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Reading for (hardcore) enthusiasts

Since 1863.

Some (recent) useful review/overview papers and book chapters

Laser spectroscopy for the study of exotic nuclei
X.F. Yang, S.J. Wang, S.G. Wilkins, R.F. Garcia Ruiz, Prog. in Part. and Nucl. Phys. 129 (2023) 104005

Nuclear Charge Radii
W. Nortershauser and |.D. Moore, Handbook of Nuclear Physics, Springer Nature Singapore Pte Ltd. (2023)

Spins and Electromagnetic Moments of Nuclei

R.P. de Groote and G. Neyens, Handbook of Nuclear Physics, Springer Nature Singapore Pte Ltd. (2023)
Nuclear structure studies by collinear laser spectroscopy

A. Koszorus, R.P de Groote, B. Cheal, P. Campbell, I1.D. Moore, Eur. Phys. J. A 60 (2024) 20

High-accuracy mass spectrometry with stored ions

K. Blaum, Physics Reports 425 (2006) 1

Masses of exotic nuclei

K. Blaum, S. Eliseev and S. Goriely, Handbook of Nuclear Physics, Springer Nature Singapore Pte Ltd. (2023)

Precision atomic physics techniques for nuclear physics with RIBs
K. Blaum, J. Dilling and W. Nortershauser, Physica Scripta T152 (2013) 014017
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Setting the scale for our dear nucleus

UNIVERSITY OF JYVASKYLA
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The limits of the nuclear landscape explored by the relativistic ) |
continuum Hartree-Bogoliubov theory LS

X.W. Xia?, Y. Lim >, P.W. Zhao “¢, H.Z. Liang, X.Y. Qu®¢, Y. Chen ", H. Liu ¢, L.F. Zhang ¢,
S.Q. Zhang?, Y. Kim ¢, J. Meng &1

Different theoretical approaches provide estimates to the reach of the
existing landscape — here, 9035 nuclei are predicted to be bound.

> “"How to extend the chart of nuclides?””, G.G. Adamian et al., EPJ A 56 (2020) 47
Neutron number
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Open questions In nuclear physics research

o’ .,-.76‘ ¢ "

LT ' From the NUPECC Long Range Plan Draft Executive Summary 2024
T o Nuclear Astrophysics

How can we better understand the synthesis of heavy elements and the
chemical evolution of the visible universe =y :
What is the role of the strong interaction in stellar objects? 7898 “
= NUCLEAR PHYSICS
Nuclear structure / nuclear matter £ N EVERYDAY LIFE

———————————————————————————————————————1 viHOWRESEARCHINTOTHEATOM\CNUCLEUS
HAS CONTRIBUTED TO THE MODERN WORLD

\' )
@ ’, »..“,"v—
7 g

a. What shapes can nuclei take, how do nuclear shells evolve, and what role
do nuclear correlations play?

b. What are the limits of the existence of nuclei, and what phenomena arise
from open quantum systems?

c. What are the mechanisms behind nuclear reactions and nuclear fission?

Hadronic physics

a. How does the majority of the visible mass of the universe emerge from the almost massless
quarks?

b. What are the properties of the quark-gluon plasma?

c. How do nuclei and nuclear matter emerge from the underlying fundamental interactions?
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(Some) properties of a (radioactive) nucleus
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Lifetime/decay

,
€
% &

Is It excited or not?

Electromagnetic
property

Shape
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Outline of lectures (let’s see about the reality! ©)

UNIVERSITY OF JYVASKYLA

Lecture 1: A window to the nucleus: masses and atomic spectral lines

Lecture 2: Production of radioactive ion beams

Lecture 3: Techniques of laser spectroscopy for radioactive nuclei

Lecture 4: Nuclear structure from charge radii and electromagnetic moments

Lecture 5: Mass spectrometry and a study of Ag isotopes at IGISOL

Lecture 6: Towards the heavy elements and the Nature of Time




The Atomic Mass In a nutshell

The mass of a nucleus is a fundamental property.
It is always less than the sum of the masses of its constituents.
The difference is known as the nuclear binding energy.

Meueeus(A Z)c% = (Zmy, + (A — Z)my,)c? — B(A, )
Z

Mo (A, Z)c? = M eus(A, Z)c? + Zm,c? — Z Be,
i=1
— A = mass number = neutron number + proton number
— Z = proton number (element)
— B the binding energy
* Nuclear (~MeV/u), Atomic electrons (eV...keV)
» Compare to absolute nucleon mass ~1 GeV

MORE BOUND = MORE BINDING ENERGY = LIGHTER NUCLEUS

Since 1863.
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" Nuclear Binding Energy

A Second-Order Focusing Mass Spectrograph and
Isotopic Weights by the Doublet Method

By F. W. AsroN, F.R.S.

