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Laser spectroscopy
Shedding light on the nucleus



Hyperfine Structure
• Interaction between nuclear spin and atomic angular momentum 

lifts the atomic magnetic substate degeneracy: F = I + J 

• The substate deviate from the original level energy according to 
the electromagnetic nuclear moments: 
A = (µ . H0) / (I . J) 
B = e . Qs . Ψzz 
ΔE = K . A / 2 

+ f(K) . B 
K = F (F+1) - I(I+1) - J(J+1) 

Relative measurement!



Isotope Shift
• The nucleus is not a point charge and its 

distribution influences the atomic levels. 

• The study of atomic transitions across and isotopic 
chain may reveal the changes in charge 
distribution. 

∂ν = M . ΔA / A2 + F . ∂<r2>

Pure mass effect 
Scales as A-2

Size/shape effect 
Scales as Z



Z FS |FS| MS |MS| |FS|/|MS| typical A 2/A.(A+2) Z Z Z 2/A.(A+2)
1 1 238333.333333333 1 1 1
2 12416.792 4 29791.6666666667 2 2 2

11 -5 5 762 762 0.006561679790026 23 1243.47826086957 11 0.006561679790026 11 11
19 -12.9 12.9 248.2 248.2 0.051974214343272 39 447.154471544715 19 0.051974214343272 19 19 447.154471544715
20 25.3 25.3 327.9 327.9 0.077157670021348 40 425.595238095238 20 0.077157670021348 20 20 425.595238095238
22 245 245 493 493 0.496957403651116 48 297.916666666667 22 0.496957403651116 22 22 297.916666666667
26 -310 310 1291 1291 0.24012393493416 56 220.135467980296 26 0.24012393493416 26 26 220.135467980296
28 -93 93 614 614 0.151465798045603 58 205.459770114943 28 0.151465798045603 28 28 205.459770114943
30 -232 232 921 921 0.251900108577633 66 159.313725490196 30 0.251900108577633 30 30 159.313725490196
32 -16 16 106 106 0.150943396226415 72 134.196696696697 32 0.150943396226415 32 32 134.196696696697
36 15.5 15.5 57.1 57.1 0.271453590192644 84 98.9756367663344 36 0.271453590192644 36 36 98.9756367663344
37 23 23 57 57 0.403508771929825 85 96.6869506423259 37 0.403508771929825 37 37 96.6869506423259
38 62 62 109 109 0.568807339449541 88 90.2777777777778 38 0.568807339449541 38 38 90.2777777777778
40 -223 223 126 126 1.76984126984127 90 86.3526570048309 40 1.76984126984127 40 40 86.3526570048309
42 37 37 -161.8 161.8 0.228677379480841 96 75.999149659864 42 0.228677379480841 42 42 75.9991496598639
44 -1356 1356 599 599 2.26377295492487 102 67.4019607843137 44 2.26377295492487 44 44 67.4019607843137
46 -546 546 103 103 5.30097087378641 106 62.4563242487771 46 5.30097087378641 46 46 62.4563242487771
47 -1738 1738 762 762 2.28083989501312 107 61.3049815656349 47 2.28083989501312 47 47 61.3049815656349
48 -539 539 260 260 2.07307692307692 112 55.999373433584 48 2.07307692307692 48 48 55.999373433584
