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Beyond Mendeleev—exotic atoms

Particle mass . ,
Beyond Mendeleev—exotic ions exploit other degrees of

freedom like charge state, particle mass, leptonic and
hadronic interactions

Precision studies of complementary, simple systems

o benchmark theory

o search for beyond Standard Model physics

Ex. Muonic vs electronic hydrogen = proton radius puzzle
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O What happens for high-Z systems?




Quantum electrodynamics in a nutshell

Quantum electrodynamics : interactions between photons and charged particles

Atomic transitions

Ey = EDirac + ENuc + EQED

Dirac equation Quantum

electrodynamics

Nuclear effects

Experiment§ Theory = QED test



Bound-state QED, a rich landscape

Self-energy




Bound-state QED, a rich landscape

Self-energy
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Strong-field QED—experimental frontier

Hydrogen-like U9‘|+ o®

Uranium

AEcep = 500 eV

1 Strong-field QED 1
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High precision comparison between
theory and experiment possible for low-Z
systems (H, He, D)

Strong-field QED transitions in the ~keV
regime, no direct laser spectroscopy

QED effects become relatively more
important

QED theory non-perturbative (Za)

Theory exists but experimentally difficult
to test higher-order QED contributions



Strong-field QED—experimental frontier

Hydrogen-like
Uranium U

AEcep = 500 eV

Strong-field QED effects
PREDICTED but UNTESTED

108

Strong-field QED with highly charged ions limited by:
14

'Em [ Precision hard x-ray spectroscopy methods at

= accelerators

=10

|_?_1 e ! Strong-field QED 1 J Nuclear physics uncertainties

\)

Frontier pursued by complementary methods

Ex. g-factors, Sailer, Nature 606 (2022)
Ex. High-intensity lasers, Fedeli, PRL 127 (2021)
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Strong-field QED—experimental frontier

Hydrogen-like 01+
Uranium U e

AEcep = 500 eV

Stellar plasmas

Dark matter
Beyond Standard Model
searches

1 Strong-field QED 1
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p” H Hydrogen AEacep = 107 eV
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Highly-charged S emission:
Boyarsky et al, Physical Review Letters (2014)
Shah et al, The Astrophysical Journal (2016)



Strong-field QED—experimental frontier

Hydrogen-like 01+
Uranium U e’

10"
AEcep = 500 eV 1
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L2 . OTO‘D . *QED untested beyond I¢ order effects,
=10 2nd order QED is ppm effect and currently untested!
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Strong-field QED: limitations from nuclear physics

Lyman-a transitions in hydrogen-like ions
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Strong-field QED: limitations from nuclear physics

Lyman-a transitions in hydrogen-like ions
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Strong-field QED with exotic atoms

Exotic atoms




Strong-field QED with exotic atoms

electron

@won Oantiproton

Electric < Bohr
field > radius

my, ~200 m,-
1



Strong-field QED with exotic atoms

102 Muonic iogi/_/ n=1 Energy
s I levels in
electron |1 s .
10 / | — T hea muonic
// ' °
muon antiproton £ 10t e 1ons
O > 10" Z ,ﬁ;iiiii o Limit
. 2 1017 )
& 10 == H-like HCI, n=1 (35|
R 7 Energy
+ .
Electric < Bohr o 104774 levels in
field > radius w 10 HCI
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electric
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Atomic number [Z]

my, ~200 m,-

1 * Higher order QED effects magnified and become measurable with new

200 techniques

Measurement paradigm—N. Paul et al, PRL 126 (2021)
First proof-of-principle with muonic atoms—T. Okumura et al, PRL 130 (2023)

* Heavy exotic particle —small Bohr radius —strong electric field strength




Strong-field QED with exotic atoms

e|ectron 101 ... .............................. ..
muon antiproton :
@ o 100} ™ n=tl=0e” :
S F e n=91=8p :
[ omeeee Nuc. charge density '_
Electric < Bohr 10"
field > radius i
10_120—’5 " ””1'(;—5 " ”'10—4 1073 1072 1071 10°
mﬂ NZOO me_ . . . Radial coordinate [a.u.] . :
* Heavy exotic particle —small Bohr radius —strong electric field strength
1 . . .
Ty~ =—Tem * Higher order QED effects magnified and become measurable with new

