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Plan for My Lectures

« Part I: scientific motivation and main challenges for studying
radioactive nuclei and (super)heavy elements

« Part Il: basic principles of laser spectroscopy and
commonly employed technique (RIS, CLS, ...)

« Part lll: specific examples from select recent experiments

Related information in lectures by Jackie Gates, Helena Albers
Mass measurements / ion traps will be covered by Vladimir Manea
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Part | — Laser Spectroscopy for Nuclear Physics

* Nuclear (ground-state) properties we obtain via laser spectroscopy
» Mean square charge radii from isotope shifts

» Quadrupole moment from hyperfine spectroscopy

* What do need to know on the atomic structure ?

» impact of many-body effects, and for heavier systems:
special relativity and quantum electrodynamics (QED)
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Related Literature — Textbooks

Atomic physics Laser Spectroscopy 1&2
Christopher Foot Wolfgang Demtroder

Wolfgang Demtroder Wolfgang Demtroder

Christopher J. Foot
Atomphysik 'Laser Spectroscopy 1 , aser Spectroscopy 2

Basic Principles Experimental Techniques

5th Edition Sth Edition

Handbook of
Nuclear Physics

“ditors

Handbook of
Nuclear Physics
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Fig. from X.F. Yang et al., Prog. Part. Nucl. Phys. 129 (2023) 104005 HELMHOLTZ
H

RIB facilities are
discussed in lecture
by Helena Albers

Typically, two classes:
ISOL-type and
in-flight-type facilities

employing gas-cell
based approaches:
nowadays nuclides
from essentially all
production schemes
available
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Laser Spectroscopy Landscape

12 > Stabl 1t
able . .
§ Nuclei observed (7,,, > 0.5 ms) i * numerous nuclides (and isomers)
g Nuclei observed (7, < 0.5 ms) have been studied by laser
QE_ -------- Theortical prediction 1 26 -:‘"

ok spectroscopy to reveal nuclear
(82 structure evolution:

: location of shell closes, onset of
S——— deformation, nuclear spins, ...

* nowadays, essentially all elements

Studied with CLS accessible (with few exceptions)
Studied with RIS ] ] ]
~ Studied with Trap » applied techniques often tailored
Studied with CLS/RIS .
2 4 Studied with CLS/Trap to production schemes (ISOL,
i Neutron Number in-flight, gas cell, ...)
CLS: Collinear Laser Spectroscopy
RIS: Resonant Laser lonization Spectroscopy HIM = | §
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Characteristic Emission Lines

Hydrogen o
* emission spectra of element
Helium provide specific fingerprint
 line structure reflects
Mercury atomic level structure
« with highest resolution
Uranium nuclear effects are accessible

Wavelength / nm
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Electronic Structure of Atoms and Nuclear Properties

A 2 mi
E En~1P _Z I;u QEJOCIeEsShe”
n
[P~
~ 6 eV _
- AEyrg =~ 10~%eV
3 AEF5‘~Z(Z 5/2
3/2
P/, 1/2
2 :
S1/2 32 « Atomic level structure probed by laser
Py, \ 1/2 spectroscopy with (optical) transitions
T 4 3/2_4 % . ) . . .
AT V21 L * jonization potential can be determined
1 s 32 from convergence of Rydberg series
1
N y-L+S 12 m, <m, * Nuclear spins and ele.ctrome.]g.netlc
F=I+] moments from hyperfine splitting
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Laser Spectroscopy of Radionuclides

Information on nuclear properties from laser spectroscopy:

SR + isotope shift yields information on changes in mean-square
é \ charge radii from which we infer nuclear size
i S\ ) F
Isotope 2 |
|
%) |
: l . . .
2 { » hyperfine spectroscopy yields parameters linked to magnetic
= i i dipole moment and spectroscopic quadrupole moment
| |
Isotope 3 -c: : (1> 0.1/2)
RS I I
v = | | |
g al 1 / Lt Q<0 Q>0 B, (0) %
(=} Qi | | : A= € B = e@ —2
T ¢ y &
-t '
Relative Frequency (MHz) Nuclear
HIM ===m |

