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Strong field Bound State QED (BSQED)

ΔEQED ≈ 10-5 eV

ΔEQED ≈ 500 eV

Hydrogen

Hydrogen-like 
Uranium

X, Ɣ  ray detectors (ΔE ~100 keV)

Laser spectroscopy (ΔE~10eV)

↑ Strong-field QED ↑ 

↓ Low-field QED ↓ 

a0

a0/100
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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
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Frontier via complementary methods
Ex. g-factors, high-intensity lasers, …

• QED effects become relatively more 
important

• QED theory non-perturbative (Z⍺)

• Theory exists but experiments difficult to 
test higher-order QED contributions 
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Stellar plasmas
Dark matter

Beyond Standard Model 
searches

Highly-charged S emission:
Boyarsky et al, Physical Review Letters (2014)
Shah et al, The Astrophysical Journal (2016)
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Problem :

Missing precision measurements!

*QED untested beyond 1st order effects,
 2nd order QED is ppm effect and currently untested!

* QED tested to threshold of  3rd order 
effects
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Figure adapted from P. Indelicato, Topical Review: QED tests with highly-charged ions, Journal of Physics B 52 (2019) 232001

Theory-experiment comparison of QED effects in two-electron atoms (He-like) 
for transitions to the ground state (Lyman-alpha)
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New QED effects? 
Chantler et al (2012, 2014)

Z (proton number)

Precision spectroscopy of highly-charged ions (HCI)
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The Double Crystal Spectrometer
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The Source “SIMPA” for highly-charged ion production
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The Paris Double Crystal Spectrometer
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DCS Recent Results

Highest precision, reference-free measurements in core-
excited Li-like ions

Sulfur peak ratio :  0.46 [theory], 0.627(22) [exp]
Argon peak ratio : 0.44 [theory], 0.397(14) [exp] 
Cannot be explained by known contaminant lines

J. Machado, G. Bian, N. Paul, et al, 
PRA 101, 062505 (2020)

First ppm measurements of the relativistic 
magnetic dipole transition in He-like S

Test of 2e QED effects, sensitive to crystal 
form factors

J. Machado, N. Paul, et al, 
PRA 107, 032821 (2023)

1𝑠2𝑠 !𝑆" → 1𝑠# "𝑆$He-like Sulfur
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Impact of He-like S M1 measurement
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Limitations with HCI : Nuclear physics!

Lyman-⍺ transitions in hydrogen-like ions
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Exotic atoms

μ- κ-𝜋! 𝑝

Strong-field QED with exotic atoms
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• Heavy exotic particle →small Bohr radius →strong electric field strength 

• Higher order QED effects magnified and become measurable with new 
techniques 

PAX theory paradigm—N. Paul et al, PRL 126 (2021)
First proof-of-principle with muonic atoms—T. Okumura et al, PRL 130 (2023) 
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Strong-field QED with exotic atoms

electron antiproton

…ü Strong field QED
X Nuclear effects ≥ QED

effects

ü STRONGEST field QED
✓ Nuclear effects << QED effects

Atom Transition Transition energy 1st order QED 2nd order QED Nuclear effects

H-like U Lyman !1 ~100 keV 3x10-3 1x10-5 2x10-3

antiprotonic-Xe n=12→n=11 ~100 keV 7x10-3 6x10-5 1x10-5

QED x 3-6 Nuclear effects / 100

20
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First experiments
@ JPARC

Strong-field QED with muonic atoms
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X-ray tube

HEATES Collaboration: RIKEN, JAEA, JAXA, KEK, Osaka 
University, Rikkyo University, Tohoku University, Tokyo 
Metrolopolitan University, NIST, CNRS

• 5-year accepted scientific program at J-PARC muon 
facility in Japan (2020-2025)

• QED tests=precision x-ray spectroscopy of Rydberg 
states in muonic atoms

First experiments with muonic atoms at J-PARC
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X-ray tube
23

Transition Edge Sensing (TES) μcalorimeter (NIST)

TES μcalorimeter
Ge detector

Rev. Sci. Instrum. 83, 093113 (2012)

Key technology
• High energy resolution (ΔE/E ~10-4)

• High efficiency (~10-4)

First experiments with muonic atoms at J-PARC
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Key technology : Transition Edge Sensing microcalorimeter

HEATES TES @ J-PARC D2
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Experimental setup—details

25



Nancy PaulASOS 2023

Key technology—TES x-ray detector

Transition Edge Sensing (TES) μcalorimeter (NIST, Boulder, CO, USA)

Quantum Sensing Division 

Figures from Ullom and Bennett 2013
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Muon beam

• Pixel-by-pixel energy calibration
• Continuous calibration lines from x-ray gun 

Counts

TES calibration
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shift due to 
presence of 1 
electron: 
~1.5 eV

Experimental μNe spectrum Okumura et al, PRL 130 (2023)
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Theory and Sensitivity Okumura et al, PRL 130 (2023)

Theoretical 
Contributions 
(5g9/2→4f7/2)

eV

Vac. Pol. (1st order) -2.34061

Self-energy (1st order) 0.0015

Vac. Po. (2nd order) -0.0212

Finite nuclear size -0.00031
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T. Okumura et al., Phys. Rev. Lett. 127, 053001 (2021).

