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Muonic Atoms Vi)

V(r)s 1o

Replace electron by muon in simple hydrogen(-like) atom that %
can be calculated with high precision:

my, = 200 - m,

S

2
« Bohr energies: E « % - m — from eV to keV
.. n? 1
* Bohr radii: ro<—-— 200 times smaller

(a) Point nucleus (b) Finite size nucleus

- Finite nuclear size effect: AEgpns(n,1) = :?(Za)4m3r25w — Enhanced by 107!

ldea: Form muonic atom and observe 2p—1s transition for nuclear charge radius measurement
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What to do with charge radii?

Benchmarking ab-initio nuclear theory

Atomic Nuclei From Quantum Monte
Carlo Calculations With Chiral EFT
e : Interactions
Precision QED tests in
. . Stefano dolfi™, Diego L i2, Al dro Lovato** and Maria Piarulli®
simple atomic systems
Trends of Neutron Skins and Radii of Mirror Nuclei from First Principles
X-ray measurements in helium-like atoms increased S.J. Novario®,' D. Lonardoni®,"" S. Gandolfi®," and G. Hagen®’
discrepancy between experiment and theoretical QED
C T Chantler!, A T Payne', J D Gillaspy?, L T Hudson?, L F Smale',
A Henins?, J A Kimpton® and E Takacs*”

/ Nuclear structure physics

Nuclear Charge Radii of ®!'Li: The Influence of Halo Neutrons

R. Sanchez,' W. Nértershiuser,'?> G. Ewald,' D. Albers,” J. Behr,® P. Bricault,® B. A. Bushaw,* A. Dax,"* J. Dilling,’
M. Dombsky,3 G. W.F.Drake,’ S. Gétte,! R. Kirchner,' H.-J. Kluge,1 Th. Kiihl,' J. Lassen,> C.D.P. Levy,3 M.R. Pearson,’
E.J. Prime,® V. Ryjkov,3 A. Wojlaszek,” Z.-C. Yan,® and C. Zimmermann®

Extracting fundamenta| constants Charge radii of exotic potassium isotopes

challenge nuclear theory and the magic

via atomic spectroscopy character of N=32

A. Koszoriis"”2, X. F. Yang 022, W. G. Jiang ©345, S. J. Novario®, S. W. Bai?, J. Billowes®,
C. L. Binnersley®, M. L. Bissell®, T. E. Cocolios @', B. S. Cooper®, R. P. de Groote’, A. Ekstrém®,

The Size Of the prOtOh N eW p hyS i C S Se arC h e S K. T. Flanagan®?, C. Forssén®%, S. Franchoo, R. F. Garcia Ruiz®™?2, F. P. Gustafsson®', G. Hagen®*,

N R G.R. Jansen®?, A. Kanellakopoulos®', M. Kortelainen®?%, W. Nazarewicz®®, G. Neyens ©'2,
Randolf Pohl', Aldo Antognini’, frangois Nez*, Fe[nando D. Amaro®, Francois Biraben?, Jodo M. R. Cardoso®, T. Papenbrock ©34, P.-G. Reinhard ®*, C. M. Ricketts©¢, B. K. Sahoo®*, A. R. Vernon®¢ and
Daniel S. Covita>, Andreas Dax®, Satish Dhawan®, Luis M. P. Fernandes®, Adolf Giesen®t, Thomas Graf®, S. G. Wilkins ©'6

Theodor W. Hansch', Paul Indelicato?, Lucile Julien?, Cheng-Yang Kao’, Paul Knowles®, Eric-Olivier Le Bigot?,

o
Yi-Wei Liu’, José A. M. Lopes", Livia Ludhova®, Cristina M. B. Monteiro?, Francoise Mulhauser“’r, Tobias Nebel, . . . . . . . .
Paul Rabinowitz’, Joaquim M. F. dos Santos®, Lukas A. Schaller®, Karsten Schuhmann'®, Catherine Schwob?, Atomlc pal‘lty VlOlatlon ma S]]lg]e tl‘apped l‘adlllm 0on -
David Taqqu'!, Jodo F. C. A. Veloso* & Franz Kottmann'?
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Lithium nuclear charge radi
From muonic atom spectroscopy

Radius uncertainty >100% from 1968 measurement:

VoLuME 20, NUMBER 10 PHYSICAL REVIEW LETTERS 4 MARCH 1968

ENERGY AND WIDTH MEASUREMENTS OF LOW-Z PIONIC X-RAY TRANSITIONS*

R. J. Harris, Jr.,f W. B. Shuler, M. Eckhause, R. T. Siegel, and R. E. Welsh
College of William and Mary, Williamsburg, Virginia
(Received 15 January 1968)

Element Eexp Radius (fm) - Equivalent Uniform Charge
This Work This Work
Li® 18.64+0.07 4.96+6.0
Li? 18.69+0.06 4.94+5.0

= muonic atom measurement so far not possible.