200 techniques

Measurement paradigm—N. Paul et al, PRL 126 (2021)
First proof-of-principle with muonic atoms—T. Okumura et al, PRL 130 (2023)




The concept: strong field QED with exotic atom Rydberg states

2p-1s Lamb Shift in HCI Exotic atom Rydberg transition

electron antiproton

‘/ STRONGEST field QED
\/ Nuclear effects << QED effects

‘/ Strong field QED
X Nuclear effects > QED effects

Atom Transition Transition energy | 1storder QED | 2" order QED |Nuclear effects
H-like U Lyman o1 ~100 keV 3x103 1x107 \ 2x103 \
antiprotonic-Xe |n=12—n=11 ~100 keV 7x1073 6x105 ¢ |1x10° ¢

QED x 3-6 Nuclear effects / 100
16



HCI and exotic atoms: a complementary pair

Self energy (SE)

ot

Vacuum pol. (VP)

20

Nuclear

VP = Dirac
15 | = Finite nuclear size
» Self-energy
= Vacuum Pol.

= 2nd Order QED

10

Contribution [Log(energy)+10]

SE
Highly charged ion: SE>VP 0 —— e BN
Exotic atom: VP>SE H-like U Ly a1 Antiprotonic Xe 120-11n ,JJ
.
Mﬂc‘ A
Q..
Self-energy is dominant in HCI, vacuum polarization is dominant in exotic atoms ﬁjw

Unique probe of vacuum polarization, « one of the most interesting phenomena predicted by
contemporary quantum electrodynamics » (Foldy and Eriksen, Physical Review (1954))

Complementary to vacuum studies with high-intensity lasers .



Next step...strong field QED with antiprotons

Antiprotonic atoms Strongest field QED
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Next step...strong field QED with antiprotons

Antiprotonic atoms Strongest field QED

@ antiproton

@

muon

Internal electric field of antiprotonic atom [V/m]

electron
Typical Rydberg state in .
antiprotonic atoms
""" PRITYI FITEITT Y P TP T
30 40 50 60 70 80 90
Atomic number Z
Py (] (] [J @ '..'.:.-.:‘
The pAX project—antiprotonic Atom X-ray spectroscopy | AlNl"

ANTIPROTONIC ATOM X-RAY SPECTROSCOPY



ELENA : slow antiproton beams for precision measurements

The CERN accelerator complex
Complexe des accélérateurs du CERN

CMS
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« Extra Low ENergy Antiprotons »

Beams of slow antiprotons since August 2021

ELENA parameters
Beam energy 100 keV
Number of ~3 x 106

antiprotons/bunch

Bunch size (FWHM) 100 ns

Repetition rate 100 s




ELENA : slow antiproton beams for precision measurements

« Extra Low ENergy Antiprotons »
Beams of slow antiprotons since August 2021

ELENA parameters

Beam energy 100 keV

Number of

~ 6
antiprotons/bunch 3x10

Bunch size (FWHM) 100 ns

Repetition rate 100 s




The PAX approach: quantum sensing detectors + antiprotonic atoms

New experimental approach with pAX:

» Original method with Transition Edge Sensor (TES)
detector = 50 x gain in intrinsic resolution

o
©

Intensity [arb. u.]
o
(o2}

o ¢
N
—

o
(V)

o
(=)

Energy [keV]

ANTIPROTONIC ATOM X-RAY SPECTROSCOPY

TES x-ray detector

100 keV antiprotons
from ELENA

Gas Target and
Pumping Assembly



Key technology: Transition Edge Sensor (TES) microcalorimeter

Transition Edge Sensing (TES) pcalorimeter (NIST, Boulder, CO, USA) NISI-

Quantum Sensing Division
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Figures from Ullom and Bennett 2013



The ﬁAX approach—in detail

Novel new device

First-ever application
to antimatter beams

=0 1 2 n-1
= ~120-200 — — — —— — o —— T capture
: : : : : : ; Auger transitions
injection i é i § : § ' ' without
~10-20 — — — G 7 77 electron refilling
— — 3_’_ —F/ L/ ,/7&'_,/, T’&_/
! —/—1,'11/7—&

S L “ PAX radiative
‘77/7‘ transitions

v‘ffﬁ '\/\/\/\/>

2 7—/L Annihilation
,/

X

X

™\ Coil sections <~ 100 pixel
L microsnout
/_
Antiprotons stop in ‘ Antiprotons capture and emit ‘ X-ray spectroscopy with
gas-filled trap radiative x-ray cascade large-area TES detector
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The ﬁAX physics program