49 199 199 56 56 3.55357142857143 115 53.1400966183575 49 3.55357142857143 49 49 53.1400966183575
50 305 305 13 13 23.4615384615385 118 50.4943502824859 50 23.4615384615385 50 50 50.4943502824859
52 978 978 -541 541 1.80776340110906 128 42.96875 52 1.80776340110906 52 52 42.96875
54 -104 104 7 7 14.8571428571429 132 40.4228855721393 54 14.8571428571429 54 54 40.4228855721393
56 -1199 1199 124 124 9.66935483870968 137 37.546605051725 56 9.66935483870968 56 56 37.546605051725
58 186 186 -46 46 4.04347826086957 140 35.9657947686117 58 4.04347826086957 58 58 35.9657947686117
60 -3801 3801 698 698 5.44555873925501 144 34.0087519025875 60 5.44555873925501 60 60 34.0087519025875
62 -1836 1836 35 35 52.4571428571429 150 31.359649122807 62 52.4571428571429 62 62 31.359649122807
63 -3007 3007 31 31 97 152 30.5451127819549 63 97 63 63 30.5451127819549
64 -1110 1110 30 30 37 157 28.6423907382927 64 37 64 64 28.6423907382927
66 -1032 1032 25 25 41.28 162 26.9120746763023 66 41.28 66 66 26.9120746763023
67 -980 980 21 21 46.6666666666667 165 25.9481037924152 67 46.6666666666667 67 67 25.9481037924152
68 -1110 1110 20 20 55.5 167 25.3339474896361 68 55.5 68 68 25.3339474896361
69 -497 497 9.58 9.58 51.8789144050104 169 24.7413405308142 69 51.8789144050104 69 69 24.7413405308142
70 -993 993 38 38 26.1315789473684 173 23.6168455821635 70 26.1315789473684 70 70 23.6168455821635
72 -2183 2183 34 34 64.2058823529412 178 22.3158551810237 72 64.2058823529412 72 72 22.3158551810237
74 -1602 1602 17.7 17.7 90.5084745762712 184 20.8917718560075 74 90.5084745762712 74 74 20.8917718560075
76 -1668 1668 22 22 75.8181818181818 190 19.5997807017544 76 75.8181818181818 76 76 19.5997807017544
78 -1446 1446 32.56 32.56 44.4103194103194 195 18.6125211505922 78 44.4103194103194 78 78 18.6125211505922
79 -3162 3162 32.87 32.87 96.1971402494676 197 18.2384001224396 79 96.1971402494676 79 79 18.2384001224396
80 -5238 5238 28 28 187.071428571429 200 17.6980198019802 80 187.071428571429 80 80 17.6980198019802
81 1742.5 1742.5 14.8 14.8 117.736486486486 205 16.8492989277719 81 117.736486486486 81 81 16.8492989277719
82 1983 1983 244 244 8.12704918032787 208 16.3690476190476 82 8.12704918032787 82 82 16.3690476190476
87 213 15.613058194126 87 87 87 15.613058194126
90 232 13.1704980842912 90 90 90 13.1704980842912
92 238 12.5175070028011 92 92 92 12.5175070028011
96 245 11.8152524167562 96 96 96 11.8152524167562
98 251 11.2593105837519 98 98 98 11.2593105837519
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The atomic limit 1
• The atomic M & F parameters can 