HELMHOLTZ
Helmholtz Institute Mainz




Isotopic Shift of Atomic Transitions - Basics

|sotope 1 l H.
e [

Harold C. Urey (1932):

* Discovery of the splitting of the Hg line in the spectrum of natural hydrogen
 Identification of the isotope deuterium ("heavy hydrogen")

Isotope shift of atomic transition =
Frequency difference of the same atomic
transition in two different isotopes

Nobel Prize for Chemistry 1934

A9A| mv_m
ovit=v, —v, —F5< > +M A A
mAfmA

field shift mass shift
HIM =S
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Isotopic Shift of Atomic Transitions

t Isotope shift of atomic transition =
Frequency difference of the same atomic
transition in two different isotopes

(@ ,
254N0 252No r

Cause: |
« charge (proton) distribution in nucleus |

changes for different isotopes o
« shift of energy levels . Analysis yields change of mean-

i 2
« stronger effect for orbitals with better square charge radius 8<r>

overlsp with nucleus
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Isotope Shift — Field Shift

72 100y

FS oc — 5 :

AVes= 2ZA|y(0)]28(r2) Va2

3 . £ 1

/ n ]

o{r") =R - 2 0

Probability density of T — 3 0.01

electrons at nucleus
(r=0, electronic wave
function)

square charge radii 1E-3

(nuclear part) 1 0190

Atomic number, Z

due to the Z? dependence, FS easier accessible in heavy nuclei
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Nuclear Properties and Isotope Shift

[T

254N0 252No

tiny effect (ppm)

| Isotope Shift |, GHz

For axially symmetric nucleus (volume constant):

5 E
8(r2) = 8(r)apn + (%) spn -0 (53) 110100
i Atomic number, Z

Volume Deformation
mean-square charge radius depends quadratically on 3, — no distinction between oblate / prolate
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Nuclear Properties — Changes in Charge Radii

Changes in charge radii of isotopic chains
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Fig. from X.F. Yang et al., Prog. Part. Nucl. Phys. 129 (2023) 104005

i

i

N=82
Shell effect

B

major shell closures
are reflected in charge
radii of isotopic chains
as “kinks”

Kinks are well established
for major shell such as
N = 28, 50, 82

situation for other regions
and deformed shell gaps
less clear
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Laser Spectroscopy of Hg Isotopes at ISOLDE
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L . . . . o S. Sels et al. Phys. Rev. C 99, 044306 (2019).
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Laser Spectroscopy of Hg Isotopes at ISOLDE

A
ST, R S A L s o O Calculated potential energies for Hg isotopes
: LiI:l—etga_'!Al—gff isomer ]
0_5: Marsh et al. 2018 i
] —£- 9.s. - isomer 14 4
1 e
0,252 — 121 -|33Hg
é 10
%0_25 ] : E, 8
"’L\E = W 1844
‘g ojt . 6 _\/\w g
-0.755 4_W/ 130Hg
]: 9 N 2 _
1 ‘ 174
1 124~ 128 0 . . . . . !_lg
T T e s o s e 13 1o -0.3 —-0.2 —=0.1 0.0 0.1 0.2 03 0.4
N ,62
T. Day Goodacre et al., Phys. Rev. Lett. 126, 032502 (2021)
See also: B. A. Marsh et al.,, Nat. Phys. 14, 1163 (2018).
S. Sels et al. Phys. Rev. C 99, 044306 (2019). Emm = | i
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Nuclear Properties