Muonic atom cascade and electronic transitions
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Muonic atom cascade and electronic transitions
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Next step….QED with antiprotons
Even stronger field QED!

antiproton
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e-
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Antiprotonic atoms

Typical Rydberg state in 
antiprotonic atoms

(n=13)

Next step….QED with antiprotons
Even stronger field QED!

antiproton

electron

muon
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QED with antiprotons
(precision methods) x (antimatter)

Largest BSQED effects!

e-

μ-

𝑝

Antiprotonic atoms

Typical Rydberg state in 
antiprotonic atoms

(n=13)

Next step….QED with antiprotons
Even stronger field QED!

antiproton

electron

muon

The !𝒑𝑨𝑿 project—antiprotonic Atom X-ray spectroscopy
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100 keV antiprotons from 
ELENA

TES x-ray detector

Cyclotron trap

access for 
detector 

calibration

Gas handling and 
pumping

𝑝̅𝐴𝑋 at ELENA

ELENA: 

«  Extra Low ENergy Antiprotons » 
Beams of slow antiprotons since 

August 2021
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𝑝̅𝐴𝑋 in detail
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The 𝑝̅𝐴𝑋 physics program



Nancy PaulASOS 2023

The 𝑝̅𝐴𝑋 next steps

Test setup at GBAR

• Simulation and measurement of annihilation background

• In beam test with prototype TES at ELENA (2025)

• Full simulations and design of 
cyclotron trap and vacuum solution
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And now lets use the idea backwards…
For nuclear physics ! QED

Nuclear properties
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Determinations of nuclear RMS charge radii

• For 𝐙 < 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

• For 𝐙 = 𝟔
E(2P-1S)~75 keV, measured with crystal spectrometer. Limited by 
resolution ~75 eV
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QUARTET precision goals

•Determine E(2P-1S) for 3≤Z≤8 with 10 
ppm accuracy 0.2-1 eV .

•Improve radii by factor 3-10.
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PIE1 beamline at PSI, 
continuous ~50kHz μ- /s

Picture courtesy of the MIXE collaboration

The Heidelberg Metallic magnetic calorimeter (MMC)

The QUARTET experiments
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The QUARTET collaboration
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The QUARTET collaboration
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Expected rates:

0.8×10!"× #$!

%
= 0.1 𝑒𝑣𝑒𝑛𝑡/𝑠

Stat. accuracy per nominal 
week:

#$ &'
(."

/ 10* ~ 0.02 eV

Detection 
efficiency

Solid angle 2P-1S rate

Resolution Events

Sketch of test experiment and rates

First test beam in October 2023
μ-6,7Li, μBe, μ-10B
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• Combining isotope shifts between 
electronic and muonic atoms to search for 
new lepton-neutron interactions

• Best limits come from Hydrogen-Deuterium 
pair. 𝑍 enhancement favors heavier pairs.

• Novel measurements of bound electron g-
factors in H-like ions limited by muonic 
isotope shifts

T. Sailer et. al., Nature 606 (2022)

Impact on BSM physics searches
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• World-leading precision x-ray spectroscopy at LKB for strong-field QED tests
• Exotic atoms offer a new way to probe high-field QED by avoiding the problems 

associated with nuclear physics

• New quantum sensor detector technologies make precision studies of exotic atoms 
possible

• Experiments ongoing with muonic atoms at JPARC, Ne, Ar, Xe

• New experimental program, pAX, with antiprotonic atoms for BSQED
• New experimental program, QUARTET, with muonic atoms at PSI for charge radii.

Summary
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PRC 84, 024307 (2011) PRL 122, 182501 (2019) PRL 108, 142501 (2012)

First application, with MaXs-30 (10 eV resolution up to 60 keV)

•Li/Be/B absolute radius → calibrate entire chains, test nuclear calculations inc. 7Li-7Be and (future) 8Li-8B mirrors

•6Li-7Li and 10B-11B isotope shifts (can be determined with higher accuracy) → compare with optical IS to test 
many-body QED (mostly recoil) and search for new physics.

•Upcoming optical determinations of absolute radii for helium-like Li to C (Wuhan, Mainz). Important cross check 
and strong test for new physics beyond isotope shifts.

What are radii good for? 

All limited by reference
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Perspectives

Existing data on antiprotonic cascade Simulated TES data 51



Nancy PaulASOS 2023

µ Ne 5g-4f

Total calibration spectrum at 0.1 atm

Co Kα

Energy shift (tmuon-tx-ray)

muon beam

Pileup correction

52T. Okumura et al, IEEE Transactions on Applied Superconductivity 31, 1-4 (2021)



Nancy PaulASOS 2023

Dynamical Response of Transition-Edge Sensor Microcalorimeters to a Pulsed Charged-Particle Beam, T. Okumura, T. Azuma, D.A. Bennett, P. Caradonna, I.H. Chiu, W.B. Doriese, M.S. Durkin, J.W. Fowler, J.D. Gard, T. Hashimot

Co Kα

muon beam

Pileup correction

53

Energy shift (tmuon-tx-ray)

Co Kα


