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Laser spectroscopy of exotc  nccei:
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     Laser spectroscopy

→ Nnccear physics

→ Atomic physics

→ Fn dame tac symmetries 
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Atomic hyperf e strnctnre

 Atomic parameters

Nnccear charge radins 

J’
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Isotope shif
Usnaccy mai  sonrce of n certai tes
   →  From atomic theory 
   →  Compari g with ecectro                       
          scateri g experime ts (Ki g’s pcot)
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Nnccear obseriabces → 
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Motiato 

Atomic hyperf e strnctnre

Nnccear obseriabces → 

 Effective neutron�proton chargees
 Microscopic descripton oo 
effective operators

Ecectro-weak cnrre tsNnccear force

 Phenomenologey
 Chiral effective feld 
     theory 

 Ma y-body methods

 Ab-inito 
 Shell-model
 DFT, RNFT, ...

Laser freqne cy

MCP  
con ts
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High precisio /resocnto   
(~MHz) 
High efcie cy  (<100 io s/s) 
High secectiity (>1/106) 
Short tme scaces (< 1 s)
  



RESULTS



Charge radii
Laser spectroscopy I   , <r2>   , μ   , Q

Phys. Rei. Let. 99 042501 (2007)

Phys. Let. B 736 119 (2014)

Phys. Rei. Let. 112 102501 (2014)

Phys. Rei. Let. 109 252501 (2012)

Phys. Rei. C 90 014314 (2014)

Phys. Rei. Let. 94 212501 (2005)

Phys. Rei. Let. 108 242501 (2012)

Phys. Rei. C 90 064619 (2014)

Phys. Rei. Let. 106 202502 (2011)

Phys. Rei. C 89 061301 (2014)

Phys. Rei. C 90 041302 (2014)

Phys. Rei. C 91, 051301(R) (2015)

Natnre Physics 12, 186 (2016)

Simultaneous reproduiton of iharge radii and binding energies has been a long-
standing ihallenges for nuilear theory.

Nnccear force

 Phenomenologey
 Chiral effective feld 
     theory 

 Ma y-body methods

 Ab-inito 
 Shell-model
 DFT, RNFT, ...

 Effective neutron�proton chargees
 Microscopic descripton oo 
effective operators

Ecectro-weak cnrre ts



The charge radii of Ca isotopes prese t addito ac chacce ges

PRC 88, 011301(R) (2013)

PLB 522, 240 (2001)
PRL 113, 052502 (2014)
PRC 92, 014305 (2015)

NPA 676, 49 (2000)

PRC 91, 051301 (2015)
Nature Physics 12, 180 (2016)

Nature 486, 509 (2012)

 Charge radii: Ca(Z=20) isotopes 

40Ca 48Ca 52Ca

52Ca   [Wienholtz et al. Nature 498, 346 (2013)]
54Ca   [Steppenbeck et al.  Nature 502, 207 (2013)]

[Garcia Rniz et ac., Natnre Physics 12, 594 (2016)]
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Mnch carger tha  expected!

PLB 522, 240 (2001)
PRL 113, 052502 (2014)
PRC 92, 014305 (2015)

NPA 676, 49 (2000)

PRC 91, 051301 (2015)
Natnre Physics 12, 180 (2016)

PRC 88, 011301(R) (2013)

Natnre 486, 509 (2012)

Max se sitiity ~250 io s/s

Beyo d 52Ca: Se sitiity -> ~1 io /s

 Charge radii: Ca(Z=20) isotopes 

40Ca 48Ca

52Ca   [Wienholtz et al. Nature 498, 346 (2013)]
54Ca   [Steppenbeck et al.  Nature 502, 207 (2013)]

52Ca

 [R.F. Garcia Rniz et al. J. Phys. G. 44, 044003 (2017)]

Radioactie detecto  of Cocci ear-caser optcac pnmpi g
 afer Charge excha ge

[Garcia Rniz et ac., Natnre Physics 12, 594 (2016)]



Charge radii systematc aron d the Ca regio 

K (Z=19)    →    [K. Kreim et ac, Phys. Let. B 731, 97 (2014)]
Ca (Z=20)    →    [R.F. Garcia Rniz et ac., Natnre Physics 12, 594 (2016)]
M  (Z=25)  →    [H. Heyce  et ac, Phys. Rei. C 94, 054321(2016)]
Sc (Z=21)    →    [I  preparato  (2018)]

COLLAPS/ISOLDE

CRIS/ISOLDE48-52K(Z=19)    →    [I  preparato  (2018)]

52,53Fe(Z=26)   →    [Mi amiso o Phys. Rei. Let. 117, 252501 (2016)] BECOLA/NSCL



Chargee radii systematc in the Ni regeion 

New resncts (U pnbcished)