0.4 ’ T N 1 &% 1 ¥ I ' 1 4 1 o 1 k 1
B 1 * Shape staggering / coexistence
00T i has been observed for neutron-
S ar e ] deficient Hg (and Bi, Au) isotopes
E _04l -Q""ir. _
z | g A7 AP 1+ Early observations in Hg at ISOLDE
-0.6 - SN . . .
‘*@ : ;g - e B already in the 19xxs (without lasers)
w -0.8F (_," / \ _‘.’.-[',%-—'" . . _
I e " .5: SR 1 < triggered lots of experiments, today
; & WL i AR i = : . .
sl ¥ .,,..‘749 . |-®---0--Pb(Z=82) good data for many isotopic chains
. M= 108 | -5 Bi (Z=83)
o B e e e from N=98-126 below lead
98 100 102 104 106 108 110 112
Neutron Number
Fig. from X.F. Yang et al., Prog. Part. Nucl. Phys. 129 (2023) 104005 Emm = | i oo}



Charge Radii N=104-132

Data obtained at ISOLDE / CERN

a0 i L ' LI T I I LI T ;‘ L
2-5 '- g% B.S-Et"- .:'.ﬁdpu_
EE 1944 ot **‘, - '533' 1
2oF 191p, "-,.‘_’__ ,ﬂ..ﬂﬁt-” **i-:., f"':r . .
b * - I 1 .
L r *,,hh“#*“f_:_,.,r-:_;___,.--azpb5 ] general features commonly observed:
= - I | . .
£ 0 T TLL o L ]  smooth trend in between shell closures
Z 05 ennt®®® = am®" 81 ; g N _
Z ool e -Eu: - S I - rms charge radii show kinks at neutron
of _ 0938 .- . s ]
AT s Lt Tt U B shell closures
L | O™ i e 4
A0k ,-'l"-."”"-.i.-"x" aoue®d i = i :
O g J ;*:;:_:* et AU g « also, odd-even staggering (OES),
A5k * k. o ol : Ll _ .
S ey AT aea ey o2 g2 ] odd-N isotope has usually smaller charge
200 Mo FERSA A €2 §5 ] . .
. :,v-r'-r“"”*‘""" v Pt L2 28 radius average of two even-N neighbors
_25 _1?5",‘“ ] ITSI . —
100 103 110 115 120 125 130 133

MNeutron number
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Nuclear Density Distributions

e T o M | dels predict
0104 eee 28py, —o. 47200y any nuclear models predict:
e C L . . . .
0.084 | B R  radial proton distribution
. L P W .
t?E T 4 LU S W of (super)heavy nuclei shows
Ub A i S \ vy )
= ,*f‘ ~U Vo \ a central depression
=0.04- Sl TS Lo . ,
fA oo « around Z=102, this effect is
' / Ty
0.02- s A :
,.-’ i) Pp| Pn AN predicted to be about 10%
"_.:_{-'. ..-f \'-.__ ‘.":'-—-\1 .
0.00 == : 0 : 0 - direct measurements of
r (fm) this feature are not feasible

Fizg. 5 Radial proton (left) and neutron (right) densities of doubly-magic nuclei *8Ca, 208Pb, 3920g, and
472164 obtained in nuclear DFT with three different energy density functionals. The shaded areas indicate the
spread of DFT predictions. (Modified from [125].)
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Mean-Square Charge Radius and Nuclear Deformation

Assumptions:

« constant nuclear volume

« uniform charge distribution

- small quadrupole deformation (B, « 1)

Mean-square charge radius:
(r?) = (r*)o (1 + 3Bz / 4m)
prolate spherical oblate
Change between isotopes: B3,>0 B,=0 B,<0
O(r*) = 8(r*)spn + (3Ro* / 41T) B(B2?)

« deformation increases the rms charge radius.