(Received 29 September 1937)
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The Atomic Mass In a nutshell

UNIVERSITY OF JYVASKYLA

* Nuclear masses measured in terms of the unified atomic mass unit, u.
 Definition: mass of 12C atom, m(*2C) is exactly 12 u.

e Inotherwords, 1u=1/12 x M(}2C)

e 12C =6 protons + 6 neutrons + 6 electrons

* Therefore, masses of nucleons approximately: m, = m, =1 u

* Inreality m,=1.00866491588(49) u > m, = 1.0072764665789(83) u

* Electron mass: m, = 5.485799090441(97)x10~*u (m, , = 2000 x m,)

Chinese Physics C

Generally, work with mass energies rather than masses themselves.
(1 u=931494.10242(28) keV/c? CODATA2018) = 1.66 x 10-?" kg

Usually, atomic mass tables list the mass defect or excess rather than atomic mass:

A(AX) - [m(Z,N) - A.u]c.*2 What is the mass excess of 12C?

Since 1863. 1.D. Moore, Topical Lecture Week at TU Darmstadt, 2025.



The King James bible: the Atomic Mass Evaluation

Periodically published collection of atomic masses

UNIVERSITY OF JYVASKYLA

Chi i
hinese Physics C W.J. Huang et al 50 60 70 80 9 100 M0 120 130 140
L ) NEUTRONS
Chinese Phys. C 45,
Chinese Physics C  Vol. 45, No. 3 (2021) 030003
g
Table I. The 2020 Atomic mass table (Explanation of Table on p. 030003-5) ;
=
N Z A EI Orig. Mass excess Binding energy Beta-decay energy Alomic mass g
(keV) per nucleon (keV) (keV) uu 2
=
MASS UNCERTAINTY, keV ;
1 0 1 n 8071.3181 0.0004 0.0 0.0 B- 782.347 a 1 0086649159 0.0005 g
L LR | H 7288.97106 0.00001 0.0 0.0 * 1 007825.03190 0.00001 U< »
=
11 2 H 13135.72290 0.00002 1112.283 a . 201410177784 0.00002 = 1<u<?2 g
]
2 3 H 1494981090 0.00008  2827.265 d i 18.592 a 301604928132 0.00008 * 2<u<4 E
1 2 He 14931.21888 0.00006  2572.680 a * 3 016029.32197 0.00006 = 4<u<i2
0o 3 Li -pp 28670# 20008 22708 6704 BT 13740%# 20004 3 030780# 2150# 12 <u <60
| 4 H -n 24620 100 1720 25 B~ 22200 100 4026430 110 60 <u <200
2 2 He 2424 91587 0.00015  7073.916 o * 4 002603.25413 0.00016 = 200<u
1 3 Li -p 25320 210 1150 50 BT 22900 210 4027190 230
- Extrapolated Mass
9 3 12 Li -1 49010 30 3791.6 25 B~ 23930 30 12 052610 30
8 4 Be 25077.8 1.9 5720.72 0.16 B— 11708.4 2.3 12 026922.1 2.0
7.3 B 133694 13 663122 0.1 B 133694 1.3 120143526 L4
L6 6 C 0.0 0.0 7680.145 g * 12 000000.0 00]
5 7 N 17338.1 1.0 6170.11 0.08 B+ 17338.1 1.0 12018613.2 1.1
4 8 o -pp 32013 12 4882.0 1.0 BT 14675 12 12 034368 13

Mass-excess uncertainties for all nuclei in ground state
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-

Nuclear structure mass filters/indicators™ |

UNIVE UNIVERSITY OF JYVASKYLA

The study of differences in nuclear binding energies, or mass excesses, gives information on nuclear
properties. Removing a nucleon requires energy to overcome the binding energy.

These derivatives give insights into subtle changes in nuclear structure along isotopic (same Z) or
Isotonic (same N) lines.

tin (Z = 50) one neutron seperation energy

F?airing :
Qnergy —— FRDM_2012
* Shell

Sa(Z,N) = ME, + ME(Z,N = 1) =ME(Z,N) 2 20" . e |

S, (Z,N) = 2M, + M(Z,N — 2) — ME(Z, N) SR
1()_ ............... 4 . e — .......

One proton, S, and one neutron, S, separation energies determine -~ Shell
where the driplines are located. " | closure Giant halo?
. . 0 _ """"""""""""""""" n v
Two-neutron/proton separation energies remove the odd-even R N =7
) i L o elutt:onidr!p-lllnel
staggerl.ng.effgcts, allowing for smoother trends to be observed, as 10 60 20 100 120
well as indications of sudden structure changes. Neutron number
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Nuclear binding energy

UNIVERSITY OF JYVASKYLA

The energy required to dissasemble a nucleus into its constitents

‘ -— Ni and Fe: highest B/A
9 — 3ag OFe BaKy 19g,
160 Gl '
__8-1¢ 25T a5,
% Most stable nucleus
c
% - Fission b . : =
g 100 _ }'7'/ : ‘#S
8- 5— f/ zs82
= 1 1 4 Bindi :
b ey > g inaing energy . . .
2 ] Regionofvery ™ so{ ] T * When a nucleus is formed, the binding
2 3| SRMSTHEASS. ) 3 3 m8S577 7583 energy occurs due to a transformation of
5 | o BR901 @347 L
= : 20— £ |m8AT3 W22 a mass quantity Into energy.
- : ... |B8055 w7 i
oM [T [ Re * Nuclear stability — the nuclear landscape!
1 il Sl R e Sl S8R » Theory is needed to predict the limits of
0 [ ! | [ I | T 1 I | — stapility.
0 20 40 60 80 100 120 140 160 180 200 220 240 » Direct relationship to nuclear energy
Maas rissnben (3 (fission & fusion) released in nuclear
Figures from L.S. Paraschiv et al., Energy Reports 8 (2022) 342; P. Schwerdtfeger et al., The periodic reactions.

