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Aimed at both physics and non-physics students

Lecture 1: Nuclear physics and ISOLDE facility

This lecture: Science of ISOLDE
® Measured properties and used techniques

® Recent studies in:

» nuclear physics
nuclear astrophysics
fundamental studies
material science
biology
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Nuclear shell model

Further spliting  Multiplicity
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‘ Chart of nuclei and shell model

+Rh

4H2miz
P rao
1T=55 (7% | B*=100%

“hu .

stable 0*
14 -860B0.37 (0.17)
Abundance=5 54 {18]%
237

28
20 neutrons

50

Magic
“~nhumbers

]
li!sm 84

88 My 0
M 80996 (3)
a=100%

29l
62 85
106.6 Gy 772

M~792664 (14)
Abundance=14.99 (18)%|
0=100%

136.3 (1.4
|Abundance=11.24 (10)%|
=100%

]
Msm 87

apy 0 stable 7/2
M- ) M-771357 (1.3}
Abundance=13.82 (7)%

a?

M -B37480(1.4)

[Abundance=23.798 (19]
a=100%

177y 52 553y 3

M-B12675(29) M-79454 (4)
EC=100% EC=66.0 (13)%
a=28e"7% B-=34.0 (13/%

% "ll

60 84
229Py 0*

W
Npm 86

26234y Ti2* 5.368d 1- 2698h (17)
M-79042.3 (1.4) 3 M 76066 (5} M-73597 (2
-=100% B~=100% f~=100%

N
60 87

10.98d 52 7408.0 2.1) 1.728h 52°
M-78146.7 (1.4) | Mo74375521)
=100% 2877.. B==100%

152
ﬁism 90

2840h 52*
M~73386 (5)
B=100%



‘ ISOLDE techniques and physics topics
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‘ ISOLDE experimental setups

| E4A

ravelling MINIBA
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Examples of nuclear structure info
from ISOLDE studies




‘ Nuclear structure from atomic masses
/%

® Mass filters (mass differences) to
“filter out” specific effects, e.g.

» Differences in binding energies
(one- or two-neutron/proton
separation energies)

Two-neutron separation energy
Son=B(N —2,7Z)— B(N, Z),
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‘ Mass of 54Ca and new closed shell

ISOLTRAP Penning-trap mass spectrometer

Vertical section

Horizontal section
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‘ Nuclear structure from atomic transitions

Atomic hyperfine structure (HFS) Isotope shifts (IS) in atomic transitions
(interaction of nuclear and atomic spins)

(change in mass and size of different isotopes)
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‘ Charge radii towards >*Ca & closed shells

RILIS Level scheme for
ionization scheme resanance excitation
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‘ Halo nuclei & nuclear structure

Halo: nucleus built from a core and at least one neutron/proton
with spatial distribution much larger than that of the core

1985: first halo system identified: 1Li , discussed

now: almost dozen other halos known10 Ne[®
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Proton emission from 11Be

® 2 experiments:
» Appearance of 10B
» Optical camera (publication under preparation)

® Rare decay, probability depends on mechanism -> interesting to measure

gas at atmospheric pressure
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Other ISOLDE setups and studies




Decay spectroscopy

@® Different detectors to sensitive to emitted:
» Alpha particles

yee

TRV .
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> Beta particles A
» Gamma rays Decay ftation Y

» Protons or neutrons
@ Isolde Decay Station
@ soon: polarised beams at VITO
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Nuclear astrophysics at HIE-ISOLDE

& ' neutron excitations in 207Hg by neutron-
» - adding (d,p) reaction in inverse kinematics
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Scalar currents with 32Ar

Aim: search for scalar current B 32Ar 32
contribution in predominantly vector 0 18 m 19
current of 3 decay via B—v correlation o8 me 0"
M ~2200.4 (1.8)
S+p 32 stz

Vector current Scalar current

8 weak recoil:

weak Doppler effect

strong recoil:
strong Doppler effect

1200 Comparison of emitted proton spectrum

WISARD experiment [ Vector

[ Scalar
1000} :

* Tool: B-delayed p decay of 3?Ar, Doppler
effect on proton energy
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Counts

* Present limits on scalar current from v
correlation ap = 0.65%
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L. Hayen CRADLE++ (https://github.com/leenderthayen/CRADLE)
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‘ Radioactive molecules & Beyond SM

225RaF
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Low-energy SM tests ~ New e-N interactions?  P-violation T-violation
* Nuclear structure * New forces?

Nature 581, 396 (2020)

* BSM searches From M. Udrescu




Material science

® Emission channeling
» Position of implanted ions

Crystal lattice
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229mTh: towards a nuclear clock with VUV and EC

——229Th — —Cherenkov — — 22Ac Ch.bg. - 229R3 Ch. bg.
Determination of isomer energy with .5 30
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vacuum UV spectroscopy: | = 27
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removed via study in a crystal g 20 ! + sS4 -
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https://www.nature.com/
https://videos.cern.ch/record/2297990

New medical isotopes

Radiochemical i .
i ... PET/SPECT d
Collection at ISOLDE purification and Injection into mouse / 'Maging an
labeli tumor treatment
abeling

® Theranostics = therapy and diagnostics together
» Production of isotopes at ISOLDE
» Chemical selection and mice treatment in PSI

@® Soon at ISOLDE-Medicis

Dy 158 Dy 160 Dy 161
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After U. Koster, C Miller et al. 2012 J. Nucl. Med. 53, 1951




Summary

® Research topics with radionuclides:
» Nuclear and atomic physics
» Astrophysics
» Fundamental studies
» Applications
® Studied properties:
» mass, radius, spin, moments, half-life, decay pattern, transition probabilities
® Examples of ISOLDE experimental techniques
» Laser spectroscopy
» lon traps
» Decay spectroscopy
» Coulomb excitation
» Nucleon-transfer reactions
® Applications
» Material science
» Life sciences: bio- and medical
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‘ Nuclear structure from atomic transitions

