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Atomic isotope shifts as measured in ISOLD

dv, A and v are experimental observables,
while d<r?> is the nuclear parameter of interest.

A—-A ,
AA AA
vt = , (mez/ + MSMS) + F5(r?)

Mass shift

From one isotope to the next, the reduced
mass of the nucleus + electron system

0

varies, giving rise to a mass shift, scaling ' Field shift

with A~ From one nuclear state to the next, the
charge distribution within the nucleus may

M & F are empirical parameters dependent on the vary, perturbing electron orbitals with a non-
transition. Their exact determination from first principles vanishing overlap with the nucleus

Is only possible for systems up to 3 electrons.
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Experimental approach: King plot

AA’
Haa = A—A
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* The modified isotope shifts are

linearly proportional to the modified

changes in the charge radii.

* The y-intercept and the slope give

direct access to the atomic
parameters.

* You need 2 points to draw a line,
and a reference to determine a
‘change’ = 3 absolute radii
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Measuring 3 absolute charge radii

 There are no odd-Z element with 3
H ali & 0 stablge isotopes for thg standard
Malkali-earth BlcN O F Ne techniques (e.g. muonic x rays, electron

NaMg al'si p s [@llar scattering) | -
K CaScTi W CrMnFe Co Ni ltuZznBaGeAs Se BF Kr « Applying those techniques to radioactive

iIsotopes is currently extremely limited:
RBsr v Zr nbMof[JRuRh PdAgcdiin snBBTe 1 xe g / Y
- . U SCRIT@RIKEN: electron scattering
Cs Ba Bl Hf fla W R& Osln| Pt AuHgFRPD Bi R \ay

from photo-fission products;
Lr Rf Db SgBh HsMt Ds Rg Cp v MuX@PSI: muonic x-ray

spectroscopy of long-lived
WSmMEuGdTb Dy Ho Er TmYb radioisotopes;

AcpUPaplBNpldl].  CmBk Cf Es FmM 220 ,  Absolute radii are best extracted
- ‘ ® from the combined analysis of both
Combining the

available ISOLDE techniques.
isotopes with electron
scattering would open
many new possibilities
K. Tsukada et al, First elastic electron scattering r8

- PRL 118 (2017) 262501. Interdisciplinary Research Group
5 E. Rapisarda et al, Measurement of the quadrupole m0 d 18’Re from the hyperfine structure of Instituut voor Kern- en Stralingsfysica KU LEUVEN
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Impact on the nuclear physics interpretation

Mass number
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R.F. Garcia Ruiz et al, ...radii of neutron-rich calcium isotopes, Nature Physics 12 (2016) 594-598. Interdisciplinary Research Group

; _ - : KU LEUVEN
A. Koszorus et al, ... radii of potassium isotopes, PRC 100 (2019) 034304 & work in preparation (1S620) 'T)St't““t voor Kern- en Stralingsfysica
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Veto Detector HPGe Detector

L-atomic spectroscopy with muX@ PSI

i |
Incoming Beam

Gas Cell

Entrance

Detector HPGe Detector

[

« A muon beam is delivered from the

R~ =14 \ HIPA facility at PSI to the TTE1
: /\‘. Muon targget stations TgM & TgE experimenta| area.

. 7 beam lines for particle ]
physics and materials science « The muon enters the experimental

I . .
G setup and is captured in a hydrogen
;i gas cell, transferred to deuteron and
eventually to the isotope of interest.

\ « The captured muon cascades down
towards the ground state and the

r ’ 590 MeV cyclotron | o §
—4r | 24mA 1.4 MW | L

/ | 50 MHz f |
|
|

Spallation source for _ 8= 1= SR | emitted x rays are monitored with the
ultracold neutrons =~ == :
nEDM experiment Ge detector array
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Hn-atomic spectroscopy with muX@PSI

. | R '_L,___i.‘-u o | Y

2016: 2 HPGe (Leuven & PSI)
2017/18: the Death Star Array: 1 MiniBall Cluste
+ detectors from PSI and the gamma_ loe
2019: MiniBall@PSI campaign

2021 and beyond: back to the Death Star Array but seeking better detectors

A. Adamczak et al, Nuclear structure with radioactive muonic atoms, EPJ WC 193 (2018) 04014. Interdisciplinary Research Group KU LEUVEN
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A. Skawran et al, Towards nuclear structure with radioactive muonic atoms, Il Nuovo Cimento 42 C (2019) 125.
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E. Rapisarda et al, Measurement of the quadrupole moment of 185Re and 18’Re from the hyperfine structure of Interdisciplinary Research Group

10muonic X rays, Physical Review C 101 (2020) 054313. Instituut voor Kern- en Stralingsfysica KU LEUVEN
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Where to with muX?