Transition (n;>ns) | Appx. Transition energy | 1%t order QED | 2" order QED | Nuclear N, = NﬁMEgeofdet €trap

Ny = 1 x 10°/spill

2Ne (6->5) 30 4E-3 3E-5 2E-6 M= 10
=6x10"*
BAr (6-55) 100 5 E-3 5E5  1E5 e T
det — Y-
84Kr (998) 100 5E-3 5E-5 1E-5 €trap = 0.5
132Xe (10->9) 170 5E-3 5 E-5 2 -5 N,.=1200 counts/spill
=
184\ (12->11) 180 5E-3 5E-5 2 E-5

Among the highest field systems ever accessed in the laboratory ! ‘
. . < 1 week
pAX fl rsts measurement time /
« Study second-order QED effects across 10 < Z < 74 transition

depending on available

. o -5 ° e o H
Achieve 10~ experimental precision for heavy exotic atom spectroscopy pbar beam structure

Perspectives: Strong interaction studies, exotic physics searches
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Quantu
m sensors '
+ antimatter beams?—> Test b
: eam in 2025 |

EST BEAM REQUEST

resT BEAM REQUEST >
A o

ANTIPROTONIC ATOM X-RAY SPECTROSCUPY

PAX- antiProtonic Atom
X-ray spectroscopy

G. Baptista® | F.Butin® | N. Garroum® | T.

Hashimotos | T Higuchi® | P. Indelicato® | K
Morgan® | B. Ohayon? | s.Okada’ | N.Paul* |

M.Roosa" | Q senetaire” | D. Swetz®

1| aboratoire Kastle Brossel, 4, place

Jussieu, 75005 Paris: France PAX is a new approach for testing strong-field quantum

electrodynamics (QED) via the x-ray spectroscopy of an-

2physics Department, Technion—lsrae|
orders of magnitude

Institute of Technology Haifa 3200003,
\srael

3National Institute of standards and
Technology: Boulder, Colorado 80305, USA

tiprotonic atoms. In these systems,
higher Coulomb fields can be obtained thanin normal atoms,
acting as @ magnifying glass for QED effects. Using transi-
tions between circular Rydberg states, uncerra'mties from
nuclear properties canbe avoided and two orders of magni-
tude sensitivity can pe gained with respect to the best cur
rent experiments. making testing strong—ﬁeld QED finally
possible fora broad range of atomic species. The realization
of this project relies on the novel combination of two new

4 PNHE/ \N2P3, 4, place Jussieu, 75005,
Pparis, France

5CERN, Meyrin, switzerland

6Kyoto University, Institute for |n!egra!ed
Radiation and Nuclear Science, Kyoto
University, Osaka 590-0494, Japan

7 Engineering Science Laboratory, Chubu
University, Kasugal, Aichi 487-8501, Japan
technologies: slow antiproton peams at CERN, and quan-

tum sensing x-ray detectors. A first test peam is requested
at ELENA to demonstrate the compatibi\ity of these two-
If successful, this project will lead to @ dedicated precis‘ror\
x-ray spectroscopy platform for antiprotonic atoms, With
fransverse applioations, peyond QED tests, in nuclear and

8RIKEN Nishina Center, RIKEN, Wako
351-0198, Japan

pondence
Email: npaul@lkb‘upmc‘fr

new physics searches.

KEYWO RDS
x-ray spectrcscopy, antimatter, quantum sensors

2025
Test beam in

TELMAX zone at
ELENA
Full SPSC proposal

submitted with
ASACUSA
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+ antimatter beams?—> Test b
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K-ray spectroscopy ANTIPROTONIC ATOM X-RAY SPECTROSCOPY
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1| aboratoire Kastler Brossel, 4 place

Jussieu, 75005 Paris: France PAX is a New approach for testing strong-field quantum

electrodynamics (QED) via the x-ray spectroscopy of an-
tiprotonic atoms. In these systems: orders of magnitude
higher Coulomb fields canbe obtained thanin normal atoms,
acting as @ magnifying glass for QED effects. Using transi-
tions between circular Rydberg states, uncertainties from

2physics Department, Technion—lsrael
\nstitute of Technology Haifa 3200003,
\srael