Atomic transitions allow studying ground-state (and isomeric) properties of nuclei:

Atomic hyperfine structure (HFS) Isotope shifts (IS) in atomic transitions

(interaction of nuclear and atomic spins) (change in mass and size of different isotopes of
the same chemical element)

@ HFS details depend on:

» Spin -> orbit of last proton&neutron ® IS between 2 isotopes depends on:

> Magnetic d|p0|e moment -> orbits » difference in their masses & Charge radii

occupied by protons&neutrons s-"‘\ : pg
» Electric quadrupole moment -> .»""\_ i 1%pg
deformations '
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€ € €

Collinear laser spectroscopy

electrostatic
charge exchange cell (Na)

deflection
ion beam : excitation &
Fan"S0KY () electrostatic observation region
\ lenses for
retardation

laser beam

fixed frequency

Lasers overlapped with ion beam
Atomic resonances: scan of ion energy
Detection

» Fluorescence photons
> Betas, ions

Photo multiplier
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‘ Shape staggering of mercury isotopes with RILIS
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https://www.nature.com/nphys
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Penning-trap mass spectrometry

® Penning trap
» superposition of static magnetic and electric field
» lon manipulation with radiofrequencies

B B

1L+.+ll+lklh+lh+ll.ll.+ll.

-rﬂ"'_'_"_“‘m lon q/m
i Charge q
i Mass m

Free cyclotron frequency is inversely
proportional to the mass of the ions!
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Masses around 1%9Sn with ISOLTRAP
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https://www.nature.com/nphys

Coulomb excitation

Ge v detectors AE-E detector
Beam dump
s PPAC detector
HIESSOLDE | a0 — 1 | e OV ;
ISOLDE E up to 10 MeV/u -
target Beam
Beam impurities
Excitation of a projectile nucleus (radioactive) by the
electromagnetic field of the target (made of stable nuclei)
(
\ g |f>
, mefgftj‘i‘(é}m‘ Oce Y
target (B=0)

Observables: Transition energies and intensities

=> Determine new excited levels and study deformations
32



Beta-NMR in organic samples

Unstable probe nuclei with spin >0 in magnetic field

Spin hyperpolarisation

&
g
+ beta decay anisotropy Thermal equilibrium Hyperpolarized
: 1 = 50.000
X b t3T P~ 350%=
s T 7= 100,000
B detector
4 NaF
26Na + ¢ BMIM-HCOO
I 6 t1/2=1.1s
about 1e8 Up to 10 orders of
Beta decay, 1>0 Fa4 huclei magnitude more sensitive
I By, £ than conventional NMR,
B = 100 x more precise than
3o solid state NMR
= %
v 3.55 3.56 3.57 3.58 3.59 3.60
Frequency [MHz]
B detector
Applications in biology (metal ion interactions)

Phys. Rev. X 10, 041061 (2020) And nuclear physics: distribution of magnetisation



Scalar currents with 32Ar

Aim: search for scalar current B 32Ar 32
contribution in predominantly vector 0 18 m 19
current of 3 decay via B—v correlation o8 me 0"
M ~2200.4 (1.8)
S+p 32 stz

Vector current Scalar current

8 weak recoil:

weak Doppler effect

strong recoil:
strong Doppler effect

1200 Comparison of emitted proton spectrum

WISARD experiment [ Vector

[ Scalar
1000} :

* Tool: B-delayed p decay of 3?Ar, Doppler
effect on proton energy

800

600

Counts

* Present limits on scalar current from v
correlation ap = 0.65%

400+

200

L. Hayen CRADLE++ (https://github.com/leenderthayen/CRADLE)
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‘ Radioactive molecules & Beyond SM

225RaF
T,p=11.4d

224RaF
T,.=36d
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Low-energy SM tests ~ New e-N interactions?  P-violation T-violation
* Nuclear structure * New forces?

Nature 581, 396 (2020)

* BSM searches From M. Udrescu




Heavy-ion toxicity

® Studied with Perturbed Angular Correlation method

0.5 1 1.5 2 25 3 3.5 4 4.5
Angular frequency (rad/ns)

OO “*O

pH = 6.5 pH = 6.5 pH = 8.6

Vibenholt J et al, Inorg. Chem (2012)




Material science

® Emission channeling
» Position of implanted ions

Crystal lattice
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229mTh: towards a nuclear clock with VUV and EC

——229Th — —Cherenkov — — 22Ac Ch.bg. - 229R3 Ch. bg.
Determination of isomer energy with .5 30
a
vacuum UV spectroscopy: | = 27
307 =~ 20
> 229Ac decay to 229mTh ! g
. 25_ -
> Internal conversion decay branch = 1 5 10
. . ~ 1 O ~.
removed via study in a crystal g 20 ! + sS4 -
. . : | i: O ..................
> CaF as host (wide band gap material) £ 157~ 40 150 160
> Implantation site verified with © 104 Vacuum wavelength (nm)
emission channeling s | 4“-f\+:*~’~.~*_,5,_ :
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New medical isotopes

Radiochemical i .
i ... PET/SPECT d
Collection at ISOLDE purification and Injection into mouse / 'Maging an
labeli tumor treatment
abeling

® Theranostics = therapy and diagnostics together
» Production of isotopes at ISOLDE
» Chemical selection and mice treatment in PSI

@® Soon at ISOLDE-Medicis

Dy 158 Dy 160 Dy 161
0.095 44.4 2.329 18.889

b 159

Gd 152 : ad 15 Gd 155 Gd 157 Gd 158
0.20 : 2 14.80 2047 15.65 24,84

1.1:10" a |+

w2140 700

an, o <0.007 - a0

After U. Koster, C Miller et al. 2012 J. Nucl. Med. 53, 1951




Upcoming projects

MIRACLS: laser spectroscopy in electrostatic trap (MR-TOF)
PUMA: trapped antiprotons from AD to measure neutron skins
BELAPEX: spin and parities of neutron emitting states with polarised nuclei

