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Desplte decades of effort, quantum electrodynamics (QED) Is poorly tested In the regime of strong coulomb fields due to a confluence of difficulties linked
to experimental limitations In highly-charged lon spectroscopy and nuclear uncertaintles. | will present a new paradigm for probing higher-order QED
effects using Rydperg states In exotlc atoms, where orders of megnituge stronger field strengths can be achieved while nuclear uncertainties may be
neglected [1]. Such tests are now possible due to the advent of guantum sensing detectors and new facllities providing low-energy Intense beams of
exotlc particles for precision physics. | will present first results from experiments with muonic atoms at JPARC within the context of the HEATES
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The HOLMES experiment aims to measure directly the neutrino mass with a calorimet- ric approach studying the end point of the 163Ho electron-capture
decay spectrum. This isotope is produced via neutron capture by 162Er and its very low Q-value (2.8 keV) makes it a very good choice but introduces two
critical aspects. The first one is the need to embed the isotope inside the cryogenic microcalorimeters so that the energy released in the decay process is
entirely contained within the detectors, except for the fraction taken away by the neutrine. The second one is the rejection of 166mHo radicactive isotope,
created from impurities during the neutron irradiation, that could produce false signal in the region of interest. So a dedicated implanter with a sputter ion
soUrce, an acceleration section (up to 50 keV) and a magnetic dipole (for ion selection and beam focusing) has been designed and developed. Different
targets for the implanter ion source have been also developed in collaboration with Genoa Chemistry Department and P51 (Paul Scherrer Institute). This
work will show the status of the machine development and the results on the different target solutions.
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Today: Charge radii from muonic atom cascades measured with MMCs
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Physics reach of muonic atom measurements
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Physics reach of muonic atom measurements
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Physics reach of muonic atom measurements
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Physics reach of muonic atom measurements

Experiment Combined
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Physics reach of muonic atom measurements

Experiment Theory Combined Theory
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Physics reach of muonic atom measurements
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Physics reach of muonic atom measurements
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Physics reach of muonic atom measurements

Experiment Theory Combined Theory
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Experiment
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Determinations of nuclear RMS charge radii
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Determinations of nuclear RMS charge radii

* ForZ < 3:

Laser spectroscopy of muonic atoms E (2P —
25)~ eV, limited by theory (TPE).

* ForZ > 6:

E(2P — 1S) > 200 keV, measured with solid-
state detectors.

Z>10: limited by theory.

10>Z>5: limited by experiment (resolution).
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Determinations of nuclear RMS charge radii

ForZ < 3:

Laser spectroscopy of muonic atoms E (2P —
25)~ eV, limited by theory (TPE).

ForZ > 6:

E(2P — 1S) > 200 keV, measured with solid-
state detectors.

Z>10: limited by theory.

10>Z>5: limited by experiment (resolution).

ForZ = 3 — 5, and others:

Electron scattering, less accurate and
systematics usually NOT under control
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Determinations of nuclear RMS charge radii

ForZ < 3:

Laser spectroscopy of muonic atoms E (2P —
25)~ eV, limited by theory (TPE).

ForZ > 6:

E(2P — 1S) > 200 keV, measured with solid-
state detectors.

Z>10: limited by theory.

10>Z>5: limited by experiment (resolution).

ForZ = 3 — 5, and others:

Electron scattering, less accurate and
systematics usually NOT under control

ForZ =6

E(2P-1S)~75 keV, measured with crystal
spectrometer. Limited by resolution ~75 eV
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The experimental gap:

10721
Large accuracy gap intherange2 < Z <11

Limited by HPGe resolution, and Crystal-spec

bandwidth =

LQ
Laser spec. hasn’t been applied (yet?)
Need broadband, efficient, high-resolution 1071

detector for x-rays in the range 19-200 keV

pux-ray (HPGe)
u-Laser
e. scattering

uX-ray (Crystal)




The experimental gap:

10721
Large accuracy gap intherange2 < Z <11

Limited by HPGe resolution, and Crystal-spec

bandwidth =

LQ
Laser spec. hasn’t been applied (yet?)
Need broadband, efficient, high-resolution 1071

detector for x-rays in the range 19-200 keV

Enter Microcalorimeters
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metalhc magne'nc CalOrlmeterS Slides courtesy of Andreas Fleischmann
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Slides courtesy of Andreas Fleischmann

(One of) The Heidelberg Metallic magnetic calorimeter (MMC)

maXs-30 mounted on coldfinger of a dry dilution fridge
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Slides courtesy of Andreas Fleischmann

energy resolution at 60 keV
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Moving MMC from Heidelberg to Vienna




Moving MMC from Heidelberg to Vienna

What can we do with them at PSI?



The experimental gap:
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QUARTET precision goals (“phase 1”):

Determine E(2P — 15) for 3 < Z < 8 with
10 ppm accuracy 0.2 — 1 eV.

12C as benchmark
Improve radii by factor 3 — 10.

maXs-30 up to 60keV (Li, Be, B)
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Applications of QUARTET phase 1:

* Improve radii of all measured isotopes of Li, Be, and B.
* Benchmark nuclear theory
* Muonic isotope shift -> Benchmark many-body QED

Li chain:

PRC 84, 024307 (2011)
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* Improve radii of all measured isotopes of Li, Be, and B.
* Benchmark nuclear theory

* Muonic isotope shift -> Benchmark many-body QED
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Applications of QUARTET phase 1:

Nuclear charge radius R _(fm)

[+

Improve radii of all measured isotopes of Li, Be, and B.