table and the physics that drives it, Nature Reviews Chemistry (2020)
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The liquid droplet model

Based on the analogy of nuclear matter as a liquid. A semi-empirical macroscopic approach
that treats the nucleus as a spherical and incompressible droplet of liquid of radius r A3,
The model assumes a homogeneous charge and density in the nucleus.

z(z ~1) (A—zz)2

+5

B(Z, ) aVA a  A?® -

.%) 56000 @.g@
OQ. . OQ % .@.g%

+ve for even-even nuclei
0 for odd A nuclei
-ve for odd-odd nuclei

Al/ 3 - asym

/

a.k.a. Weizsacker formula, Bethe-Weizsacker (mass) formula
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The liquid droplet model

UNIVERSITY OF JYVASKYLA

10
E Volume + surface + Coulomb terms
8f
= | Volume + surface + Coulomb + Asymmetry + Pairing terms
> 6t
Q i
E |
@ |
2:_ | —— Liquid drop properties
: ! —==Liguid drop and nuclear properties ]
gl . - Naturally occuring nuclides — a) | Difference A = BE/A,y,, - BE/A,,, from nuclear binding
0/ 2 e ___ energies tabulated in Atomic Mass Evaluation 2020.
L 0.0p-+- Iy & . . . .
> L e : Impressive reproduction of the evolution of binding
= —0.2p -7 energies with A.
Eﬁ‘* —0.4 :
3 08 _ b) | « We know however that this picture misses relevant structure,
—0.8 =5 ""100 150 200 250 notably shell effects...
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The nuclear shell model

UNIVERSITY OF JYVASKYLA

1 ——_— . _ ] -~ - . . 168
he Nobel Prize in Phvsics 1963 On the “Magic Numbers” in Nuclear Structure (e
T T ST i T O11O0 HAXEL _— 4s - 1i
Max Planck Institut, Gottingen o TRy ;‘,‘
J. HaNs D. JENSEN S| 1512
Institut f. theor. Physik, Heidelberg (112 -0~ g o VS o
AND (38 _ R — o
HaANs E. Suess T —
Inst. f. phys. Chemie, Hamburg = 3p—.. 572
April 18, 1949 \ 2% _ 7 —a
q SIMPLE explanation of the “magic numbers” 14, 28, @ e 2f - T 5, 2 1924
50, 82, 126 follows at once from the oscillator model of (92) S S —
the nucleus,! if one assumes that the spin-orbit coupling in e——l 212
the Yukawa field theory of nuclear forces leads to a strong e ?ﬁ = ) o2y T 9
splitting of a term with angular momentum I into two distinct Vi ad— SN
terms j=I41%. (40) . (58) A b 12
o e — - V2
o, ™ S s
On Closed Shells in Nuclei. II et L ; %
MARIA GOEPPERT MAYER & (34) : ; 5
. . Argonne National Laboratory and Department of Physics. (20) b 1f e (40) s
. i ‘ U niversity of Chicago, Chicago, Illinois = = Tay 2
Eugene Paul Wigner Maria Goeppert Mayer J. Hans D. Jensen February 4, 1949 ) _ﬁ
‘ i : ‘ ' s HE spins and magnetic moments of the even-odd nuclei - e -
have been used by Feenberg®? and Nordheim® to deter- = 20) "
NS . . . . mine the angular momentum of the eigenfunction of the odd @ S C—— "
for the|r d|scover|es Concerr“ng nUC|ear particle. The tabulations given by them indicate that spin 7ad” =
., orbit coupling favors the state of higher total angular mo- (8) :
mentum. If strong spin-orbit coupling, increasing with angular - 52
She” StrUCtu re momentum, is assumed, a level assignment different from N W s (8)
either Feenberg or Nordheim is obtained. This assignment B "
encounters a very few contradictions with experimental facts @ 2 e
and requires no major crossing of the levels from those of a { (2 @
square well potential. The magic numbers 50, 82, and 126
occur at the place of the spin-orbit splitting of levels of high F— “_m?-:u_“ s St e
angular momentum. oscillator squars squars + spin-orbit