€ € € €

Distribution of magnetisation and neutron halos
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Atomic Mass (M)

Nuclear pairing and masses
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Summary

® Research topics with radionuclides:
» Nuclear and atomic physics
» Astrophysics
» Fundamental studies
» Applications
® Studied properties:
» mass, radius, spin, moments, half-life, decay pattern, transition probabilities
® Examples of ISOLDE experimental techniques
» Laser spectroscopy
» lon traps
» Decay spectroscopy
» Coulomb excitation
» Nucleon-transfer reactions
® Applications
» Material science
» Life sciences: bio- and medical
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Nuclear models

Ab initio
Configuration Interaction
Density Functional Theory

stable nuclei

known nucler
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Nuclear shell model

® Created in analogy to the atomic shell model (electrons orbiting a nucleus)
® Based on the observation of higher stability of certain nuclei

» filled shell of neutrons or protons results in greater stability
» neutron and proton numbers corresponding to a closed shell are called ‘magic’

He = 4
h «. Firstionization energy in atoms y | Padeideence
c
@
g
g
E Ar };
Bs K 2 F
5 r g
T H Ne =
£
5
; Li Wv‘
Na K Rb Cs Magic numbers or shell gaps
? 8 8 18 18
W i a0 4 & w0 Challenge: created for stable nuclei,
Atomic number Z

.7 isitvalid for radionuclides?


http://www.triumf.ca/research-highlights/experimental-result/exploring-shell-structure-limits-nuclear-existence

Nuclear shell model

Further spliting  Multiplicity

Differences to atomic shell model

Quantum energy from spin-orbit of states
» No central potential but a self-created one statles of gﬁtential effect \ J,
) ) well including
» Nucleon-nucleon interaction has tensor  angular mementum K —19;, 8
(non-central) components effects. \
» Two kinds of nucleons 1g—————
» In ground state: all odd number of protons
or neutrons couple to spin 0 N 19s, 10
» Strong spin-orbit coupling changes magic —%, 2
numbers: 8,20,28,50,... 2p——7 s, 6 (
. O — 4 in
» No analytic form of nucleon-nucleon oo Paig .
interaction in nuclear medium a8 e a
a 1, 8
o 2
50
3 o ,———— 1dy, 4 -
3 of O e —— 02 -
g - ) d, 6 ~
CEER . |(0)
o e - 1p 2
52, i
£ B 404142 434445f|4?45 —————1p,, 4 @
= 2
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Summary

® Nuclear physics investigates the properties of nuclei and of the underlying
nucleon-nucleon interaction

Rich history and many nuclei discovered

All 4 fundamental interactions at play

» details of strong interaction are not known
Nuclear landscape — over 3000 known nuclei and even more predicted
Nuclear decays transform one nucleus into another

Nuclear properties — reveal features of nuclear interaction

€ € € ¢

Open guestions in nuclear physics
» How to describe various properties in with a fundamental interaction
» How to make predictions
» How do regular patterns emerge

® Nuclear models

» Each is better in one respect and worse in another

» Aim: describe known properties and predict new ones

® We are getting closer to the answers with radioactive ion beam facilities,
such as ISOLDE -> Lecture 2 and 3 49







Chart of nuclei

® Magic numbers:

> Proton and neutron shell closures

» Nuclear shell model — in analogy to atomic shell model
Superheavy islanc
of stability

® Nuclear driplines

Proton dripline
(edge of nuclear stability)

» Beyond: nuclei are unbound
® Line of nucleosynthesis
» On p-, n-rich sides

s-Process
‘Slow process’ via chain
of stable nuclei through
neutron capture

p-Process
‘Rapid proton process’ via s [
unstable proton-rich nuclei S - AR a— -
through proton capture . % ;

Proton number

. Stable nuclei
L Known nuclei
-@-| | Drip line
aol @ S,,=2MeV Z=82
== SV-min

8 g e

N =258

r-Process
‘Rapid process’ via unstable
neutron-rich nuclei 40+
"
»” L Z
.o Neutron dripline 7 =20,

(edge of nuclear stability)

0 40 80 120 160 200 240 280

volume 486, 509 (2012)

e Fusion up to iron
12

Neutron number



https://www.nature.com/

Key dates

® 1896: Becquerel, discovery of radioactivity
@® 1898: Sktodowska-Curie and Curie, isolation of radium
® 1911: Rutherford, experiments with o particles, discovery of atomic nucleus
@® 1932: Chadwick, neutron discovered
® 1934: Fermi, theory of B radioactivity
@ 1935: Yukawa, nuclear force mediated via mesons
® 1949: Goeppert-Meyer, Jensen, Haxel, Suess, nuclear shell model
® 1964: Gell-Mann, Zweig, quark model of hadrons
® 1960'ties: first studies on short-lived nuclei
1000 ® Since then:
2500 - , Today: the exact form of the
E 2000 Known nuclides nuclear interaction is still not
3 500 known, but we are getting to
_.----- | know it better and better
1000 -~ with many dedicated facilities
200
0189[] 1§1U 'IEI}BEI = 195[] ........... 1970 1990 2[&I1EI

Year



Creation of nuclides

@® H, He, and some Li were
created during the Big Ban

Superheavy i
of stability

Proton dripline
(edge of nuclear stability)

s-Process
‘Slow process’ via chain
of stable nuclei through

3

S rp-Process Tin =

< | | 'Rapid proton process’ via . 5
§ unstable proton-rich nuclei @ - s e ==
g through proton capture a 4

Heavier nuclei were produced in stars
= stellar nucleosynthesis

Up to Fe — via fusion (see binding
energy/A)

r-Process
‘Rapid process’ via unstable

newron-ienrucel @ Above: via proton or neutron capture

Neutron dripline » Stellar environment not yet known

(edge of nuclear stability)

» Several locations suggested by models

(e.g. supernovae explosions, neutron
(Nedtron number )——————star-mergers)