Only radii extracted from electron scattering until today.

Katharina von Schoeler | Attract.Workshop



Muonic Lithium

5] 5]
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N ) Typical resolution of solid-state
N detectors @ 18 keV: > 200 eV

2 isotopes with hyper(fine) structure

= 19 lines within less than 100 eV!
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Muonic Lithium

g g F=2 R —MMC
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\_ ) Typical resolution of solid-state
N detectors @ 18 keV: > 200 eV

2 isotopes with hyper(fine) structure
vs. MMC: ~ 10-20 eV

= 19 lines within less than 100 eV!
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MMC working principle

E AV <« AM « Ey
| AT = -~ E
tunes detection Crot 14
efficiency photon r \
— determines C T magnetic field Energy resolution:
\ absorber
T\/ Cabs
AE « ”
paramagnetic sensor magnetometer A /TD
G J

weak thermal link \
oM

thermal bath

DOI: 10.1109/TASC.2009.2012724

tunes signal
decay time tp
— detection speed
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PSI

Setup at PSI October 2024

Dilution fridge
with MMC inside

=,
«

MMC mounted on dilution

fridge sidearm '
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Analysis Procedure Development

Remove electron hits

- 1.5¢ u-f);: L » ) } Ezzz;;fa};piﬂt :::ve:aed Jq

g os i3 g 1 g ﬂ .

2_0.5‘ 6%’5 l ' 200? , J | Summed hlgh'
j ZZ; MH ‘! *LL statistics spectra
_ jEeawattl ‘ - ¥ for physics analysis
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655.

ADC calibration fitting pulses
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Muonic Lithium Data 2024

Preliminary results

c
o 4 Mn Ka - Muon anticoincidence
5 10 er
o — Mn KB Mo Ke All events
..‘é’ — (%5Fe) (XRF) /
= 3
o 1 O = Mo Kp
O — (XRF) Ag Ka
: (XRF) Ag KB
- (XRF)
10° =

5000 10000 15000 20000 25000
Energy / eV
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Muonic Lithium Data 2024

Preliminary results

c I
9 — 2 _
- 700 = Yoy = 460/432
L2 gl Lithium analysis nearly complete
3 =
500 = « 42 pixels, 70h measurement, FWHM
w00 ~20 eV = stat. uncertainty ~0.2 eV
300 — « thorough line shape analysis &
— systematics study in progress
200 —
100 —
o Y. Total uncertainty expected <0.5 eV
& : .
I = radius uncertainty of <0.02 fm
1 §450 18500 18550 18600 18650 18700 18750 18800 18850 18900
Energy / eV
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Summary & Outlook

« First measurements of light muonic atoms using MMCs successfully conducted at PSI in 2024
« Lithium results expected soon, Be & B following, 1017180 data have just been taken.

E (2P-1S) keV
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Backup
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Muonic Atoms

Michel electron

Stop muons in target material

Atomic capture in high principal
quantum number n

Cascade down to the ground state via
- Auger electron emission
(dominating at high n)
- and muonic x-ray emission
(dominating at low n)
- few keV to MeV range

Decay in orbit (= Michel electrons) or
nuclear capture u+(A,Z)=(A, Z-1)"+y,
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Beamtime 2024 — Setup

[ =i
MMC dilution /__J_'\;,_—
refrigerator
/& 1 4\
X-ray

window

Beamline ____——Calibration sources

~ holder

Target ladder

Collimator \
Veto X-ray
scintillator Entrance window
scintillator
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Beamtime 2024 — Setup
“maxs-30” MMC

Efficiency

Operated at approx. 20 mK

High efficiency: > 90% from 8 — 22 keV

High resolution of ~10-20 eV at 18 keV

64 absorbers: each 500 ym x 500 pm x 20 um
max. rate per pixel < 0.5-1 Hz

—_—

P T S N T S S N T | |

L L L L L ! L L L L 1 L
120 140 160
Energy (keV)

20 40 60 80 100

Calculated detection efficiency for maXs-30 type detector

i KIRCHHOFF-
UNIVERSITAT
HEIDELBERG | CINSTITUT
ZUKUNFT FUR PHYSIK
SEIT 1386 ) (—

DOI: 10.1007/s10909-024-03141-x
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Typical photon pulse shape
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Setup October 2024