« Research in support of laser spectroscopy activities across the nuclear
landscape: hoping to reach from (K to goAc and beyond...

* Producing and isolating a pure target is one of the challenges that we face.
« Choosing where to begin is another!

« TAC: purity of the collected
sample?
» 90% elemental purity
» 99% Isotopic purity

Interdisciplinary Research Group
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In the vicinity of Z=50 and spanning from N=50 to N=82;
Previous investigations already reached down to N=50 (LISOL);
New work under analysis from Jyvaskyla from N=49 to N=74;

New proposal at ISOLDE to push to N=82;

At term, many groups aim to study the elusive
case of the high-spin isomers in the
self-conjugate 4Ag.

*u{ Expt. 328 nm
Expt. 328 nm in-source
i:j Expt. 548 nm
— Fayans DFT

Mean-squared charge radii (fm?®)

R. Ferrer et al, ... radii of N=50-54Ag, PLB 728 (2014) 191-197.
13 R.P. de Groote et al, [CRIS] of silver..., INTC-P-551. .
|. Mukha et al, ... two-proton radioactivity of %4Ag, Nature 439 (2006) 298-302. Department of Physics & Astronomy - isEiARaoimoueAS cs




L | i

1-Ag features 2 stable isotopes: 107:199Ag | e -
with Spin 15 170 LIRM °cd | "cd
B+ Stable

e- capture Stable Stable

It also has a long-lived isotope: 198MAg
with spin 6 and T,,,=438 years wAg IIVE “Ag BBEYE '°Ag
B+ B- B-

Production: 1°7Ag(n,y) followed by mass

Separation 105pd 17p 108Dy [REES
ISOLDE has experience in the production Ralibeel © el °

of 47Ag

Stable Stable

* TAC: Is the isomer produced?
« TAC: Ratio of 197/Ag to 108mAQg?

R. Ferrer et al, ... radii of N=50-54Ag, PLB 728 (2014) 191-197. Interdisciplinary Research Group
14 R.P. de Groote et al, [CRIS] of silver..., INTC-P-551. Instituut voor Kern- en Stralingsfysica | KU LEUVEN
|. Mukha et al, ... two-proton radioactivity of %Ag, Nature 439 (2006) 298-302. Department of Physics & Astronomy - iiiubAsatoNsASEs]



47-AG-107(H, G)47-AG-108-H
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EXFOR database from NNDC: https://www.nndc.bnl.gov/ Interdisciplinary Research Group
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https://www.nndc.bnl.gov/

« TAC: Ratio of 197Ag to 108mAQg?
47Ag  TAC: Can the ion source handle the throughput?

« Situation similar to the 1%8Er(n,y)®°Er
case at MEDICIS

« Same order of magnitude cross
section

* Enriched material as starting point

» 2% radioisotope content at the end of
irradiation

« Demonstrated a collection of 17 MBq
= 2x10%3 atoms without RILIS
(€i0n~0.2%)

R. Formento-Cavaier et al, ... 1%°Er production..., NIMB 463 (2020) 468-471. Interdisciplinary Research Group
16 Instituut voor Kern- en Stralingsfysica KU LEUVEN
Department of Physics & AStronomy [iciEAR AR RABIATIONPAVE] cs



v TAC: Ratio of 197Ag to 108mAQg?

47Ag v' TAC: Can the ion source handle the throughput?