» Need nuclear physics data to constrain
models

e e Fusion up to iron
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Binding energy

® Binding energy = mechanical energy required to disassemble a whole into
separate parts

® Bound system = interaction energy is less than the total energy of each
separate particle
» Energy is needed to separate the constituents
» Mass of constituents = mass of bound system + binding energy (positive)
® Atoms:
» Mass of electrons + mass of nucleus > mass of the atom

® Nuclei:
» Mass of protons + mass of neutrons > mass of the nucleus
» E.gfor12C: 11.18 GeV > 11.27 GeV (difference of 90 MeV = binding energy)

® Nucleons:
» It looks like mass of quarks < mass of nucleon (ca 10MeV < 1GeV)

» But quarks don’t exist as separate particles, thus 10MeV is a rest mass of quarks
inside a nucleon. It would take an enormous energy to isolate quarks, so as
separate particles they would be much heavier, so:

> mass of constituents > mass of nucleon

54
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Atomic vs nuclear structure

Atoms Nuclel
shell model: e fill o shell model (but not only): p and n
. Description _ _

quantized energy levels separately fill quantized energy levels
n, I, m, s, parity (-1) Quantum numbers n, I, m, s, parity (-1)
max. S possible Lowest en. levels min. S possible
(due to Coulomb force): (due to strong force pairing):
J= L+S= ZII + ZSi or J= ZJI = Z(II +Si) J= ZJI = Z(II +Si)

weak Spin-orbit coupling strong
for 3 electrons in a d orbital for 3 nucleons dyp — —

T T T in a d orbital dszi T
calculated by solving Energy levels not easily calculated; nucleons
Schrodinger equation with central move and interact within a self-
potential dominated by nuclear created potential

Coulomb field .



Nuclear models

Nucleus = N nucleons interacting with strong force

/

The many-body problem

(the behavior of each nucleon

influences the others) unknown
l No complete derivation from the QCD

Can be solved exactly for N < 10 J

Nucleon-Nucleon force

For N > 10 : approximations Different forces used depending
on the method chosen to solve the

/ \ many-body problem

Shell model Approaches based
® only a small number of  on the mean field
particles are active ® no inert core

e but not all the correlations
between particles are taken

into account
56



‘ Nuclear force and experiments

Our understanding of nuclear force is based on three types of
experimental information:

@ results of nucleon-nucleon (proton-proton, neutron-neutron, and
proton-neutron) scattering experiments. Some of these experiments are
conducted with spin-polarized projectiles/targets.

@ Nuclear binding energies and masses, especially for light nuclei.

© Nuclear structure information, such as energies, spins, parities,
magnetic and quadrupole moments, especially for light nuclei.

After

57



http://web-docs.gsi.de/~wolle/TELEKOLLEG/KERN/LECTURE/Fraser/L5.pdf

Does di-neutron exist?

If nuclear force is charge independent, why does system with 1n and 1p exist
(deuteron), but that with 2n and 2p, etc don’t? And what binds neutrons in
neutron stars?

® Nuclear force is charge independent, but it depends on the spin, i.e.
» Spin-up to spin-up (T 1) interaction of 2 protons is the same as for 2 neutrons
» But ™M interaction of 2p is different than ™ 1 for 2p or 2n
® And there is Pauli principle
® Asaresult => A system of n and p can form either a singlet or triplet state.
The triplet state is bound, but not the singlet (we know it from deuteron). A

system of 2n or 2p can only form a singlet (due to Pauli principle), so no
bound state of 2p or 2n, etc, exists.

bound unbound Not allowed

P n P n P P n n Y P n

U NS N S7 NS Y [ 7 NP N NSO | 7 SN N I A

® Neutron stars exist thanks to gravity

See more details in 58



http://web-docs.gsi.de/~wolle/TELEKOLLEG/KERN/LECTURE/Fraser/L5.pdf

Discovery of nuclei

® Discovery Project at MSU — documenting discoveries of nuclei

Discovery of Nuclides Project

Home

Discovery criteria:

We decided on two main guidelines for the claim of discovery of a nuclide:

(1) Clean identification, either by decay curves and relationships to other known
isotopes, particle or y-ray spectra, or unique mass and Z identification.

(2) The discovery had to be reported in a refereed journal.

In most cases the discovery is easy to determine. However, there are many cases
which are controversial for many different reasons.

We would appreciate any help in resolving the controversial cases. If you have
any information that might be helpful or if you disagree with an assignment
please send an email.



http://www.nscl.msu.edu/~thoennes/isotopes/criteria.html

‘ Modelling nuclear interaction

© Meson-exchange theory of Yukawa (1935)
@ Fujita-Miyazawa three-nucleon potential (1955)
© First phase-shift analysis of NN scattering data (1957)

©Q Gammel-Thaler, Hamada-Johnston and Reid phenomenological potentials
(1957-1968)

© Bonn, Nijmegen and Paris field-theoretic models (1970s)

© Tuscon-Melbourne and Urbana NNN potential models (late 70's—early 80's)
@ Nijmegen partial wave analysis (PWA93) with y?/dof~ 1 (1993)

@ Nijm I, Nijm I, Reid93, Argonne vig and CD-Bonn (1990s)

© Effective field theory (EFT) at N3LO (2004-)

) Can we constrain parameters in EFT from lattice QCD? In the mesonic sector,
constraining EFT parameters from LQCD has been definitely demonstrated.
With petascale and soon exascale, this will happen in the baryonic sector as well!