X-ray tube )
Target ladder

Beamline

XRF

target slot Collimator

Radioactive
sources slots (7x)

Calibration sources
holder
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Low-Z Charge Radii

E (2P-1S) keV

8 33 75 134 207 297
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QUARTET
. 2Ps/9
Low-Z Charge Radii E1
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Lithium nuclear charge radi
From electron scattering and isotope shift measurements

DOI: 10.1103/PhysRevC.84.024307 (2011)

2.6 o Eberment S e 1+ Experimental values extracted from two inputs:
i -8 GFMC * 3BM ]
-0- NCSM (CDB2K) -o- TOSM

Cc

f 1. Electron scattering for absolute radius reference
] 2. |sotope shifts connecting within the chain

N
(&)
————

N
I
———r—

Whole isotopic chain currently limited by the
uncertainty from absolute radius (grey band):

N
w
—

R, s (6Li) = 2.589(39) fm

Nuclear charge radius R _(fm)

N
N
———
1

6 7 8 9 10 11 = ultimate goal: shrink uncertainty-band by an
Lithium isotope order of magnitude

Theory community still actively updating, e.g.:

+ X.-X. Sun, H. Le, U.-G. MeiBiner, and A. Nogga, “Radii of light nuclei from the Jacobi no-core shell model®, Phys. Rev. C 112, 024317 (2025).
* M. Kndll, M. Lockner, P. Maris, R. J. McCarty, R. Roth, J. P. Vary, and T. Wolfgruber, “Benchmarking ANN extrapolations of the ground-state energies and radii of Li
isotopes”, arXiv:2501.18252 (2025).
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Muonic Lithium Data 2024

Preliminary results
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Muonic Atoms Cascade

Binding energy
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From Energies to Radi Add QED

corrections

Muonic
atom Absolute
" > E =Ep+ 8Epgp + OE r?)) + 6E >
energies
Solve point
nucleus Dirac
equation 5 1 "
r“) =—J rep(r)dr
(r2) = =[r?p(r)
Charge density distribution Add corrections for two-
e (e.g. from electron pho?on exchange
. do A scattering or model) (mainly nuclear

N — polarization)
o dQ)

@V
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"maxs-30" MMC from Heidelberg v v
Detector design 69"’(09.6 ‘—'\ ) ‘_l/" )

W
a(’ {(\\Jg Rap,,
o > % N
Absorber pair wise coupled (52 O(\pp\-\ Cq,%UQ c
- Reduced sensitivity towards global temperature changes Asc. A\ A
- (Reduced number of readout channels necessary) |_|_I [ ]
1|14 || 2] £ 9
Gradiometric design: Temperature sensitive design: q

: SQUID z SQUID

input coill E input coil

T N =

absorbers & pick-up coils absorbers & pick-up coils

]

17| 177

DOI: 10.1063/1.3292407
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Data analysis workflow
Background

Fit RSS

identification

Voltage / mV
n
o1

Recorded pulse

—— Template fit P

Fit RSS
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Data analysis workflow
Background identification

 Electron hits not only recognizable by pulse shape but also via
coincidences between pixels

Spatial distribution of coincident triggers on the e’
detector e.g.:

Michel electrons
shoot through
absorbers into
silicon substrate
and heat-up
pixels “from the
backside”
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Enabling the laser spectroscopy of monic Li/Be(?):

"Li ; | ® .x-ray (HPGe)
« MMCs: Improve r. of éLi by factor ~5. 5Li @ o ® ,-Laser
: B. ® e. scattering
« Narrow 2S-2P wavelength search from 10° i "B ;\? “zzz E;ﬁi’;") j
200 nm to 20 nm i | :
|
: Be :
« Similarly for Be/B ¥ :o i ke o
w ! : ® 174
' [ (6]
= | \ | |
__2.70¢F +30 = | e | |
E | L2 A -
: 2.65' : | ﬁ | |
= : 1+1lo , | i ) | |
[ 107 [ | : | .
g 2.60] ro,. _ v \ o'c Y |
5 2.55| 1 ke O
< - —
£ .55: o Hy o e
%) [ 20 I 9 ‘He
£ 2.50f D
L § & / . . - _ 0_ 1 | | 1 | | 1 |
550 600 650 700 750 800 850 1 2 3 4 S 6 7 8

wavelength (nm)
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Input from Nuclear Theory

1.E-01
. L @® Experiment
From theory, mainly nuclear polarization °
=== Charge distribution
. . — ) . o
e For Li-Ne < (5 ppm)(EZP—1S) Nuc. Polarization
1.E-02 e
« For isotope shifts < (3 ppm)(AE,p_15s) ' °

« For non-S states, e.g. S (1 ppm)(AE3p_,p)

or (fm)

From experiment, mainly charge distributions
Motivation for modern electron scattering 1.-03
experiments: Li, Be, B, N, O, ...