3National Institute of standards and
Technology: Boulder, Colorado 80305, USA

4| pPNHE/IN2P3, 4. place Jussiets 75005,

Paris, France ) . .
nuclear properties canbe avoided and two orders of magni-

5CERN, Meyrin. switzerland
6yoto University: nstitute for \ntegrated tude sensitivity can be gained with respect to the best cur

Radiation and Nuclear Science, Kyoto
University, Osaka 590-0494, Japan

rent experiments, making testing strong-ﬁe\d QED finally

7 e i cering SC possible for abroad range of atomic species. The realization
Engineering Science Laboratory, Chubu

University, Kasugai, Aichi 487-8501, Japan of this proiect relies on the novel combination of two new

technologies: slow antiproton peams at CERN, and quan-
tum sensing x-ray detectors: A first test peam is requested
at ELENAto demonstrate the compatibility of these two-
If successful, this project will lead to @ dedicated precision

8RIKEN Nishina Center: RIKEN, Wako
351-0198, Japan

Correspondence
Email: npaul@lkb.upmc.fr

x-ray spectroscopy platform for antiproton'lc atoms, with
fransverse applicat'lons, beyond QED tests, in nuclear and
new physics searches.

KEYWOR DS
x-ray spectroscopy, antimatter, quantum sensors

antiprotons from ELENA

New TES design from NIST

First ever t
est of TES tech
nology with anti
antimatter
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Key technology: Transition Edge Sensing (TES) Microcalorimeter
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High Channel Density via Microwave Multiplexed Readout
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Quantum sensors + antimatter beams?—> Test beam in 2025 |

Setup in April 2025
* First test beam May 5-19

e High statistics run June 2-13
* International collaboration

e ~20 collaborators during 6
weeks (LKB, NIST, Technion,
LPNHE, Lisbon, Kyoto,
Imperial college)




Setup in April 2025
* First test beam May 5-19

* High statistics run June 2-13 =S -

: TELMAle‘

e ~20 collaborators during 6 a"’“
weeks (LKB, NIST, Technion,
LPNHE, Lisbon, Kyoto,
Imperial college)

* |nternational collaboration

https://ep-news.web.cern.ch/content/telmax-new-era-
flexibility-cerns-antimatter-factory



The AX test beam setup—2025

pAX @ TELMAX

Vacuum Chamber

» Germanium Detector

C tat
. —> Ti window
Al window (0.1 mm thick)
(0.5 mm thick)

Cherenkov detector
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The AX test beam setup—2025

pAX @ TELMAX

Vacuum Chamber

» Germanium Detector

C tat
. —> Ti window
Al window (0.1 mm thick)
(0.5 mm thick)

Cherenkov detector
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TES performance checks and calibration

New x-ray-transparent 281 Am (59keV)
- 'F PTB. = - Al H H
y-sources from o S o orrcoosmimss|  Calibration sources measured
— N BN  Romoved Bad Chars to specified resolution !
(V)

o0 o ( rotot e)
Sosees A e | Gaussian fit: P TP
eoocccoee S Sigma =42.17 eV ,
OO0 S ~99.0 eV FWHM Let's take beam!

oo.o.o.oo N

size 2

Target
X rays
Radioactive microdroplets -
on plastic films
. . . . Vacuum
Uniform and continuous calibration :
windows & _
9 59500 60000 60500 61000 61500
59000 Yy —sources P Beam

Energy (eV)
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TES performance checks and calibration

New x-ray-transparent
y-sources from PTB.

size 2

Radioactive microdroplets
on plastic films

Uniform and continuous calibration

Counts per 20 eV

10°

241Am (5%9keV)
I A

I Beam OFF - Good - MNRT>.98
I " Removed Bad Chans

Gaussian fit:
Sigma =42.17 eV
~99.0 eV FWHM

59000 59500 60000

60500

61000 61500

Energy (eV)

= heater out %

Calibration sources measured
to specified resolution !
(prototype)

Let's take beam!