(STABLE) Magic numbers 2, 8, 20, 28, 50, 82 and 126 VIR REAN|
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Evidence of nuclear shell structure
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8000 N—IBI =T 1 * { 1 ' g T T T fﬁ:{g 10_-;-I----'-'--I-IZ_-SOIS-_
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5000/ | 20 i = e
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& 18 - ey . R > 6'_ ;Y v ]
4000 N=50 - - - 16 4 e s é: 5] i
i v | A Lo VY
S 2000- - i — 3 A\ / :
g - {\‘V "“"—A _ 8—_ ’ - 2 L4 [ ] |
:":‘- 0 A : | sooloesetiBT™ | 3 AP L L A AL T TN ;B 70 72 74 76 78 80 82 84 8 88 90
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= 8000 T T T | T | T I T T T T 7 — —
W (a) = ggAr 4 K B (b) B jZn —a—5Ga (C) s gSn s gTe o Xel
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n 4 sMn —e— ,Fe [ ¢ 5Sr ! > @Smoe - gEu o= Gd|
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'y v © r
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4000 [+ ~ £ basg 1AL &g } +
i | = N 32"4 3 8345 E %oggiﬁﬁ*ﬁ
I ! [ gttty LT 3 iRt
2000 1 8 - S Y = B e
- \ (\\'7‘ ¥nq¢ ‘A:' é + ﬂn‘u
‘ 4 3 o EFHAT W a | I
0 ST | “thaiiad ”H N=28 ra N=50 L et N=82
0 20 40 60 80 100 120 140 ‘ Shell effect = Shell effect . Shell effect
neutron number : a
16 20 24 28 32 35 40 45 50 55 60 65 60 64 68 72 76 80 84 88

Otsuka et al., Rev. Mod. Phys. 92 (2020) 015002

Neutron number, N

X.F. Yang et al., PPNP 129 (2023) 104005
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Nuclear mass models

UNIVERSITY OF JYVASKYLA

Representation of the rms deviation for the 32 Skyrme-HFB mass models, Gogny-HFB (D1M), the finite-range droplet
model (FRDM) and Weizsacker-Skyrme (WS). The latter two are macroscopic — microscopic mass models.

i <
~l oo

[MeV]

0.5

rms

O

0.4

0.3
|

1 3 5 7 9 1113151719212325272931 =

HFB model i

Since 1863.

Mass models are critically important as they
are used to extrapolate to regions which have
no experimental data

Modeling of nuclear synthesis pathways in
nuclear astrophysics

Typical experimental precision ~1 keV/c?
RMS deviation ~0.5-0.7 MeV/c?

“Masses of exotic nuclei””, from the Handbook of Nuclear
Physics (2022)
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Nuclear masses for astrophysics

UNIVERSITY OF JYVASKYLA

. e — — * Nuclear masses (binding energies)
hY determine nucleosynthesis pathways

p-process: ~2000 nuclei
100 (v,n),(v,p),(y,@),n-,p-,a-captures, B*,EC

* Modeling the rp process:

80 s-process: ~400 nuclei 9__" d neutron drip - X-ray bursts and light curves
| (n,y), B, B*,EC _? s 3 : - proton captures have exponential
| ™ H r-process: ~5000 nuclei dependence on mass

G0 ' (n,7),(y,n), B~,Bdn,fission, FFD

rp-,vp-process: ~200 nuclei . .
» Theoretical models are critically

(p,7),(n,p),B*EC ) .
A0 | Important, e.g., for modeling the r-
H to Si burning NS inner crust: EoS | process
A(a,b)B NS outer crust:
20: Uiy ~ Recentwork illustrates only local changes in
a-process: ~1000 nuclei | mass trends (e.g., shell effects) play a role on r-
- n-, p-, a-, v-captures, (y,x) | process abundances — not bulk properties,
Li-Be-B “en______ Ann . 1E2n . Ar e.g., symmetry energy in a liquid drop

q CNO+p/a. 50 100 150 200 parameterization

N

“"Masses of exotic nuclei””, from the Handbook of Nuclear Physics (2022)

S.A. Giuliani et al., arXiv:2412.03243
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Calculated and experimental S,, for erbium

4 I T T ]
- $ 'f+ 154 162
ke 4
v | *'ﬂ
-._E_..- 2F "-_‘.l #‘— ?,*.::v__. }
w El" --,“‘“.,::j;i‘.‘_ - «:-.'r ---- .
§] RESEE e e  Sulp. - = ol 2t
I I — 1
: 140 148 156 164
g N
%. .
2 FRDM !
o 12[|-—e— HFB-21 ii
hi
------- LR SL}r‘4 "_:".‘.‘,‘__r;: i i‘_.
B @ UNEDF1 .E“O'ir! .,-,.‘-i .
' r
@ UNEDFO 2"1,.
® min i 21 ¢ B lr!\ i
Et----- exp o b0l i! i
& .?i@
0] e Dripline -----------—-----% % 3 L?J'--
. y Experiment . 7 : : :
80 100 120 140 160

Since 1863.

Neutron number, N

Figure from J. Erler et al., Nature 486 (2012) 509.

UNIVERSITY OF JYVASKYLA

o Stable Er (Z = 68) isotopes from N =94

to N =102.

» S, = two-neutron separation energy
» S,,=0isthe neutron drip line
* S,, = two-proton separation energy

S,(Z,N) = B(Z,N-2) - B(Z,N)

1.D. Moore, Topical Lecture Week at TU Darmstadt, 2025.



Measurement of atomic masses — how precise?

UNIVERSITY OF JYVASKYLA

Mass of each and every nuclear state is important! édm for m=100 u

e Some masses are needed with more precision, General physics &
some less... . chemistry

.....................................................