*
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NN potential from QCD

my =~ 0.53 GeV my, =~ 0.37 GeV
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e stronger repulsive core at short distance.

e a little stronger attraction at intermediate distance.

my >~ 0.13 GeV 7

Aoki, Ishii, Matsuda 61




Liquid drop model

16

- Volume energy

2 1417, 777777777777,

§ % Surface energy/

=

e 12

E. Coulomb

= 10 oulomb energy \

&

5

5= g

= ¢ Net binding -
@ The volume term coefficient ay = 15.56 MeV. TR ¢ energy Asymmetry

=

5 energy
@ The surface term coefficient ag = 17.23 MeV. g 4

~

- o 17 65
o [he Coulomb term coefficient ac = 0.7 MeV. Z . (l) S’”MI)CI““ IT? Ptlm Bllcz“
. _ i L 1 1 1 } 1 1

@ The asymmetry term coefficient ay = 23.285 M 00 30 60 90 120 150 180 210 240 270

@ The pairing term Mass number A

s 11 i
A [MeV] even-even nuclei

d=1< 0 [MeV] odd-even nuclei

k -|—:T% [MeV] odd-odd nuclei




€ €

€ €

Liquid drop model

Based on the experimental binding energy per nucleon

Nuclei have nearly constant density => they behave like a drop of uniform
(incompressible) liquid

Forces on the nucleons on the surface are different from those inside
Describes general features of nuclei, but not details

. 2 _ 7\2
B(Z,A):avﬂ—agﬂi—acz—l—ag(m AZ} + (A, Z)

Additional terms -> shell model

Coulomb

63


http://en.wikipedia.org/wiki/File:Liquid_drop_model.svg

€ € € €

Mean-field models

Each particle interacts with an average field
generated by all other particles: mean field

Mean field is built from individual
excitations between nucleons

No inert core
Very good at describing deformations
Can predict properties of very exotic nuclei

Not so good at closed shells N as,,,(%- S ———
B,008(1+30)



Halo nuclei

Halo: nucleus built from a core and at least one neutron/proton

with spatial distribution much larger tl 4 discussed \g
10 Ne]@y
1985: first halo system identified: '1Li | F
2013: half-dozen other halos known 8 O]
N 1
Nuclear structure and core-halo 6 c 3
interaction still not well understood B B _ (15;
=> Crucial information: 4 Ele b @ ;5;
Mass/binding energy 2l He @| M
Spin-parity H 4 6 8
Magnetic moment % 2
Mass and charge radius n——- 7
one proton halo
QuadrUPOIe moment . i \\< one neutron halo
Energy level scheme . . D
e . neutron-rich nuclei %) T
111j:3p,8n C O nr)\/? proten-zich saclel four neutron halo

\ 208ph:82p,126n
n .

S

3 nuclei of a special

interest

Recent achievements: charge radii of Li (Uni

R ‘ \ZI " A4 Mainz/GSl), éHe (Argonne)
o &P
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Examples of nuclear decays

64 d 99%
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COLLAPS,
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Charge radii around lead
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Radii described well with
mean field models
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Isotope shifts measured
with RILIS setup (part of
data shown):

Regions of deformation
visible

T.E. Cocolios et al., PRL 106 (2011) 052503
M. Seliverstov et al., EPJ A41(2009) 315
H. De Witte et al., PRL 98 (2007) 112502
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ISOLTRAP

REX-TRAP

Studies with ion traps

cyclotron (+)

Penning trap = cross of magnetic and electric field

lon manipulation with radiofrequencies

® Possibility of purifying the ion ensembles

W
W

magnetron (-)




y

Penning-trap mass spectrometry

® Penning trap
» superposition of static magnetic and electric field
» lon manipulation with radiofrequencies

B B

1L+.+ll+lklh+lh+ll.ll.+ll.

-rﬂ"'_'_"_“‘m lon q/m
i Charge q
i Mass m

Free cyclotron frequency is inversely
proportional to the mass of the ions!

71



‘ Penning-trap mass spectrometry

ISOLTRAP setup Beta- and gamma decay tape station v ‘
studies Q@ Q B
| = —m |]() THF;:.Z’
From cyclotron 4 o
TOF S
freq uency to mass determination of O deteCtor P — > P — >
cyclotron frequency 50ms-10s, /
T 1 ﬂ B (R=107) 100% prepision
c  orm Penning trap )coi %
A
Relative mass removal of TOF detector | =
uncertainty contaminant ions 50ms-1s, o>

around 108 (R=10°) 100%  preparation ! W

enning trap .g

laser ablation

Bunching of the

=— QRN

. alkali continuous beam ion SoUrce
ion source \
10-100 ms, >50% [!
RFQ cooler and buncher 8

60 keV ion beam

|||||||||||||||||||||

: 2nd deceleration
k MR-TOF MS N K j cavity
S | — = — [l = QI

1st deceleration trapping T -
HV platform cavity cavity Hub
v ND:YAG 532nm
10 ms, 1-10% MR-TOF detector or

BN beam gate
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Mass of zinc-82

After several attempts at ISOLTRAP
and elsewhere

Neutron-star composition:
- Test of models
- 827Znis not in the crust

. . 0
® Combined ISOLDE technical know-how: P e BN
» neutron-converter and quartz transfer
. : : -
line (contaminant suppression) e
» laser ionisation (beam enhancement) u
g Kr
480 T N T T T T T T
460 [
440 | E=——3e
420 I
400 | 82
2 3e0 - Ge
= 360 |
S 30| —%Zn
S a0} “Cu
£ 300 '
= s '\:.Nl
260 B - 174
240 W data points ] Mo
200 LT theoretical line shapg L 1227,
-15 -10 -5 0 5 10 15
excitation frequency v - 1107794.1 / Hz 5 §
1.0
12251
174

R.N. Wolf et al, Phys. Rev. Lett. 110, 041101 (2013) 75

Mean-field models:



Decay spectroscopy

® Different detectors to sensitive to emitted: C foil for implantation
» Alpha particles
» Beta particles

» Gamma rays
Si detector

for alphas

> Protons or neutrons

® For example WINDMILL setup:

» Alpha and gamma detectors

» Used for studies of beta-delayed fission
(i.e. fission following a beta decay)