- radius depends on B2, thus prolate and oblate shapes produce the same increase. 3,<0
* inlaser spectroscopy, changes in 3, dominate the deformation contribution to isotope shifts.
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Quadrupole Moments
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Q is zero close to magic (nucleon) numbers
nuclei with half-filled shell are typically
deformed
oblate nuclei (Q<0) are less abundant than
prolate ones (Q>0)
deformation of known nuclei:

- about 45% are spherical

- about 40% are prolate

- about 10% are oblate

- about 5% are triaxial
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Electromagnetic Nuclear Properties

Deformed nuclei feature non-zero
electric quadrupole moment

prolate spherical oblate

spectroscopic B B o I(2r—-1)
Quadrupole moment QS - (I!m - I|Q2|Iﬂ1 - I} — \/{EI— 1}(EI+ 3](1-_'_ 1} (IHQE”I}

intrinsic Qo= LD +3)
Quadrupole moment 3K2—1I(I+1)
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First lonisation Potential

He K. Wendt et al., Hyperfine Int. 227:55 (2014)
-II IIIIIIIII I IIIIIIIII I IIIIIIIII I IIIIIIIII I IIIIIIIII I IIIIIIIII I IIIIIIIII l IIIIIIIII I IIIIIIIII l IIIIIIIII ll: —
200000 '—T Ne Alkali Metal Non Metal [ 25

[ ] [ ]
@ Alkaline Earth o Halogen ]
150000 | ® Transition Metal o Noble Gas [ 20
[ o (5}
] ™

Post-Trans. Metal @ Lanthanide| ]

[ r Metalloid Actinide [4 19
100000 [ :‘ \ 9 ]

. 1 10
50000 |- W\ 1.

10 Ordnungszahl Z 100

lonization Energy (cm’1)

lonization Energy (eV

* Architecture des Periodic Table of Elements reflects electronic shell structure:
closed-shell elements (noble gases) have high IP

« relativistic effects gain in importance with increasing Z

HELMHOLTZ
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Mendeleyev's Table in 1869

@ M., mgum.zj{/
ﬂ
11«

Mendeleyev's key achievements:

2

Pecelans Vg/

A Sestismimmce
a Ay@f,ﬂ)ﬁ;’zv/

g T « Sorting elements according to their

V=81 H-92 Tu-/82

§\:§ Dk & sy (assumed) weight
Fe-56  Ru-fo4 Ji-193

M58 PAI06 Cs-195
H=1. P=8_ 9-28 Cogy insts H=200

i el Gl « Grouping elements with similar properties

AL-27/ 7:51 P/

fe
\‘§ ek By
C-12 S-32 7= 80 Jou-Vt8 Au-l97? . . . s
H-th P=31 Ha-J5 S-12 Au-2/0 ! =
y st By e S e results in periodicity
P Faly Aot Bolbo  T-srp — !
Nef K20 K-39 Re-854 Co138 Hy- 201, {1
Cu-b634 Baf3p RutOf ﬁ?/ 278"
?=24 Ce-g2 R

26 56?2 a-94

, « Based on this, he predicts / postulates
o Sopihn.s existence of then undiscovered elements

&'//:/pﬂan)

Combinaisor

| that were later found, for example
T Gallium, Germanium, Scandium

s - Mendeleev's Draft — 17/02/1869 11!
(Mendeleev-Museum, St. Petersburg) HIM
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Differenz —= —
i C. =10
Differenz = 16,5
Si =285
Differenz — ! 8—21—= 44,55
Differenz = | 89— 4455
Sn = 11716

Differenz = ! 89,4 = 2.44,7

Moderne Theorien (1864); hier nach K. Seubert (1895)

3 werthig , 2 werthig \ 1 werthig | 1 werthig |
— | L — | Li =703
= — s | 16,02
l ‘
N =1404 o0 = 16,00 FI =190 | Na =293,05 |
| ' |
44,0 467 | 44,51 46,3 }
|
As =150 Se =788 | Br = 179,97  Rb =854
456 49,5 468 | a6 |
8714, = 2-43’7 i — e (71 =2'35,5)
Bi =2080 | — - (Tl =204?) l
Courtesy G. Boeck HIM
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2 werthig

' (Be = 9,37)
(14,7)

Mg = 24,0
16,0

Ca = 40,0

47,6
Sr = 87,6
49,5

Ba = 137,1

inz
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Atomic volume and atomic weight