: lI_SI_?'L‘;RAP (published) masses since TCP 2014 NUCIear StrUCtu re phySICS S 10_6 100 100

100F| 1 Con g - separation of isobars

ESRIMS

: i _I“'-h:"_" i x_rrr,—\f .......................................... - ................................................................... ..
80F |  TRIGATRAP fllmei  — 7 . Astrophysics E

= SHIPTRAP

LEBIT

i - separation of isomers
B0F | « JUYFLTRAP :

neutron dripline e b e E AR SRR bR . SO SO
(HFB-D1M) i : : : :

4o§—

T T R LrE LT Ty T T T P P PP PP PP P PP P PRI RPPRPPRPPIY

2%

. Metrology - fundamental
_ : . constants . <10° | 0.1 0.1
O:_.Daw“ i L i i il il i TS PN N o | lill%iofll3310rl‘1|aslselsll_:

0 20 40 60 80 100 120 140 160 SISt e Shetrhet = SO

Figure from D. Lunney, Hyp. Int. 240 (2019) 48

~2500 masses experimentally determined - QED in highly-charged ions -~
- Separatlon of atomic states

(White bOXES) LA
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Nuclear structure via mass probes

—1000+

o
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Neutron Number N
Courtesy of Lukas Nies, PLATAN 2024 conference.
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A short historical note on atomic spectroscopy

e 1704: release of Newton’'s "Opticks”. Sun’s light can be dispersed
Into a "spectrum”

K|H| h|G|fe th|ch.".I| |

UNIVERSITY OF JYVASKYLA
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Lpeprpepepepepepeprprpeprpeprpepeprpeprpeprprprprprpeprprprprprprpryprprpiprgd
N P L N P D Oy
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AERIE AT TSE = Telluric O,
OF THlF_ _§ 1.4 Cal/Fe 686.719 nm
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INFLEXIONS and COLOURS 1 30750 nm“ 0 faluico,
s Joseph von Fraunhofer Opriberund Physiker 1757-18% Deutsche Bundespost 8 1.2 [_TSQ.JTDnm
J 1987 )

LIGHT I Terc Oy
| i =E 14 393.366 nm 822,696 nm
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| Two TREATISES = 1
| OF THE — 0.8 4 Fe
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| o® | [ 1
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FIne structure

N=oo

\E

N=2 I
Balmer Series

UNIVERSITY OF JYVASKYLA

A=656.279 nm (N=3 — N=2 in Balmer series)

AE = typically eV

N=1 7 Electron angular momenta couple:

Lyman Ser}és
J=L+S, L+S-1, ..., |L-S|

Increasing the resolution by a factor of
~5000 reveals a fine structure splitting
of hydrogen

Giving the configuration for a state:| 25+1 L
J

AEps ~ 1071 — 107V i=1'2 22 e.g., atomic level 5d 6s? has a configuration 2Dy,

Since 1863. 1.D. Moore, Topical Lecture Week at TU Darmstadt, 2025.



Discovery of deuterium

UNIVERSITY OF JYVASKYLA

» Harold Urey (American physical chemist) set out to

A=656.279 nm (N=3 — N=2 in Balmer series) dis_cover deuteriur_n (" heavy” hydroge_n) in 1931,
using a 6.4 m grating spectrograph which could

resolve the Balmer series.
* Note the neutron was discovered in 1932

» Chemistry Nobel Prize in 1934 (" 'heavy’” hydrogen)

',
H'.'.l'

Hydrogen Deuterium

H " U rey et al 1 P hyS' Rev‘ 39 (1932) 164 Mass spectrometer with Urey al the controls, atter the discovery of Ueulrum (Photograph

courtesy of King Features Syndicate.)
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Nuclear properties via the atomic fingerprint

Uranium (Z = 92) atom

UNIVERSITY OF JYVASKYLA

Y : - Blaise & Wyart

‘S 50000 atomic level 2|§08 U 2|§04 U

O, compilation

By 4o Recentadditions  pine structure AT sae13emt
T — g2 .

() ] A =289 nm
5 20000 Z7

E ) =9/2 .‘% ______________________ ) =972 0 cm-l
O 10000 Elé‘ctrons

5 excited

0 - . :
parity: even  odd Photon
[Rn] 7826d5f3 Detector

Note: the heaviest of elements, e.g., Lr with Z=103,
only theoretical estimates for atomic levels exist!

1 cmt: ~30000 MHz (30 GHz)
1 eV: ~8000 cm1
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Isotope shifts of electronic transitions

UNIVERSITY OF JYVASKYLA

Even mass Pd (Z = 46) isotope shifts

|sotope 1 — 1=0 e :‘J&
+

500 —

400
600

116pg
400 *
.

200 e‘ ‘

0] 5pa $ > Neutron rich
Isotope 2 : xﬁ
ki

25

Counts
centroid

100 «* —
50

6001 11°pPd
0 y § 400 —

- 1>1/2

Isotope 3

1500

|
|
|
|
|
|
|
|
|
I
|
|
| 2001 112pg }
. o
|
|
|
|
|
|
|
|
|
|
|
|
|

|
|
|
|
|
|
|
|
|
|
|
1
|
|
|
|
|
|
|
I
|

|
1
|
|
: 2008 de;
| !
| v o : L Stable
IA\ : :“ l l 0 *;
‘e 1500 { 106pg

A JL [ : | 1000

Relative frequency (MHz) 5°: —

The isotope shift is the frequency difference in an electronic transition SV AA" A' A
between two isotopes of mass A and A’
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Just to make a brief clarification! ©

6p

UNIVERSITY OF JYVASKYLA
Optical transitions (3 eV)
Shift ~ 10% eV

K X-rays (50 keV)
o ol N Bl Nl Dt i Nf

\\\\\ Shift ~ 0.1 eV
Muonic X-rays (1 MeV)

- RVAVAVAVAVAVAVAVAVAVAVAVAVAVA!
Shift ~ 5,000 eV

(Theory allows absolute
Size measurement) 3

my = 207 m, H 4
<
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What causes the isotope shift?