B+/EC

Qgc Nﬂ' X
'\ BY/ECDF
AN

b

A;Z-1 \-_7 1 N\deformation

® @ o° 76




‘ Beta-delayed fission of mercury-180

WINDMILL setup

180 = =
TI(Z 8_1,N 99) PRL 105, 252502 (2010) PHYSICAL REVIEW LETTERS

New Type of Asymmetric Fission in Proton-Rich Nuclei
Qec
10.44 MeV,

—

B,
~(10 Me

180Hg \deformation

(z=80, N:lOO\/ - ®oe

® Nuclear shell effects are important in
fission, but:

» Unexpectedly 180Hg does not fission
in two semi-magic 90Zr (Z=40,N=50)

» Fission theories do not predict the
results correctly
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Coulomb excitation

Ge v detectors AE-E detector
Beam dump
Pl ' PPAC detector
REC | m LD — | I DYIO ;
1SOLDE E <3 MeV/u —
target Beam
Beam impurities
Excitation of a projectile nucleus (radioactive) by the
electromagnetic field of the target (made of stable nuclei)
+
(o~ >
A B R n IL |
jectile (B>0 \
N profecte’ (B>D) Oce /
b li>
target (B=0)

Observables: Transition energies and intensities

=> Determine new excited levels and study deformations
78



Nucleon-transfer reactions

Miniball + T-REX setup (Si detector barrel):
gamma detectors and particle identification

'\g v-decay

‘_d' -

Typical reactions: one or two-nucleon transfer (d,p), (t,p)

barrel

target
g MINIBALL cluster

Information:
Observables

* energies of protons (+ E,) (single-particle) level energies
e angular distributions of protons (+ y-rays) spin/parity assignments
e (relative) spectroscopic factors particle configurations

study single-particle properties of nuclei

= > Similar configurations = large overlap of wave functions =
Large probability of transfer reaction 79




‘ Octupole deformation and MINIBALL

® Octupole shape — very rare nuclear shape
» Test ground for nuclear models

» Important in searches for permanent electric-
dipole moments (EDM) — beyond Standard
Model

® Method: Coulomb excitation
» Beam accelerated to 2.8 MeV/u

» Excitation of a projectile nucleus by e-m field of !
the target nuclei

® Detection with MINIBALL gamma-array

» Germanium detectors - high efficiency gamma
detection
» Silicon detectors for particle identification
L.P. Gaffney et al, Nature 497 (2013) 199




‘ Pear-shape: beyond Standard Model

® Results: Enhanced electric-octupole transitions radioactive  radioactive
beams targets

» direct measure of octupole correlations 000
— 3000

® Pear shape shown experimentally in
radium-224

@® Best candidates for EDM searches
identified: radium-223, 225

2500

1500 4 2%8pp

N

w

N
—
=
n
w
=
o

vibrational

I - 2000

1000 (ISOLDE .

- 1500

4 1000
® Enhanced atomic EDM moment

Quadrupole moment (e fm?)

Octupole moment (e fm?)

» Schiff moment enhanced by ~ 3 orders _ . - 500
L ]

of magnitude in pear-shaped nuclei A ]

0 . : . . : : . 0
» |In radium atoms, additional 08 22 216 20 24 28 232 236

enhancement due to near-degeneracy
of atomic states

® Outlook - HIE-ISOLDE:
» Coulomb excitation on odd-mass radium and radon isotopes
» Searches for permanent EDM in trapped radium isotopes
=> Looking for physics beyond the Standard Model

L.P. Gaffney et al, Nature 497 (2013) 199 81



Applications

® Use known radiation from not totally exotic radioisotopes

® Profit from radionuclides:
» Pure samples of radioisotopes (offline studies)
» High detection efficiency for radiation (online studies)

® Techniques:

» Emission Channeling
PAC (Perturbed Angular Correlations)
Diffusion

YV YV V

Photoluminescence
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‘ Biophysics and Parkinson disease

® Over 1/3 of all proteins require metal ions to function:

» Magnesium

Catalysis in cellular energy transformations

Photosynthesis -
component of chlorophyll

Alzheimer’s disease =

Body response

Wilson’s disease

lethality

Brain shrinkage and
deterioration occurs rapidly

@ But they are difficult to study:

“Magnesium in biological chemistry is a Cinderella

lement: We know its hidden power and personality

only indirectly since we are unable to label and
follow it in a sensitive manner.”

* Brain section showing
spongiform pathology
@, characteristic of
W Creutzfeldt-Jakob

" Prion disease

83
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4
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‘ Metals in biology and beta-NMR

® New approach — beta-Nuclear Magnetic Resonance COLLAPS setup
» Beta-decay of polarized nuclei is anisotropic
» Resonances observed as change in decay asymmetry
= Up to 10!° more sensitive than conventional NMR

® Proof-of-principle experiment taf T T T T
F,=3882.9(1)

FWHM = 1.7(4) \

» Magnesium-31 beam 1'2_-
» Polarization with lasers
» 1t beta-NMR in a liquid

F,=3887.8(2)
FWHM = 1.7(4) -

0.6

@® Outlook:

» Funding from CERN
Knowledge Transfer Fund

0.4

0.2 -

change of 3 asymmetry [%]

» First biological studies on 004 L

Mg and Cu k
-0.2 -

T ' T y T y T y T y T y
3870 3875 3880 3885 3890 3895 3900

RF frequency [kHz]
A. Gottberg, M. Stachura, M. Kowalska, et al, ChemPhysChem 15, 3929 (2014)

Soon be continued within MK’EU ERC Starting Grant o4




‘ Studies of radioactive nuclides

Properties/observables (for ground states and isomers — long-lived excited states)

o e EHHHEHE
oA,
\J 1

Laser Beta- Decay Coulomb Nucleon-
spectro- detected lon traps spectro- excitation transfer
scopy NMR scopy reactions

Techniques/ devices

To obtain the full picture: need to study several properties and use several techniques
85