Temperature Control Monitoring

CLEAR PLOTS |

(=}
o
=)
(=]
o

o

T T w x
RTIRN RITR RRON 282

: temperature (K)

8
3

g 8
&

(=]
=]

T
R7T28

100s of uK deposited in to the array
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. . . . Development by
Multiple Mini-Bunch Extraction D. Gamba (CERN)

Mini-bunch formation in ELENA

>

> -
'ilu' Low intensity
= bunch ready to be
S extracted... ELENA
3 ... and repeat . Extra Low ENergy Antiprotons
Repeated bunch
A . splitting in ELENA:
\
\ | L L
Stack .
\ i . )
' | ELENA 200 mini bunch.es
Some beam * * 100 ms separation
go to populate >~ _ « Arb. Low Intensity

nearby bucket...  ~~_ (~103 Ps per MB)

Challenge:
Intensity is low
Measure at target

Example from CERN PS.
- % 1 turn @ 100 keV

R. GarOby’ et. al 2000 0 2000 4000 6000 8000 10000 36

ns



The AX test beam setup—First scintillator spectra of antiproton mini bunches

Normal bunches

slice_px_of_hTime_Waterfalls
: Entries 5318
— Mean 8.473
OO v e Std Dev 8.448
PT0 0| ........................................................................
300 el ........................................................................
27010 PR ........................................................................
100 el ................................................
0_ ot o L — N i .
-5 0 5 10 15 20
Time (s)

1400

1200

1000

800

600

400

200

Minibunches

4 10 . 12

"m|II|1|“Jl|llill]III||||I||IIl|Jl|1.J|IJIIul|l||lll]i|Jmu.uhnllu.lglhulllmllul“i e
0 2 6 8

v' Development of new antiproton extraction method at CERN for PAX project (Davide Gamba + ELENA ops team)
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PAX: First ever antiprotonic atom x-rays with a TES

— hE_dI
— Entries 55323
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Sources of background Work of Q. Senetaire

Geant4 =

Pion scattering

e

04
Energy (MeV)

Signal of interest is hidden by:

_ - Charged particle hits and
Each P - Cascade ends in annihilation

E = mc? =2 GeV - Thermal cross-talk

+ +
m,y,e , lons, Neutrons...
39



Origins of Rise-Time Populations

MoAu TES

Differences in:

Energy deposition:  yvsmw

Energy dissipation:  Sn vs Au
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Reduced intensity = better spectral

M All Prompt
M Good Prompt

PSi(6-5)
\ 241Am(59)

« Second data set : Si target

250
« Moved back detector from

30->51 cm from target

«  >10x improved FWHM before

corrections with lower beam
Intensity

Counts per 20 eV

150

100

133Ba(80)

Estimated 2500 counts of PSi(6-5)

50

Other Prompt Peaks ID'd:
* PAI5-4)@ 92keV 0
« PSi(5-4)@ 107 keV
« PSi(8-6) @ 57.6 keV

IIII|IIII‘II|||I||I|I|II|II|

x10°
10 20 30 40 50 60 70 80 90 100

Prompt Spectrum Energy (eV)
1.03 - 1.09 ms after trig.

165 hours of beam-on-target ”



Reduced intensity = better spectral

« Simultaneous fitting of calibration (24Am)
and transitions in antiprotonic Si.

(8->6)

Work of Dr. M. Roosa
and G. Baptista

Pbar-Si Pbar-Si

(6->5)

241Am

(calibration)

> 75 F
 Statistical uncertainty on centroid is ; g
<5 eV - eV accuracy is within reach ! g F
@ 25F
8 ot
- ;‘ T I T T T
—> Spring 2026 test beam @ TELMAX: 2
* more calibration sources 8 10" k :
 |lower beam intensity £ |II| hllIHIil ||n‘!l|||||l'H|-|!uI||| il
5 mnin i VEa R[]
S o0 L L
—> GOAL : demonstrate 1 eV acccuracy T 25 F . T 7 . . . . .
and further constrain systematics. £ oof ) i
% 25 | : -
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The AX project : Next steps

1 2 x! ANTIPROTONIC ATOM X-RAY SPECTROSCOPY

| s

More test beam in 2025-2026 to study beam
intensity induced effects (before LS3)

During LS3 move to ASACUSA collaboration
* New beamline
e Large area TES detector

Physics campaigns 2028-2029

Long term:
* Antideuteronic atom spectroscopy at
ELENA

* Combine with PUMA setup for strong-
interaction studies
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Determinations of nuclear RMS charge radii

ForZ < 3:
Laser spectroscopy of muonic atoms, limited by nuclear
theory

For Z > 6:

Measured x-rays from muonic atoms using solid-state
detectors.