 79,79mZ (Z=30) [Ya g et ac, Phys. Rei. Let. 116, 182502 (2016])

 65,80Z (Z=30)  [ Snbmited (2018)]



Resncts: Copper(Z=29) isotopes aron d 78Ni

~20 io s/s

Dipole and quadrupole moments of  73-78Cu as a test of the robustness of 
the Z = 28 shell ilosure near 78Ni

f7/2

p3/2

f5/2
40

28

g9/2

 Cn
78

29 49

d5/2

p1/2

50[De Groote et ac. PRC 96, 041302 (R) (2017) ]

[In preparaton (2018) ]
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8250

50

Nnccear strnctnre aron d 100S  a d 132S 

 [Hi ke et al. Natnre 486, 341 (2012)]

Donbcy “magic” 100S 
 [Jo es et al. Natnre 465, 454 (2010)]

Donbcy “magic” 132S 

Seierac ope  qnesto s of  nccear strnctnre!

111-131I  (Z=49): Garcia Rniz et ac. CERN-INTC-2017-025 (2017)
100-111I  (Z=49):  Garcia Rniz et ac. CERN-INTC-2017-055 (2017)
103-121S  (Z=50): Garcia Rniz et ac. CERN-INTC-2016-037 (2016) 

● Heaiiest secf-co jngate (N = Z = 50)  nccens
● Largest stre gth i  accowed β decay 
● I the ccosest proximity to the proto 
dripci e

● At the e dpoi t of the rapid proto 
captnre process

● Biggest  nccei that ca  be accessed by ab-inito
caccncato s

● Largest  nmber of stabce isotopes.
● …   



8250

50

Nnccear strnctnre aron d 100S  a d 132S 

Nnccear chart take  from htp://peopce.physics.a n.edn.an/~ecs103/chart/i dex.php

 [Hi ke et al. Natnre 486, 341 (2012)]

Donbcy “magic” 100S 
 [Jo es et al. Natnre 465, 454 (2010)]

Donbcy “magic” 132S 

Seierac ope  qnesto s of  nccear strnctnre!

111-131I  (Z=49): Garcia Rniz et ac. CERN-INTC-2017-025 (2017)
100-111I  (Z=49):  Garcia Rniz et ac. CERN-INTC-2017-055 (2017)
103-121S  (Z=50): Garcia Rniz et ac. CERN-INTC-2016-037 (2016) 

o Ab-i ito caccncato s  
    

[T. Morris et al.  Phys. Rev. Lett. 120, 152503 (2018)]

I=7/2 ? 

I=5/2 ? 



Resncts: S  (Z=50) isotopes np to 134S 
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Charge radii a d ecectromag etc mome ts

? ?

  Eiocnto  of coccectiity / si gce partcce
o     approachi g  the N=Z=50 a d N=82  shecc ccosnres?

o   Roce of correcato s across N=Z=50  a d N=82?

    
(  )

(  )

Gron d states
Isomers

o  Proto - entro  i teracto ?

 Roce of ecectro-weak cnrre ts?  
o     
   



Resncts 2017/2018 : 101-131I (Z=49)

(  )

(  )Several new results for electromagnetic moments 
and charge radii of:

 A snccessfnc experime tac campaig !

Ground states
Isomers

 1+ states in 114, 116, 118, 120, 122  
 9/2 states in 129, 131 
 1/2 states in 127, 129 and 131 
 high spin isomers (>21/2) in 127, 129 
 ground and isomeric states in 128 3+, 8-
 ground and isomeric states in 130: 1-, 10-, 5+ 
    

 3+ state in 104
 6+ state in 102  
 9/2+ states in 103, 101 
 1/2- states in 111, 109, 107, 105, 103, and 101 
 high spin isomers (19/2-) in 109 
 New isomeric states in 101

 ( New resncts      ) 

4 PhD Theses
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and charge radii of:

 A snccessfnc experime tac campaig !
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 6+ state in 102  
 9/2+ states in 103, 101 
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 high spin isomers (19/2-) in 109 
 New isomeric states in 101

 ( New resncts      ) 

4 PhD Theses
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Ontsta di g issnes

 Atomic parameters

Nnccear charge radins 

Isotope shif

Speciaccy chacce gi g for 
atomic theory 

Fiecd shif:

Mass shif:



Ontsta di g issnes

 Atomic parameters

Nnccear charge radins 

Isotope shif

- U certai tes domi ated by M a d  F 
   iacnes
- Do  ot accow frm co ccnsio s of  nccear  
   strnctnre 
- Impossibce to compare isoto es

 Need of ecectro  scateri g data

Speciaccy chacce gi g for 
atomic theory 
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~eV