Charge radii of Be isotopes

® Halo: nucleus built from a core and at least one neutron/proton with spatial
distribution much larger than that of the core
» Interaction of the core and halo nucleons not well understood

discussed "o '
Ne %/ 2.7 T T T T T T T T T T T T T
F Ly 4 6 3 N
O £
N it 2 267 . i COLLAPS
@ experime nt
C @ = _
B & 16 5,5 4 -
Be| 8 ® 12 14 5 *
- =
Li @ 10 o
oS AL @ | [— |
He %) $ %; 2.4 ./-/’/‘
4 6 8 = _ \ |
> \ FMD model
2-3 _ T T T T T T T T T T T T T T T .
n —_—
7 a8 9 10 11 12 13 14
% one proton halo _ Be Isotope
. stable nuclei @ one neutron halo L]
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Combination of techniques:
Charge radii of Hg & Au

RILIS, Windmill, ISOLTRAP teams

® Several techniques combined

® RILIS lasers to probe the hyperfine
structure of Hg & Au isotopes
® Detection:
» Alpha spectroscopy with Windmill
» Selective ion counting in MR-ToF
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EDM searches in radionuclides

0dd-A Rn [TRIUMF]

odd-A Ra [Argonne]

odd-A Ra [Groningen]

odd-A Rn:

219,221Rn inferior to 223:225R3g

Next step: 223225Rn

o
F

odd-A Ra:

o
)

Schiff moment [(10 fm)3]

o
o

—&—BCS

1 2 3 4
Octupole moment Qgg [(10 fm)a]

HIE-ISOLDE (CERN)

Next step: 22°Ra directly
TSR@HIE-ISOLDE




‘ Fundamental studies with traps

determine beta-neutrino (Bv) correlation in 3 decay of 3>Ar with (Aa/a)g,: < 0.5 %

=>test the Standard Model

Hg=HtH\4H+H +H, e.g: Fermi 3 decay (0t — 07)
Cel? CL|2
Angular distribution of 3 radiation Al — | S||C+||2 s
V

%
W(#) ~ 1+ a—cos#
2 Simulated ion recoil for different a

0.45 4| — a=-1

— =13
0.40 - a=13 /\
Ok LR —— /

lons (a.u)

Current experimental limits:
(from nuclear & neutron /3 decay) - .
G C

‘C‘i‘ < 7%' f} < 9%1 Recoil Energy / eV

300 400 &00




WITCH

Weak Interaction Trap for Charged particles
MCP detector .0

Retardation
spectrometer

Decay
trap

Cooler
trap

Pulsed
Drifted Tube

— R =) 4 =)

-

horizontal
beamline




‘ Transfer reactions on beryllium-11

® 11Be:
» Halo nucleus

> N=8 broken in 12Be

» Cluster structures in neighbours

‘ Doppler shifted gamma energies in coincidence with tritons

Triton_EDS
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CRIS

® Collinear Resonant lonisation Spectroscopy

® High sensitivity, lower resolution -> perfect for heavy ions

1. Bunched ion
beam of ~1us
temporal width

5. lons deflected on to _ 2. Doppler tuning voltage
decay spectroscopy station applied to ion bunch

6. Alpha-gamma coincidences used to
identify the decay of 2049.mFr to 200At

3. lon bunch neutralized
by alkali vapour charge
exchange cell

4. Bunch is ionized
when on resonance
with laser 25

20 207Fr

Open projects:
IS471: Collinear resonant ionization laser spectroscopy of 10
rare francium isotopes

IS531: Collinear resonant ionization spectroscopy for
neutron rich copper isotopes

92 —3%000 —20000 —-10000 0 10000 20000 30000
Frequency




RILIS

®

Resonant lonization Laser lon Source

Dye lasers with 2nd
harmonic generation
and UV pumping cption

Dye laser 3™
harmonic generator

Narrow band dye laser
for high resolution
spectroscopy or isomer
selectivity

Nd:YAG laser for dye
pumping or non
resonant ionization

3 Ti:Sa lasers

Nd:YAG pump laser
for the Ti:Sa lasers

Harmonic
generation unit
for Ti:Sa systernr
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COLLAPS — Ne charge radii

Laser spectroscopy

Intrinsic density distributions of
dominant proton FMD configurations

Sl 1
2 4 i) B 10

charge radius (fm)
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o
o
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~Geithner et al, PRL 101, 252502 (’(%\
A—--*"‘A/A

L Marinova et al, PRC (‘12)
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E=-JFvD'08
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HIE-ISOLDE

Quarter-wave resonators|iisls
(Nb sputtered)

* SC-linac between 1.2 and 10 MeV/u
*32 SCQWR (20 @ ,=10.3% and 12@ (,=6.3%)

e Energy fully variable; energy spread and bunch
length are tunable. Average synchronous phase
fs=-20 deg

* 2.5<A/q<4.5 limited by the room temperature
cavity

* 16.02 m length (without matching section)

* No ad-hoc longitudinal matching section
(incorporated in the lattice)

* New beam transfer line to the experimental
stations
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WITCH

-> energy spectrum of recoiling ions with a retardation spectrometer

‘ ;ﬂ -.:\-.-;-U MCP Usea Penning trap to create a small, cold ion bunch
= (i ﬂﬂ 3500 T : ; : , | :
June 2011 data
01T J— ~L 3000 JR—— sl o]
= - .
f 2500 |

® a=-1."~ e
S 2000 | s i
2 .
1500 .
= +—decay rap
> —cooler trap 1000 |
data ——
500 a:_'l ..... e ne
a=1 -—-—o--
0 fit; a=1.12(33) —— _
0 100 200 300 400 500 600

> VBL retardation voltage (V)

First high-statistics run in Nov 2011: under analysis

H B L (90" ratated)
A

M. Beck et al., Eur. Phys. J. A47 (2011) 45
M. Tandecki et al., NIM A629 (2011) 396
=3 S. Van Gorp et al., NIM A638 (2011) 192
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EDM 2919

Static Electric Dipole Moment implies CP-violation

With E-field

—

E

Schiff Theorem: neutral atomic system of point particles in
electric field readjusts itself to give zero E field at all charges.