The underlined Positions of the Chromic Hydrost (Hp 4862.61 A)

ANG. 46 47 48 49 50 51 52 53 54 55 56 57, 58 59 60 61 62
L. Meyer:
o " X Atomic volume =
g : quotient of atomic weight
o e S & " anddensity
>
.9 :::40- 40
£ 2 L .. :
9 B Shows periodic behavior
< 20 \\éi‘”:\ 5 0y 1o
¢
Ty [A] 5 5’6 57 58 . 59 60 . 61 62
Atomic Weight

L. Meyer, Die Natur der chemischen Elemente als Function ihrer Atomgewichte, Courtesy G. Boeck

Annalen der Chemie und Pharmacie. VII. Supplementband 1870, 354-364
(Fig. from Moderne Theorien, 1872) ﬂmm === 1L :



b ok A
o o o o
1 1 1 ]

orbital binding energy / eV
IS
o

5p

| 4f

64Gd
1 65 681/2
M e—_—o
5 dm, 32
4f7/2, 50
Py,
Py

Non-

Relativistic  Relativistic

78
6d

6p

Relativistic Effects

96

Cm

Non-

Relativistic

6d

35/2,.3/2

7s

12

5f7/2, 312

Relativistic

J.P. Desclaux, At. Data Nucl. Data Tables 12, 311 (1973)

Relativistic effects

* increase binding of s4,
and p4, orbitals

« decrease binding of p3/, dsp, ...
orbitals

* large Spin orbit splitting
for high-Z elements

electron velocity according to
Bohr’'s model: v=Za/hc

Gd:v=0.5c¢
Cmv=0.7c
HIM === oW
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Atomic Structure of Heaviest Elements

atomic structure of heavy elements

relativistic ~ non relativisti strongly influenced by relativistic effects

I Za = 1. quantum electrodynamics

(non-perturbative regime) gains in importance

« quantum many-body problem: significant
influence of electron correlations

« all different effects intertwined

4mriplr)

« accurate theoretical descriptions challenging

» benchmark theoretical predictions with
= comprehensive experimental data

r(A)

O. Smits et al,. Phys. Rep. 1035 (2023) 1 HIM =% | §
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Atomic Structure of Heaviest Elements

6s 65y /2

5P == 5P3/2
5p1/2

E (a.u.)

T8 =——— T81/2

86

6p3s2
fi
P —C 6pl/2

= x
- 6sy 2

5ds /2

5d

s __ B8y
118 {

e Tps/2
) _C
7s L P12
78,/2
6ds ;2
IC 6ds/2
6d

NR R

P. Jerabek et al., PRL 120, 053001 (2018)

NR SR R

atomic structure of heavy elements
strongly influenced by relativistic effects

Za = 1. quantum electrodynamics
(non-perturbative regime) gains in importance

quantum many-body problem: significant
influence of electron correlations

All different effects intertwined
accurate theoretical descriptions challenging

Benchmark theoretical predictions with
comprehensive experimental data
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Atomic Level Data of Actinides

« complex atomic structure

'E 50000+ . .

S with many close-lying levels
2 won and open-shell systems

S 20000 . . .

5 * limited experiment data for
& many actinide elements

parity: even odd even odd even odd even odd even odd even odd even odd
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Cm Bk Cf Es Fm Md No Lr . .
o] 1 - = 1 =3 1 1 theoretical predictions
5 ‘ — ’ | - theoretical uncertainties
2 ‘ . | = _ ] | about ~ 300 cm
E 10000 = m— 7 1 — 1 1 b 1
g s Blaise 1992

parity: even odd even odd even odd even odd even odd even odd even odd even odd

[Rn] 7s%6d5f" [Rn] 7s25f° [Rn] 7s25f1° [Rn] 7s25f'"  [Rn] 7s%5f2 [Rn] 7s%5f"*  [Rn] 7525 [Rn] 7s%7p5f"* EXperImentaI data > 1992

Theory — calculated levels
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