Muonic lithium atoms:
Nuclear structure corrections to the Lamb shift

Simone Salvatore Li Muli’*, Anna Poggialini* and Sonia Bacca'' 1.E-04

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Z
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Muonic x-ray spectroscopy on implanted targets

N -I: | ' h t . -t Michael Heines #*, Luke Antwis °, Silvia Bara 2, Bart Caerts ¢, Thomas E. Cocolios?,
O S O | g | I I U O n | C a O | I I S Stefan Eisenwinder ¢, Julian Fletcher ", Tom Kieck ¢, Andreas Knecht f, Megumi Niikura ¢,
Narongrit Ritjoho ", Lino M.C. Pereira ¢, Randolf Pohl’, André Vantomme ¢,

Stergiani M. Vogiatzi “/, Katharina von Schoeler */, Frederik Wauters , Roger Webb ®,
Qiang Zhao ¢, Sami Zweidler’

Challenge for radioactive targets:

. . L https://doi.org/10.1016/j.nimb.2023.05.036
stopping 30 MeV/c muons in pg-quantities ¥ 7 J

DISS. ETH NO. 29082

Stesting ; , H2/D> gas @ 100 bar
muon entrance [ ) ) .
Carbon iber ASTECIET Studies of muonic 185'187Re, 226Ra, and 24§Cm
o for the extraction of nuclear charge radii
Titanium grid
\E/?;Eiag\f/e Ay 7Y 4N M- presented by
Polystyrene - STERGIANI MARINA VOGIATZI
covers ‘ \
Target I '
Gas inlet — https://doi.org/10.3929/ethz-b-000612640

\

Muonic atom spectroscopy with microgram target material
Spectroscopy of

A. Adamczak', A. Antognini“, N. Berger4'5, T. E. Cocolios®, N. Deokar*? ,Ch. E. Diillmann’ '7’8’9, ' H
A. Eggenberger?, R. Eichler?, M. Heines®, H. Hess'?, P. Indelicato'!, K. Kirch?-, A. Knecht>*(®, J. J. Krauth’-'2, —~ 1 5 U g rad |OaCtlve
J. Nuber?3, A. Ouf'?, A. Papa®!3, R. Pohl*>-!2, E. Rapisarda?, P. Reiter'’, N. Ritjoho-%, S. Roccia'4, M. Seidlitz'°, s 248C m

N. Severijns(’, K. von Schoeler? s A. Skawran”, S. M. Vogiatzi2’3, N. Warr'o, F. Wauters*” g
https://doi.org/10.1140/epja/s10050-023-00930-y 5 ug vapor
deposited Au
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There Is a lot to do...

Muonic atoms at the Paul-Scherrer-Institute

252254\ o
290§

2498k 255Fm
WNSIBIAL e qup i
208-232R g 227 -255Eg
202-228F

QUARTET collaboration tes21217219A¢ m.mR,.F\ \ \ e

177-208”9
24py
\mﬂN p
235-.7%
187-195,197-198,202-213B |
182-214pp

1771831977
Low-Z g
182-193, 196-198 |r , 17199Pt

1701784
161-179] 4 B
~,

— Lithium to Neon for

146-160, ~ A
nuclear structure theory il 19413605 70Tl
1381 sm 153-11573;7'an I
,137.47 - B m
108-134g \112?}4a.1_a \ﬂ‘:;‘sjg{_‘o m UX COl |ab0rat| On
104-127',-. y, 145-1550
143-146pm 14719Th . . .
10013004 High-Z (radioactive) targets

90-1oaM°97'99TC :

771005

74-98Rp X

~

WOMBGe _ 7296k, _A°

S0y

Proton Number

| \’5.137”
g 1331348p 146,148C .
S2pg 118-146C — Deformed heavy nuclei.

90-93,980 103N

-1022 - E.g. 226Ra as candidate for
e APV experiments.

RefRadii collaboration
Medium to high-Z

— Reference for king plot analysis /
Neutron Number mass & field shifts
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