
voltage     

CEC

PMTs
Electrostatic 
deflectors

275nm
 nm

Gated signal for PMTs       Reducing the background photon counts

CW Ti:Sa Wave 
Train

COLLAPS

Frequency 
doubling

Frequency mixing

one option

26
9.

13
nm



32-33K experiment @CRIS
47-54Sc experiment @COLLAPS+CRIS

Spins, moments, charge radii

Around 52Ca, 54Ca beyond N=32
• 3-N forces
• Test ab initio theory 
• New magic numbers N = 32，34

20

2s1/2

1d3/2

20

2p3/2

1f7/2

28

2p1/2
32

Approved proposals at ISOLDE-CERN : CERN-INTC-2016-008/INTC-P-458
Submitted proposals at ISOLDE-CERN :CERN-INTC-2015-051/INTC-P-451, CERN-INTC-2015-050/INTC-P-450 



Garcia Ruiz et al, Nature Physics 2016, 
Kreim et al, PLB 731 97 (2014)

?

Charge radii of 52,53K and 54Sc across N = 32
--the key information to test the N = 32

Physics motivation (charge radii of k, Sc across N = 32)

Test newly developed theoretical calculation

--Charge radii from ab-initio in Ca region

Ø large charge radii of 52 Ca   
--no signature of shell closure at N = 32 ?

Ø same trend as Fe                
--no shell closure is expected

K, Ca, Sc (Z = 19,20,21): S2n

“Magic 32”



Physics motivation (Moments of 49Sc and 53Sc)

49Sc (48Ca + p) 
53Sc (52Ca + p)

41Sc(40Ca + p)

Magnetic moment and quadrupole moments of 53Sc (52Ca+p) 
----Test magicity of sub/shell closure 

---- the calculation in this region from microscopic interactions (e.g NN+3N?)



K: CRIS@ISOLDE-CERN 

12985.19 cm-1

769.9 nm

4s 2S1/2

691.1 nm
1064 nm

6s 2S1/2

4p 2P1/2

27450.71 cm-1

IP 35009.81 cm-1

0  cm-1

All fundamental steps

YAG laser

Pulsed Dye

CW Ti: Sa

=> Experiment of Sc was pended due to the target development



Summary…

Nuclear moments, spins and radii are complementary probes to study 
nuclear structure far from stability

COLLAPS and CRIS technique are well demonstrated to do the high-
resolution laser spectroscopy measurement of exotic nuclei (Ni, Zn)

Experiment has been performed on Zn isotopes and produced many important 
result in Ni region.

Measurement of neutron-rich K and Ge isotopes are on going
Measurement of neutron rich Sc isotopes are planned also



Thanks for your attention!