Benchmark nuclear theory

Muonic isotope shift -> Benchmark many-body QED
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Applications of QUARTET phase 1:

Mirror radii at large asymmetry:
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Applications of QUARTET phase 1:

Mirror radii at large asymmetry:
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Enabling the laser spec. of monic Li/Be(?):

*  MMCs: Improve 7. of 6Li by factor ~5.
* Narrow 2S-2P wavelength search from 200 nm to 50 nm

e Similarly for Be (but more challenging)

rms charge radius (fm)
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New from the oven: ®7Li 1S-nP measured with Silicon drift detector

Counts
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Very exciting result going already beyond the state-of-the-art!




Applications of QUARTET “phase 2”:

QED at high fields: See talk on Monday by Nancy Paul
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Applications of QUARTET “phase 2”:

e

/
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Applications of QUARTET “phase 2”:

QED at high fields:

First measurements with TES microcalorimeter @ JPARC
uNe(5g — 4f)@6 keV. Limited by pileup to ~0.1 eV

PSI CW beam, higher rates with negligible pileup. Order
of magnitude improvement “straightforward”.

Measurements of transitions between non-S states in
noble gasses @ PSI with MMCs

Electric field [V/m]

See talk on Monday by Nancy Paul
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Applications of QUARTET “phase 2”:

Muonic isotope shifts for new physics searches

CF
107
* From g-factor: Ar.(eNe) = —0.318(3)fm
106 |
* BSM reach limited by Ar,.(uNe) = —0.310(35)fm
* Motivation to improve uNe by factor 12 = — Ne% g IS
7 - Ar15/17+g IS
sk — Yb* IS-NL
* Measure A(1S-2S)@200keV with 0.5eV uncertainty 10770 ———— ga: ‘Iz?-nNL
— H-D15-2S 1S
* Note: Isotope shifts depends less on calibration & 102 b . . . . . |
theory 10" 10° 10" 102 10% 104 105 106

m, (keV/c?)



Main needed inputs:

1.E-01
From theory, mainly nuclear polarization ® Experiment
°
) === (Charge distribution
* Forli-Ne s (5 ppm)(EZP—lS) (NlO%) [ m=mm=Nuc. Polarization
: : °
* Forisotope shifts < (3 ppm)(AE,p_15) (~5%) 1.E-02 o
* For non-S states, e.g. < (1 ppm)(AE3p_op) —
£
From experiment, mainly charge distributions &
Motivation for modern electron scattering L E03
experiments: Li, Be, B, N, O, ...
D
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Main needed inputs:

1.E-01
From theory, mainly nuclear polarization ® Experiment
°
. === (Charge distribution
* Forli-Ne < (5 ppm)(Ezp_lg) ) == Nuc. Polarization
. . °
* For isotope shifts < (3 ppm)(AE;p_15s) 1.E-02 o

* For non-S states, e.g. S (1 ppm)(AE3p—_5p)

or (fm)

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

1.E-03

Muonic lithium atoms:
Nuclear structure corrections to the Lamb shift

1.E-04

Simone Salvatore Li Muli’*, Anna Poggialini’ and Sonia Bacca'’
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
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Benchmarking TPE calculations. Muonic vs. electronic isotope shifts:
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Hydrogen
1.008

3 . 4
Li Be

Lithium Beryllium
6.941 9.012
F 12
Na Mg
Sodium Magnesium
22990 24.305
AR EEEE RS
19 :id'""":m 22
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:Rb: Sr: Y Zr
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55 256 u57-71 72
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Cs : Ba : Hf
Cesium : Barium ® Hafnium
132905 = 137.328 : 178.49
EEEEEEEE
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Praseodymium
140.908

Lanthanum
138.905

D Optical (simple systems inc. HCI)

D G-factor in HCI

Optical + many body atomic calculations
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Vv

Vanadium
50.942

Nb

Niobium
92.906

73

Ta

Tantalum
180.948

Cerium
140.116

24
Cr

Chromium
51.996

42

Mo

Molybdenum
95.95

74

W

Tungsten
183.84

Neodymium
144.243

25
Mn

Manganese
54.938

43

Tc

Technetium
98.907

Re

Rhenium
186.207

Promethium
144913

26 27
Fe Co

Iron Cobalt
55.845 58.933
44 45
Ruthenium Rhodium
101.07 102.906
76 77
Osmium Iridium
190.23 192.217

Samarium
150.36

Europium
151.964

Ni

Nickel
58693

Pd

Palladium
106.42

Pt

Platinum
195.085

Gadolinium
157.25

Zn

Zinc
65.38

Gold
196.967

Terbium
158.925

Cd

Cadmium

112414

Mercury
200.592

Dysprosium
162.500

Al

Aluminum
26.982

1
Ga
Gallium
69.723
49
In

Indium
114.818

Tl

Thallium
204383
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Nitrogen
14,007
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: Silicon : Phosphorus
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AEEEEEEN
32 33
Germanium Arsenic
72631 74,922
EEEEEEEY
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g Sn :
[ ] Tin ®  Antimony
id1ﬁ‘lh Ly 121.760
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| Pb ! Bi
I Lead Bismuth
207.2 I 208.980
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69

67 68
Ho Er

Holmium
164.930

Erbium
167.259

Thulium
168.934

O

Oxygen
15.999

16

S

Sulfur
32.066

34
Se

Selenium
78.971

52

Te

Tellurium
1276

84

Po

Polonium
[208.982]

17

35

53

85

F

Fluorine
18.998

Cl

Chlorine
35453

Br

Bromine
79.904

lodine
126.904

At

Astatine
209.987

Krypton
83.798

Xenon
131.294

Rn

Radon
222018

Lu

Lutetium
174.967