10<Z: limited by theory.

Z<10: limited by experiment (resolution).

For Z = 3 — 5,and others:
Electron scattering, less accurate and systematics usually
NOT under control

ForZ=6
E(2P-15)~75 keV, measured with crystal spectrometer.
Limited by resolution ~75 eV

1072 |

orlr

10731

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

pux-ray (Crystal)




The QUARTET collaboration and precision goals
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What are radii good for?

« Absolute radius: Li/Be/B — calibrate entire chains, test nuclear chiral EFT
* Isotope shifts: compare electronic and muonic atoms to search for new lepton-neutron
interactions
* Absolute radii for helium-like laser spectroscopy Li to C (Wuhan, Mainz).
* Novel measurements of g-factors in H-like ions limited by muonic isotope shifts for new
physics searches.
PRC 84, 024307 (2011)
T — —— E S.J. Novario, et. al,, PRL 130, 032501 (2023) T sailer et. al., Nature 606 (2022)
g A |0 or '
e - NCSM (CDB2K) _-o- TOSM ¢ CC: AN?’LOco(394) 10
x 55 —0.14 & CC: AN?LOco(450)
3 El A CC: N?LO.u 106
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5 7 8 9 10 1 o I = /A 107 100 10! 12(2\// 2)103 104 105 108
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The QUARTET experiments at the Paul Scherrer Institute

PAUL SCHERRER INSTITUT

The Heidelberg Metallic Magnetic Calorimeter (MMC) PIE1 beamline at PSI,
maXs-30 mounted on coldfinger of a dry dilution fridge Continuous ~50kHZ p' /3

SQUID loop

thermal link

thermal bath

ETH:zrich 16| TECHNION | IRCHHOFE Laboratoire Kastler Brossel
orssnes GUTENBERG u Israel Institute ' FURPHYSIK Physique quantique et spplications @ " T oF
UNIVERSITAT manz Of Technology SCIENCE & TECHNOLOGY




The QUARTET experimental setup—2023-2024

w beam

End of beamline

Coincidence

HPGe Det.

Snout with
cold finger

|’ Dilution
Fridge

rarget chamber

Radioactive.
Sources
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The QUARTET experimental setup—2023-2024

X-ray tube '
Target ladder \\\

u beam
-
- -
-
s \
Beamline
XRF :
\« Collimator
target slot HPGe Det.

Radioactive
sources slots (7x)

Calibration sources
holder

w beam

End of beamline

Coincidence

Snout with
cold finger

rarget chamber

Radioactive.
Sources

Dilution
Fridge
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Muon beam and target ladders

- " XRF
veto scinillator gy targets:

\

copper collimator

|

entrance
scintillator

\

Half ©)7Li, Half SLi
12C Alu pouch, Mo-Ag




The QUARTET detector

+ 64 pixel maX-30 MMC detector, developed for IAXO experiment
Mounted in custom sidearm designed to reduce vibrations

5 thermal shields and x-ray windows

Calibration sources mounted outside the detector

Figures from D. Unger et al LTD2023 proceeding, for the QUARTET collaboration ”



Comparison with Si detector

Counts per bin
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PhD work of Katharina v. Schoeler

preliminary

Muonic 2p-1s spectrum
from 95% enriched 6L
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QUARTET 2024 beamtime—towards an optimized setup
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QUARTET 2025 beamtime—Oxygen and anthropology
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The QUARTET collaboration timeline

F|rst meetlng @ Jussieu (2022) ,, v | Li/Be/B beamtime (2024)




Summary

* Spectroscopy of exotic atoms offers a unique window be sensitive to fundamental interactions

e Quantum sensing x-ray microcalorimeter detectors make precision studies possible

X~ QUARTE
O e 2Ps/a
<PA(S) e

28

ANTIPROTONIC ATOM X-RAY SPECTROSCOPY

1s

» Strongest-field QED with antiprotonic atoms _ o
«  Test beam at TELMAX in 2025 with prototype detector * Charge radius measurements of low-Z nuclei with MMC

* Physics measurements @ ELENA post LS3 © L Be,.B, O data taking .. : .
+  Long term nuclear physics/NP applications * x3-10 improvement of charge radii for Li-Ne nuclei 2024-2027

New long-term programs of x-ray spectroscopy of exotic atoms for fundamental physics

Thank You! B