UNIVERSITY OF JYVASKYLA

The shift in the atomic transition frequency between different isotopes of the same element arises
due to changes in nuclear mass and nuclear size.

: : Nuclear radius: few x 10> m
6\/ IS — BVMS + 8VFS Field shift Atomic radius: few x 10-1° m
g AE "
< >
Mass shift —_ =
Normal Specific \ t1t /P The finite spatial extent of
Mass shift M nift the nucleus perturbs the
ass shi : electron wavefunction.
P . LT s ,"‘--.--“’\
. Larger Smaller
‘ . ® ® i nucleus nucleus
... @ R @ . .
my, —my = f\ s electrons for example are
=vme — — — takes into account correlations [ / | more tightly bound — guides
A 7"A of the electron motion /) our choice of transitions!
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From the isotope shift to the nuclear size

Mass shift Field shift
!/ , m | A m I}
AA A A
svit = vl — v =K, + F; 8(r)44 R
mymy / s Nuclear mean-square charge radii
0L - - 5
EXPERIMENT THEORY f :

102 L

10}
To evaluate isotope shift data: s

100L
- Mass data from Atomic Mass Evaluation (2021) :

Isotope shift contribution (GHz)

- Atomic factors (K, F) determined via atomic structure 107¢ E
calculations: ab-initio approaches, e.g., multi-configuration ;
Dirac Fock, many-body perturbation theory, coupled cluster... 10%F
- Typically accurate to ~10% 10_33 Atomic number (2)
T T, R, R
Lower Z requires Higher Z lower resolution
B. Cheal et al., Phys. Rev. A 86 (2012) 042501 high resolution technigues methods

Since 1863. 1.D. Moore, Topical Lecture Week at TU Darmstadt, 2025.



An empirical method to extract atomic factors

UNIVERSITY OF JYVASKYLA

The King plot approach (note — this does not refer to royalty!)

I T independent radius data is available for at least three different isotopes (not always the case) we
can combine this information with optical isotope shift data.

Non-optical methods for charge radius (primarily restricted to stable isotopes), e.g.,
o X-ray scattering of muonic atoms
e Elastic electron scattering

[ A —

l m m l
1. Take our beloved isotope shift equation: 5vf4"4 = K; A 4 + F; 5(7‘2)‘4"4
my my

2. Multiply by a modification factor:
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Example of palladium

UNIVERSITY OF JYVASKYLA

363.6 nm 357.2 nm 361.1 nm 369.1 nm

J=2 1 38811.90 Cm-l Line 1 Line 2 Line 3 Line 4
J=0 Y 38088.19 cmt? — 102
J=1 —— 36180.68 cm-? K, , j — e
1=3 . 35451.44 cm'L i
J=2 7 34068.98 cm-? UL ;,JL — 110

w w wl w N

29 & g g 0 1, S e

o N ol Kl wlg §

2 & 3 g g | l | "

S S S s| S % - e b ) ! R

3 3 3 3 3 I H H l
J=2 11721.81 cmt -2000 O 2000 4000 -2000 O 2000 4000 -2000 O 2000 4000 -2000 O 2000 4000
J =1 1009399 Cm'l Frequency detuning (MHz)
]=2 7755.03 cmt1
]=3 6564.15 cmt
J=0 0cmt
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Example of palladium

UNIVERSITY OF JYVASKYLA

Gradient Intercept

i = R0
363.6  4d°(®D;)5s 4d°(3P,)5p -2.9(6) 845(669) _—
357.2  4d%3D,)5s 4d°(Py)5p -2.9(6) 814(685) O et
361.1  4d°(3D,)5s 4d9(F,)5p -3.3(6) 1346(773) ~400 - bl
369.1  4d°%®D,)5s 4d°CF,)5p -4(2) 2444(2782) g

= _4so- S

R e | TR

Notice: N

« Similar electronic configurations (atomic factors are similar) 5504

 Transitions involve promotion of s electron into p-orbital

 These deduced factors will enable the extraction of the
unknown changes in mean-square charge radii from isotope

shifts.

Since 1863.

S. Geldhof...IM et al., Hyp. Int. 241 (2020) 41

0.19

0.20 0.21 0.22 0.23 0.24
KA,A'@(,-Z)]OB,A [fmZ]

Modified 5(r2)A:A' from muonic X-rays
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From the isotope shift to the nuclear size

Raw data: optical spectra of Y isotopes

80—
40 =

P T T T

20—
40 -

101y, —
Y

]

1{;
b

10()Y _:

99. —
. Y 3

98,98m,, -
Y

ﬂ ﬂ 97,97m.97n12Y ::

||II;IIIII
L

L
i

]
F
}
Ld LR

L,o/m -
86 -
N R R Nﬂ"’"“h N

-5000

Since 1863.