 MHz < μeV

 Atomic parameters

Nnccear charge radins 

J’

J

Ki g pcot 
[Garcia Rniz et ac., Natnre Physics 12, 594 (2016)]



Charge Radii of Potassinm isotopes  (Z=19) 
isotopes

[Minamisono et al. Phys. Rev. C , 92, 014305 (2015)]



Charge Radii of Ma ga ese isotopes  (Z=25) 
isotopes

[Heylen et al. Phys. Rev. C 94, 054321 (2016)]



Fntnre Perspecties 

Garcia Rniz et ac.  CERN-INTC-2016-037 (2015)

→ Towards few-body physics

Garcia Rniz a d Mi amiso o  et ac. No. 17034, PAC 41 
(2017)

Garcia Rniz et ac. CERN-INTC-I-189 (2017)

@ NSCL
17-23F(Z=9)

C(Z=6), O(Z=8)

28-34Si(Z=14)



Radioactie Eceme ts measnred by Laser Spectroscopy

Exotc isotopes haie bee  
measnred

To be measnred at facicites n der 
co strncto 



New opportn ites:
Probi g  ew Forces from isotope

shifs
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New physics i teracto 
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~eV

 MHz < μeV

 Atomic parameters

Nnccear charge radins 

J’

J

Ecectromag etc correcto s
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Ki g pcot 
[Garcia Rniz et ac., Natnre Physics 12, 594 (2016)]



{

~eV

 MHz < μeV

Ki g pcot 

 Atomic parameters

Nnccear charge radins 

J’

J

{Ecectromag etc correcto s
                     +
New  ncceo -ecectro  i teracto s

Gebert et al. Phys. Rev.  Lett. 115, 053003 (2015)
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100-111I  (Z=49):  Garcia Rniz et ac. CERN-INTC-2017-055 (2017)
103-121S  (Z=50): Garcia Rniz et ac. CERN-INTC-2016-037 (2016)
112-134Sb (Z=51): Xn et ac. CERN-INTC-2016-037 (2016)
 

       17-23F(Z=9): Garcia Rniz et ac. CERN-INTC-2016-037 (2016)
   52,53K(Z=19): Ya g et ac.CERN-INTC-2017-087 (2017)
43-50Sc(Z=21): Ya g et ac. CERN-INTC-2016-008  (2016)

 

➢ High precisio /resocnto  
(~MHz)

➢ High efcie cy (<100 io s/s) 
➢ High secectiity (>1/106) 
➢ Short tme scaces (< 1 s)

  

 Snmmary a d ontcook



 Snmmary a d ontcook

Laser spectroscopy + ecectro  scateri g

Nnccear Physics
→ To extract  nccear charge radii

→ Needed to proiide frm co ccnsio s 

     of  nccear strnctnre (Ac, K, I ...)

→ To obtai  absocnte radii to compare with 

    nccear theory (Ca, Ni, S ,...)

Atomic Physics
→ Proiide modec i depe de t F a d M

      iacnes

→ Test of ecectro  correcato s i  

     atoms.

Fn dame tac Physics
→ Co strai t to  ew ecectro - ncceo 

     i teracto s 

Ecectromag etc correcto s
                     +
New  ncceo -ecectro  i teracto s{



Tha ks for yonr ate to !



EM: Ca(Z=20) isotopes

-> cross shecc excitato s across N=32 are importa t?

g=μ/I



-> cross shecc excitato s across N=32 are importa t?

g=μ/I

EM: Ca(Z=20) isotopes



Phe ome ocogicac i teracto s (     Ca core)
40

NN i teracto s fted to Ca regio 

EM: Ca(Z=20) isotopes

Free g factors a d efectie charges (e =0.5, ep=1.5)



Phe ome ocogicac i teracto s (     Ca core)
40

Microscopic i teracto   (ch-EFT) (     Ca core)
40

NN i teracto s fted to Ca regio 

NN+3N i teracto s fted to A=3 systems

EM: Ca(Z=20) isotopes

Free g factors a d efectie charges (e =0.5, ep=1.5)



EM:  Zi c (Z=30) isotopes 

 65,79Z (Z=30): Wraith et ac. Phys. Let. B 771, 385 (2017)

f7/2

p3/2

f5/2
40

28

g9/2

 Z 
71

30 41

S1/2

p1/2

50



RILIS

CRIS

ISCOOL

HRS

GPS

p+

COLLAPS

VITO

Deiecopme t of CRIS at ISOLDE



Optcac pnmpi g a d state-secectie  entracizato 

 [R.F. Garcia Rniz et al. J. Phys. G. 44, 044003 (2017)]



New experime tac apparatns

 [R.F. Garcia Rniz et al. J. Phys. G. 44, 044003 (2017)]
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