BUT: finite size and shape of nucleus breaks the symmetry




EDM i291d&

V Spevak, N Auerbach, and VV Flambaum related to Qg
PR C 56 (1997) 1357

hiff moment: S — _2

~ P, T-violating n-n interaction
J < S >< VPT >

J+1 AE

energy splitting of parity doublet

Schiff moment enhanced by ~ 3 orders of
magnitude in pear-shaped nuclei

04

|| 219.221Rn inferior to 223:225R3

Schiff moment [(10 fm)?]

o o
o N
] 1

—

1 1

—&—BCS

J Dobaczewski (Trento, 2010) |0 1 2 3 4 5
Octupole moment Q, [(10 fm)a]




EDM searches

12919

odd-A Rn [TRIUMF] odd-A Ra [Argonne]

odd-A Ra [Groningen]

odd-A Rn: 219,221Rn inferior to 223:225Ra

0.4

odd-A Ra:

Schiff moment [(10 fm)?]

o o
o N
—

—&—BCS

0 1 2 3 4
Octupole moment Q__[(10 fm)a]

Next step: 223225Rn
HIE-ISOLDE (CERN)

Next step: 22°Ra directly
TSR@HIE-ISOLDE




EDM

In units of e—cm, selected EDM limits are:

12919

Particle | EDM limit System SM Prediction | New Physics
= 190 205T] atom T el
u 1.1%x10-19 | restframe E 10 10-22
T = e e i e
p 6.5x 102 | TIF molecule T T
n e s UCN i "
™Hg | 21 %104 atom cell 10—°° 10~%°
A non-exhaustive list:
Leptonic EDMs Hadronic EDMs
System Group System Group
Cs (trapped) Penn St. n (UCN) SNS
Cs (trapped) Texas n (UCN) ILL
Cs (fountain) LBNL n (UCN) PSI
YbF (beam) Imperial n (UCN) Munich
PbO (cell) Yale Hg (cell) Seattle
HBr* (trapped) | JILA 129X e (liquid) Princeton
PbF (trapped) | Oklahoma 225Ra (trapped) Argonne
(solid) Amherst 213.225R3 (trapped) | KVI
(solid) Yale/Indiana || 22°Rn (trapped) TRIUMF
muon (ring) J-PARC deuteron (ring) BNL?




Matter-antimatter i9294d

Sakharov conditions require CP symmetry violation

W This violation is observed in electro-weak interaction, but probably cannot
account for matter-antimatter imbalance

No evidence for CP violation in strong interaction

|d(n)| < 3.1x10%¢ e cm (Baker et al PRL 97 (2006) 131801)
|d(**°Hg)| < 3.1x10%° e cm (Griffith et al PRL 102 (2009) 101601)
|d(ThO)| < 8.7x10%° e cm (Baron et al arXiv:1310.7534v2 (2013))

In many cases provides best test of extensions of the Standard Model
¥ that violate CP symmetry.

Accounted for by cancellations?

— study of minimal supersymmetric SM (J Ellis)

CP violation in the lepton sector is not known, could also account for matter-
antimatter difference




12919
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Atomic/ Observable
Molecular
EDM
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30Mg: EO transition

E (MeV)

Mini—Orar

EO decay of 30Mg
electron spectrometer

counter

75m Kapton (scintillator)
window

p— catcher foil

e

beam

‘1
— — | |

Si(Li)
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10 F
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1
b

-0.5 0 0.5
deformation

Identification of O+ state at 1789 keV ; small
mixing amplitude with spherical ground state
=> deformed state

b)

0; — 0]

g &

L P
2 B
III|III|III|III|IIIIII IIIIIIlIIIlIIIlI

counts /2 keV
£

£ g
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E, [keV]

g 8

30Mg: spherical 0+ground-state,
deformed 15t 0+ state (2 neutrons
across N=20) => shape coexistence

W. Schwerdtfeger et al., Phys. Rev. Lett. 103, 012501 (2009)
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Laser spectroscopy and nuclear physics

- Spin (orbital+intrinsic angular momentum), parity (/7
- Nuclear g-factor and magnetic dipole moment (g, and 1)
- Electric quadrupole moment (Q)
-Charge radius ({r?))

Give information on:
- Configuration of neutrons and protons in the nucleus
- Size and form of the nucleus

" g,and
|P=2*

Q
u=+0.54 , .
Od3/2 —
151/2 e
Q=0 Q>0
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volume
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pairing
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Laser spectroscopy

Atomic hyperfine structure Isotope shifts in atomic transitions
(interaction of nuclear and atomic spins) (change in mass and size of different isotopes of

¢ the same chemical element)
_l SK(K+D)—1(1+2)J(J +1) " A—A v
AE, e . 2021 —1)(2J —1)1 -J oV = (Kyus + Keys) % 7 +F><5< >
where K=F(F+1)-1(1+1)-J(J +1)
l ,u, " (O) . =eQV,,(0) Nuclear Magnetic Resonance — NMR
(Zeeman splitting of nuclear levels)

1
E... =19,] 4 -B+=Q-V
Isotope shift ag \g, ‘ Hn 5 Q-V,

/ ) | ppm shift

i Yy w “
HFS \ w

Isotope A Isotope A’
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Beta-detected NMR

Beta particles (e-,e+) can be used as a detection tool, instead of rf absorption
(beams down to 1000 ions/s can be studied)

Measured asymmetry:
o N©)-N@so)
g‘rystals N (0°) + N (180°)

Nuclear Magnetic Resonance — NMR
(Zeeman splitting of nuclear levels)

_ 1(
|| E ‘Y

- 1
‘.‘;. . l.. AEmag:‘gl"luN'B_FEQ'sz
g ——y |
- |
B /i \ i
plastic
scintilators RF-coill
B=0 B#0

Results:
Magnetic and electric moments of nuclei
107 (position of last nucleons, shapes)

magnet
Beam from ISOLDE —__, | Poles