-4000  -3000  -2000  -1000 0 10(
Frequency relative to ¥y ground state resonance (MHz)

Ber? >N

UNIVERSITY OF JYVASKYLA

Kr —m—
Rb —e—
Sr

¥ o——

Nb —<—
Ru —e—

1fm

N=50

N=50 shell closure

60 65

More about this in Lecture 4
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Let’s return to the atomic structure of uranium...

238 22U 234

UNIVERSITY OF JYVASKYLA

’; 3 1 4 !l
Fine structure s 5 ¥ : ) =9/2
) =972 4 3 | —— y w s §
o - _.’:55: —————— g Y 3
> ] = 9/2 et ‘\{\ ) 3 ]
2 r - R
o B
-

5 o
o <
5Y J=9p2 =92
Q
LLl

V)

il

(e

)

(@)

(@]

(=

(@)

]

(@)

e

(a1

; . / L . / / : ,
-1 0 il 31 32 33 37 38 39

Frequency w.r.t. 238U [GHz]
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Hyperfine interaction (in free atoms) T

UNIVERSITY OF JYVASKYLA

Hyperfine interaction = the interaction of nuclear magnetic and electric moments with electromagnetic
Tields (which are produced at the nucleus by the orbiting electrons)

Lets consider the effect on an atomic orbit of spin J (where J =L + S) - our fine structure orbital.

The atomic and nuclear spins couple to form Eletron spin
the total angular momentum J Nuclear sgin " "
Hy= Y TE-T
F=1+] - f e
. e k
Each state J has J

several F-states:

F=I1+JI1+J-1,.. |I—-J|

States of the same I and J but coupled to different angular momenta = have slightly different energies

Since 1863.
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Nuclear magnetic dipole moment

UNIVERSITY OF JYVASKYLA

e produce a
magnetic field

From the definition:

l +gs _qu}N -="

;=
/ \ t

We can see there are contributions from orbiting charge

fiy =

nucleus

and intrinsic spin , possesses a p
magnetic
moment
Protons: g =+l g = +5.586
(These are values for a free proton/neutron)
Neutrons: ¢,= 0O gs = -3.826

The magnetic dipole moment of a state of spin 1 = expectation value of the z-component of the dipole operator u:

p(1)=(,m=1|ag,[t,m=1)=glu,

Measuring a magnetic moment is an excellent way to learn more about the wavefunction/configuration of the nucleus.
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The magnetic dipole interaction

The interaction energy depends on angle 6

201|_|g
Fine structure
Nuclear spin 1=3/2 /%% E=-p4.B,= -puB,cos0 * Magnetic
. c interaction
Atomic spin J=1
5/2 A A e X
A= M & =1 b =zvx10°¢
E(J) I . J ] E—J A DR .
M B, (0) = magnetic field at nucleus 3 )
s 3 | v=10° MHz P
A = magnetic o
/2 A _ c
’ dipole HFS g
parameter 2 -0
F=1/2
A
The original fine structure level E(J) is perturbed so that S u XH
the final energy due to the magnetic hyperfine effect: © § | ' i
A —> —>
E(F)= EC v=AE/h v=AE/h
where C=F(F+1)-1(1+1)-J(J +1) Access to nuclear spin | (number of hyperfine components) and |,
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The electric quadrupole moment

UNIVERSITY OF JYVASKYLA

The electric quadrupole moment provides a measure of the deviation of charge distribution
from sphericity:

e() = f Pn (T 32 —r )d'r A spherical nucleus would have zero Q

Experiments measure the maximum "projection” of the intrinsic quadrupole
moment along the quantization axis, the ~ “spectroscopic Q..

Using angular momentum algebra, we get

Q. =Q 3K? —I(I+1) this assumes a well-defined deformation
"(I+1)2I +3) axis (not always a good approximation)

Note for nuclear spin 1=0 and 1=1/2 the spectroscopic quadrupole moment vanishes even if the
intrinsic shape is deformed.
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The electric quadrupole moment T

UNIVERSITY OF JYVASKYLA

I T we assume the nucleus adopts a basic shape (ellipsoid), then it is possible to relate the
intrinsic Q moment to the quadrupole deformation parameter (3,

3772
Qo & ,—0 <,82>( -+ 036(62» Prolate
Oblate Spherical E i We know however that there is

no reason to assume, except in
rare cases, that a real nucleus
- would adopt such a basic shape!

Please don’t confuse models with
reality!

B, . >

-ve 0 tve

Also, we hear a lot about nuclear deformation, but | want to stress that the nuclear shape is not direct observable!

Since 1863.
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How common is (quadrupole) deformation?