be determined exactly for up to 3 
electrons. 

see e.g. Yan & Drake, PRL 91:113004 (2003). 

• Heavier systems must rely on models 
with large assumptions and 
sometimes questionable 
convergence. 

see e.g. Dzuba, Johnson & Safronova, PRA 72:022503 (2005), 
Cheal, Cocolios & Fritzsche, PRA 86:042501 (2012).

Z FS |FS| MS |MS| |FS|/|MS| typical A 2/A.(A+2) Z Z Z 2/A.(A+2)
1 1 238333.333333333 1 1 1
2 12416.792 4 29791.6666666667 2 2 2

11 -5 5 762 762 0.006561679790026 23 1243.47826086957 11 0.006561679790026 11 11
19 -12.9 12.9 248.2 248.2 0.051974214343272 39 447.154471544715 19 0.051974214343272 19 19 447.154471544715
20 25.3 25.3 327.9 327.9 0.077157670021348 40 425.595238095238 20 0.077157670021348 20 20 425.595238095238
22 245 245 493 493 0.496957403651116 48 297.916666666667 22 0.496957403651116 22 22 297.916666666667
26 -310 310 1291 1291 0.24012393493416 56 220.135467980296 26 0.24012393493416 26 26 220.135467980296
28 -93 93 614 614 0.151465798045603 58 205.459770114943 28 0.151465798045603 28 28 205.459770114943
30 -232 232 921 921 0.251900108577633 66 159.313725490196 30 0.251900108577633 30 30 159.313725490196
32 -16 16 106 106 0.150943396226415 72 134.196696696697 32 0.150943396226415 32 32 134.196696696697
36 15.5 15.5 57.1 57.1 0.271453590192644 84 98.9756367663344 36 0.271453590192644 36 36 98.9756367663344
37 23 23 57 57 0.403508771929825 85 96.6869506423259 37 0.403508771929825 37 37 96.6869506423259
38 62 62 109 109 0.568807339449541 88 90.2777777777778 38 0.568807339449541 38 38 90.2777777777778
40 -223 223 126 126 1.76984126984127 90 86.3526570048309 40 1.76984126984127 40 40 86.3526570048309
42 37 37 -161.8 161.8 0.228677379480841 96 75.999149659864 42 0.228677379480841 42 42 75.9991496598639
44 -1356 1356 599 599 2.26377295492487 102 67.4019607843137 44 2.26377295492487 44 44 67.4019607843137
46 -546 546 103 103 5.30097087378641 106 62.4563242487771 46 5.30097087378641 46 46 62.4563242487771
47 -1738 1738 762 762 2.28083989501312 107 61.3049815656349 47 2.28083989501312 47 47 61.3049815656349
48 -539 539 260 260 2.07307692307692 112 55.999373433584 48 2.07307692307692 48 48 55.999373433584
49 199 199 56 56 3.55357142857143 115 53.1400966183575 49 3.55357142857143 49 49 53.1400966183575
50 305 305 13 13 23.4615384615385 118 50.4943502824859 50 23.4615384615385 50 50 50.4943502824859
52 978 978 -541 541 1.80776340110906 128 42.96875 52 1.80776340110906 52 52 42.96875
54 -104 104 7 7 14.8571428571429 132 40.4228855721393 54 14.8571428571429 54 54 40.4228855721393
56 -1199 1199 124 124 9.66935483870968 137 37.546605051725 56 9.66935483870968 56 56 37.546605051725
58 186 186 -46 46 4.04347826086957 140 35.9657947686117 58 4.04347826086957 58 58 35.9657947686117
60 -3801 3801 698 698 5.44555873925501 144 34.0087519025875 60 5.44555873925501 60 60 34.0087519025875
62 -1836 1836 35 35 52.4571428571429 150 31.359649122807 62 52.4571428571429 62 62 31.359649122807
63 -3007 3007 31 31 97 152 30.5451127819549 63 97 63 63 30.5451127819549
64 -1110 1110 30 30 37 157 28.6423907382927 64 37 64 64 28.6423907382927
66 -1032 1032 25 25 41.28 162 26.9120746763023 66 41.28 66 66 26.9120746763023
67 -980 980 21 21 46.6666666666667 165 25.9481037924152 67 46.6666666666667 67 67 25.9481037924152
68 -1110 1110 20 20 55.5 167 25.3339474896361 68 55.5 68 68 25.3339474896361
69 -497 497 9.58 9.58 51.8789144050104 169 24.7413405308142 69 51.8789144050104 69 69 24.7413405308142
70 -993 993 38 38 26.1315789473684 173 23.6168455821635 70 26.1315789473684 70 70 23.6168455821635
72 -2183 2183 34 34 64.2058823529412 178 22.3158551810237 72 64.2058823529412 72 72 22.3158551810237
74 -1602 1602 17.7 17.7 90.5084745762712 184 20.8917718560075 74 90.5084745762712 74 74 20.8917718560075
76 -1668 1668 22 22 75.8181818181818 190 19.5997807017544 76 75.8181818181818 76 76 19.5997807017544
78 -1446 1446 32.56 32.56 44.4103194103194 195 18.6125211505922 78 44.4103194103194 78 78 18.6125211505922
79 -3162 3162 32.87 32.87 96.1971402494676 197 18.2384001224396 79 96.1971402494676 79 79 18.2384001224396
80 -5238 5238 28 28 187.071428571429 200 17.6980198019802 80 187.071428571429 80 80 17.6980198019802
81 1742.5 1742.5 14.8 14.8 117.736486486486 205 16.8492989277719 81 117.736486486486 81 81 16.8492989277719
82 1983 1983 244 244 8.12704918032787 208 16.3690476190476 82 8.12704918032787 82 82 16.3690476190476
87 213 15.613058194126 87 87 87 15.613058194126
90 232 13.1704980842912 90 90 90 13.1704980842912
92 238 12.5175070028011 92 92 92 12.5175070028011
96 245 11.8152524167562 96 96 96 11.8152524167562
98 251 11.2593105837519 98 98 98 11.2593105837519

Field vs. Mass shifts across the nuclear chart

|F
S|

 / 
|M

S|

0.01

0.1

1

10

100

Atomic number Z
0 25 50 75 100

Field vs. Mass shifts across the nuclear landscape

Sh
ift

 [a
.u

.]