10?
e = RILIS in normal mode can
8 100 already separate Ag isotopes
5 with widely different spin/nuclear
g structure:
§ o >If tuned on 198mAg, both
107.109Ag are naturally
103 ; suppressed from the source
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Frequency detuning of the 328nm transition [MHz]

HFS simulation courtesy of R.P. de Groote. Interdisciplinary Research Group
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features in charge radi

H. limura et al, ... isotope shifts of 135La, 137La, and 138La..., PRC 68 (2003) 054328. Interdisciplinary Research Group
18 T.E. Cocolios, Master Thesis, McGill University 2005. Instituut voor Kern- en Stralingsfysica KULEUVEN
H.A. Schuessler et al, Nuclear moments of ... 31La..., Proceedings to LAP2006, p95-96 (2006). Department of Physics & Astronomy g aontousases




« TAC: La scheme?

° . I 9
TAC: What can Mainz do~ vice AN “co BN “Co

Stable B+ Stable e- capture Stable

135La 136La 137La 139La

B+ B+ e- capture Stable

134Ba 13SBa 136Ba 1SSBa

Stable Stable Stable Stable

»Requires further enrichment to be suitable at muX

H. limura et al, ... isotope shifts of 13°La, 13’La, and 138La..., PRC 68 (2003) 054328. Interdisciplinary Research Group

19 T.E. Cocolios, Master Thesis, McGill University 2005. Instituut voor Kern- en Stralingsfysica KULEUVEN
H.A. Schuessler et al, Nuclear moments of ... 3lLa..., Proceedings to LAP2006, p95-96 (2006). Department of Physics & Astronomy  ieigaisnotonsivsics|




v TAC: La scheme?

v' TAC: What can Mainz do?
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Maryam Mostamand, Laser developments and study of Rydberg and autoionizing Rydeberg states in Tm, La and Interdisciplinary Research Group

20 At using resonant ionization laser spectroscopy, PhD Thesis, University of Manitoba (2020). Instituut voor Kern- en Stralingsfysica | KU LEUVEN
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M. Mougeot et al, ... neutron-rich Tb ... approaching the doubly mid-shell in Rare Earth nuclei..., INTC-1-217. Interdisciplinary Research Group
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v TAC: What can Mainz do?

15?Dy 158Dy 15"':"Dy 160Dy
B+

Stable e- capture Stable

1 55-|-b 1 55-|-b 1 5?-|-b 155-|-b 1 59-|-b
B+ p+

e- capture e- capture Stable

154Gd 155Gd 156Gd 15?Gd 158Gd

Stable Stable Stable Stable Stable

154E 155E 156E

B- B- B-

v'Requires characterization in Mainz

M. Mougeot et al, ... neutron-rich Tb ... approaching the doubly mid-shell in Rare Earth nuclei..., INTC-1-217. Interdisciplinary Research Group
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Updated request and remaining guestions

Separation of “="Ag I e —

« Can be produced at ILL
« Should contain 1-5% 108mAg

e Should take 1 to 2 weeks of
operation

« Ampoule handling should be done
by CERN

 Other activities are moved to Mainz:
guality control of 137La, 1°7.158Tp

* No need for new target units,
provided that they do not contain
Isobaric impurities at A=108,138 a

Instituut voor Kern- en Stralingsfysica | KU LEUVEN
Department of Physics & Astronomy NUGLEAR AND RADIATION PHYSICS



Collaboration

PAUL SCHERRER INSTITUT

o=

m Ziirich

sonannes GUTENBERG
UNIVERSITAT Mainz

.\

NUCLEAR AND RADIATION PHYSICS

/W€

Iréne Joliot-Curie
atoire de Physiq
nis

ﬂ HIM

Helmholtz-Institut Mainz

AX-PLANCK-INSTITUT
FUR KERNPHYSIK

[__Qq o — HEIDELBERG

\\\\

... for the muX collaboration

.
v Leoven

NUCLEAR AND RADIATION PHYSICS

\ for the interest in absolute radii for laser spectroscopy /

)

JYVASKYLAN YLIOPISTO
UNIVERSITY OF JYVASKYLA

NUCLEAR AND RADIATION PHYSICS

sonannes GUTENBERG
UNIVERSITAT MAINz

ﬁ HIM

\*Ielmholtz-lnstitut Mainz

... for the production & purification /

PAUL SCHERRER INSTITUT
e @)
\

Y ARRONAX |

/(4 14

NEUTRONS
FOR SCIENCE

Interdisciplinary Research Group

KU LEUVEN

Instituut voor Kern- en Stralingsfysica

Department of Physics & Astronomy

NUCLEAR AND RADIATION PHYSICS