UNIVERSITY OF JYVASKYLA

Or, we could rephrase the question: how uncommon are spherical nuclei?

oz - 2>No 140 E Ground-State Quadrupole Deformation
= o) | — = 1Bl
o:zo—‘_'_,,x-’ 3 120 ':‘ *anl_
§ o N = 0.35
= o Th (z=00) | = 0.30 B
T = el 5 CE o035
d o]~ o) 8 E 020
i;ﬁ 138 140 142 144 146 148 150 152 154 g 80 ;_ "
Neutron number z E
S. Raeder et al., PRL 120 (2018) 232503 g =
B W E |
;0 (2l é [
: 40 E
¥ S See Lecture 4 ©
 ; ‘A 3 FRDM(2012)
0 0.2 0.4 "-’: . 0.8 ; 0 - :
B: PNAMP 10 0 20 40 60 80 100 120 140 160 180 200

Rodriguez and Egido, PLB 705 (2011) 255 Neutron Number N
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Discussion pause...

UNIVERSITY OF JYVASKYLA

Can you think of any other
methods that might be used
to probe nuclear deformation?

Figure from D. Verney, ""History of the concept of
nuclear shape™”, Eur. Phys. J. A 61 (2025) 82
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Discussion pause...

UNIVERSITY OF JYVASKYLA

REDUCED TRANSITION

ENERGY
SPECTRA

Since 1863.

COLLECTIVE

A 4

MODEL

g
PHOTONUCLEAR Ji\/ik
REACTIONS Vi .
> 11 QO
\/ E
SCATTERING I
THEORY HYDRODYNAMICS
A GLAUBER MODEL
] v.4 I
ag
s " DIFFRACTION
'.. .,E‘ATI'ERNS
\‘
ELECTRON g Ko __
SCATTERING =
RELATIVISTIC HEAVY-ION
L COLLISIONS
\/

KUMAR'’S Q-POLE
INVARIANTS
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B
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4 —

couLomMms
S EXCITATION

MUONIC X-RAY

\ ELECTRONIC
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(F factor) ¥
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\/

I
Y
B
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A ]

PE SHIFT
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Figure from D. Verney, Eur. Phys. J. A 61 (2025) 82
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The electric quadrupole interaction

A further perturbation of the atomic level, x B

ZOng
o F=5/2 %
NUCIe.ar Spln 1=3/2 Fine structure Hyperfine structure
Atomic spin J=1 .
5/2 A + Magnetic + Quadrupole
interaction interaction
E(J) P —— F=l4)
A P
M & i v x10°
— A e
F=3/2 o N ‘
Electric field gradient 3/2 A % 4 T A =l
3 | v=10° MHz - TR F=[1-J|
VE o
- (@]
\\ ,L———"-_e,Q F—1/2 _'3
) -1, Q
\ / w =0
\ ! FI=,
\ 1 nucleus
" ! possesses a B=eQ)Vj (0), 4
uadrupole . o . C n
’,' ‘\\ qmomfm V,, (0) = electric field gradient g€ Sl
£ O
ke \ at nucleus o ©
/ ! \ \ — 1 —> j —3
Access to Q. B = electric quadrupole V=aE/h V—aE/h vaE/h

HFS parameter
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Let’s summarize... R

» The hyperfine interaction manifests as a splitting and

Fine structure Hyperfine structure perturbation of the atomic fine structure lines.
+ Magnetic + Quadrupole
interaction interaction iy » The energy of the F state is given by:
- =1+
A A A 4

> =1 ] i i E(F)@C(C +1)-1(1+1)J(J +1)

% N . 2 2(21 =1)(2J -1)1 -]

2 ' F=I

2| v= 100 Mn2 \ﬂ\ — F=jty)  Where C=F(F+1)-1(1+1)-J(J +1)

g

g « Experimentally we extract the A and B hyperfine coefficiencts

2 " from either the upper or lower fine structure state:

F’=I
() B
5 L — - A .
g £ 4= 1By (0) B =eQV;;(0)
£ 8 I]
<+ —>
—» —» ->
v=AE/h v=AE/h v=AE/h
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In reality (umm, experiment) what we are measuring |

INIVERSITY OF JYVASKYLA

» To extract the hyperfine parameters A and B from
experimental measurements, the magnetic field B,
and electric field gradient V;; need to be extracted.

» This can be done in principle using atomic theory

« A more elegant way is to use reference nuclei with
known moments. B, and V;; depend only on

v=AE/h electronic structure.
Nuclear magnetic moment Nuclear quadrupole moment
Aq — H1 Lrer Reference nuclei (stable isotopes) B = eQV), (0)
Aver  Urer Lt with accurately known moments
_____________________ B B, B, from fit
| = h i . Ay, Arey from fitting our optical spectra ' Qs = Usrer B ' Q,etfrome.g., NQR.
M I A Href £ NMR : ref | '
! ref ‘iref Hrer TTOM €.9., - S GRLCEE TP LR PR
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Take home messages from Lecture 1

UNIVERSITY OF JYVASKYLA

. ' e The nuclear mass and binding energy contain a wealth of nuclear
‘ e e structure information.
The isotope shift is a gateway to changes in the nuclear size

(charge radii).

Mass

Size Sh ape - close connection with shell structure, deformation, neutron-proton
pairing... (Lecture 4)

* A measurement of hyperfine structure gives access to magnetic
dipole and electric quadrupole moments (single particle and
collective properties)

_ 0 ' - These observables are very sensitive probes of the configuration of the
Electromagnenc Spin nuclear wave function (Lecture 4)

property
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