0

125

250

375

500

Atomic number Z
0 25 50 75 100



The atomic limit 2

Many isotopes are  
left unstudied because of 

the difficulty to access a useful 
atomic transition, as well as due to the 

difficulty in producing them at radioactive 
ion beam facilities. 

Blaum, Dilling & Nörterhäuser, Phys. Scr. T152:014017 (2013).



TSR@ISOLDE
The solution!



Highly-charged ions
• Phase 1: EBIS-produced beams with A/q ~ 4. 

• Li-like with A/q ∈ [2.5; 4]: 9-12C, 12-16N, 13-20O 
• Atomic parameters can be calculated exactly
• Some atomic transitions are known in  

the deep UV => high velocity in the  
TSR provides Doppler correction into  
the visible range. 

Limited to elements lighter than Ni.

Z A 1 2 3 4 5 6

C 6 9 9 4.5 3 2.25 1.8 1.5
6 10 10 5 3.333333333333332.5 2 1.66666666666667
6 11 11 5.5 3.666666666666672.75 2.2 1.83333333333333

6 12 12 6 4 3 2.4 2
6 13 13 6.5 4.333333333333333.25 2.6 2.16666666666667

6 14 14 7 4.666666666666673.5 2.8 2.33333333333333
6 15 15 7.5 5 3.75 3 2.5
6 16 16 8 5.333333333333334 3.2 2.66666666666667
6 17 17 8.5 5.666666666666674.25 3.4 2.83333333333333
6 18 18 9 6 4.5 3.6 3
6 20 20 10 6.666666666666675 4 3.33333333333333
6 22 22 11 7.333333333333335.5 4.4 3.66666666666667



Mission Beam Impossible
• ISOLDE is famous for its wide variety of beams. 

• ISOLDE is equally famous for its gaps in the 
periodic table of elements 

• Many beams are best  
extracted as molecular 
beams, e.g. CO2, Cl2, XFx 

Molecules can be broken down in the EBIS and 
delivered as mono-atomic ions. 



Recirculating beams
• Recirculating the beams increases the interaction 

between the ions and the laser beam dramatically 
without the losses associated with optical pumping. 

• Transitions of interest may start from a metastable 
state and may be depopulated after the first 
interaction 

=> Repopulate with the electron cooler?



Physics interest
As proposed in the ISOL-SRS programme to the STFC



Halo structure & Magicity
• 9-12C, 12-16N, 13-20O are accessible at the TSR for laser 

spectroscopy. 

• Those isotopes may present halo structures at the border 
of existence, and the study of the charge radii along the 
chain is an observable providing insight into this 
phenomenon. 

e.g. He: P. Mueller et al., PRL 99:252501 (2007) ; Li: R. S·nchez et al., PRL 96:033002 (2006) . 

• New magic numbers are found away from stability 
amongst these isotopes and the study of electromagnetic 
nuclear moments can help shed light on this phenomenon. 

e.g. N=16: A. Ozawa et al., PRL 84:5493 (2000) . 



Out-of-ring interest
There is more than spectroscopy to the lasers



Polarised beams
• Nucleon transfer reactions provide many 

observables on nuclear states, one of which is the 
angular momentum l of the state of interest. 

• Transfer reactions with polarised beams provide 
additional information from which jπ can be deduced. 

• Laser spectroscopy can be applied to polarise 
beams of isotopes, provided the ions can be 
irradiated multiple times. The recirculation will offer 
this possibility.



Outlook
• Laser spectroscopy of Li-like ions 

provides reference information for 
extended studies on isotopic chains. 

• Molecular break-up in EBIS gives 
access to mono-atomic ion beams from 
extracting ‘impossible’ beams. 

• Laser spectroscopy could be applied 
to polarise ion beams for transfer 
reactions. 

• A user group is being established, lead 
by Kieran Flanagan (Manchester).


