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small

Your favorite way totackle the few-body problem
*P. Indelicato Phys. Rev. A 87, 022501

Solve Dirac equation with all 
necessary QED contributions*

Most modern road. There are also Barret moments, Rinker TPE, … 

https://journals.aps.org/pra/abstract/10.1103/PhysRevA.87.022501
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Absolute charge radii input/sensitivity from 
laser spectroscopy?

Long range effects
e.g. NCSM+C

Uncertainty of reference nucleus propages One data point for each LEC, or global fit?
Test EFT Hamiltonian

And stuff I forgot
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Data?

Reference radii from e-scatter and μZ

Varying pre
cision

 and quality/a
ccura

cy

Barret moment → charge radius

10-4 data points with σ10-3 corrections
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❏ We are all talking about hydrogen and helium because …

Gaseous low pressure target with metastable 2S μZ 
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❏ We are all talking about hydrogen and helium because …
❏ Accessible by nucleon and few-body theory
❏ Accessible by laser spectroscopy

❏ Most of the stable nuclei have been measured
❏ Z>10 limited by TPE corrections
❏ Z<10 limited by semiconductor resolution

~15 eV accurate? 

20,22Ne

19F
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❏ What going on with carbon?
❏ Accuracy and precision with a crystal spectrometer
❏ > 1010 muons

10-3 precision with X-ray spectroscopy!
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❏ We are all talking about hydrogen and helium because …
❏ Accessible by nucleon and few-body theory
❏ Accessible by laser spectroscopy

❏ Most of the stable nuclei have been measured
❏ Z>10 limited by TPE corrections
❏ Z<10 limited by semiconductor resolution

❏ Accurate and precise radii from e-scattering is a challenge
Currently the reference data for light nuclei Z>2

❏ What going on with carbon?
❏ Accuracy and precision with a crystal spectrometer
❏ > 1010 muons

10-3 precision with X-ray spectroscopy!

A need for efficient, 
broadband, and 
high-resolution X-ray 
detectors
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Limitations of solid state X-ray detectors:
❏   
❏ S/N with ENC a few 100 e-

Unit of heat ≪ Unit of Ionization
❏ ΔT ≅ Edeposited / Ctot
❏ ΔT / T large → operate < 0.1 K
❏ A very good temperature sensor

Thermal Bath
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Limitations of solid state X-ray detectors:
❏   
❏ S/N with ENC a few 100 e-

Unit of heat ≪ Unit of Ionization
❏ ΔT ≅ Edeposited / Ctot
❏ ΔT / T large → operate < 0.1 K
❏ A very good temperature sensor

Metallic Magnetic Calorimeters → Unit of spin flip ≪ Unit of Ionization

❏ Paramagnetic Au:Er Alloy
❏ ΔΦS ≅ δM/δT ΔT = δM/δT x Edeposited / Ctot

Thermal Bath

A.Fleischmann, C. Enss and G. M. Seidel, Topics in Applied Physics 99 (2005) 63
A.Fleischmann et al., AIP Conf. Proc. 1185 (2009) 571

https://link.springer.com/chapter/10.1007/10933596_4
https://pubs.aip.org/aip/acp/article/1185/1/571/692599/Metallic-magnetic-calorimeters
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MMC detectors developed at the Kirchhoff Institut für Physik (KIP) in Heidelberg.
❏ From innovation to application with the maXs-* sensors
❏ maxS-30 sensor with 8x8 0.5 mm pixels, efficient up to ~ 60 keV
❏ Resolving power up to 6000 

16 mm2 maXs-30 sensor
 D. Unger et al 2021 JINST 16 P06006

Energy resolution ΔE FWHM = 9.8 eV @ 59 keV

https://www.kip.uni-heidelberg.de/tt-detektoren/?lang=en
https://iopscience.iop.org/article/10.1088/1748-0221/16/06/P06006
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MMC detectors developed at the Kirchhoff Institut für Physik (KIP) in Heidelberg.
❏ From innovation to application with the maXs-* sensors
❏ maxS-30 sensor with 8x8 0.5 mm pixels, efficient up to ~ 60 keV
❏ Resolving power up to 6000 

16 mm2 maXs-30 sensor
 D. Unger et al 2021 JINST 16 P06006

Energy resolution ΔE FWHM = 9.8 eV @ 59 keV

Multichannel read-out for arrays of metallic magnetic calorimeters  arXiv:2102.11100

https://www.kip.uni-heidelberg.de/tt-detektoren/?lang=en
https://iopscience.iop.org/article/10.1088/1748-0221/16/06/P06006
https://arxiv.org/abs/2102.11100


Precision X-ray spectroscopy

17

MMC detectors developed at the Kirchhoff Institut für Physik (KIP) in Heidelberg.
❏ From innovation to application with the maXs-* sensors
❏ maxS-30 sensor with 8x8 0.5 mm pixels, efficient up to ~ 60 keV
❏ Resolving power up to 6000

Used for a wide variety of (X-ray) spectroscopy experiments 
❏ IAXO arXiv:2010.15348
❏ ECHO arXiv:2111.09945
❏ Highly charged Ions https://doi.org/10.3390/atoms6040059
❏ Th isomer measurement arXiv:2005.13340

https://www.kip.uni-heidelberg.de/tt-detektoren/?lang=en
https://arxiv.org/abs/2010.15348
https://arxiv.org/abs/2111.09945
https://doi.org/10.3390/atoms6040059
https://arxiv.org/abs/2005.13340


Precision X-ray spectroscopy with QUARTET

Quartet: Apply MMC to precision muonic atom X-ray spectroscopy

Motivated by opportunity

MMC developers fr
om KIP

PSI Local ( Andreas & Co.)

Mainz muonic atoms 

( Randolf & I)

Isotope shifts from 

KULeuven

 ( T. Cocolios & Co.)

Atomic physics from 

LKB ( Nancy Paul 

and Paul Indelicato)
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io 
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Some more CREMA from 
Lisbon (Jorge Machado)
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Quartet: Apply MMC to precision muonic atom X-ray spectroscopy

Motivated by opportunity

Detector
105 events Needed/feasible

Lamb shift TPE x (2/1)3
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Quartet: Apply MMC to precision muonic atom X-ray spectroscopy

Motivated by opportunity

Detector
105 events Needed/feasible

Theory challenge

Z

Experimental precision
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What is interesting about Li, Be, & B
❏ These <r2> as ab-initio benchmarks
❏ Calibrate Mass and Field Shifts (?)
❏ Reference nuclei for Isotope chains.

Ongoing collinear laser spectroscopy measurements at GSI (COALA) ISOLDE/CERN (CRIS), …

PRC 84, 024307 (2011) PRL 108, 142501 (2012) PRL 122, 182501 (2019)
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What is interesting about Li, Be, & B
❏ These <r2> as ab-initio benchmarks
❏ Calibrate Mass and Field Shifts (?)
❏ Reference nuclei for Isotope chains.

Ongoing collinear laser spectroscopy measurements at GSI (COALA) ISOLDE/CERN (CRIS), …

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

Working with P. Navrat
il to get σ 10-3 

charge radii from NCSM+C

From https://www.phy.anl.gov/theory/research/density/
(point radii)

https://www.phy.anl.gov/theory/research/density/


Precision X-ray spectroscopy with QUARTET

What is interesting about Li, Be, & B
❏ These <r2> as ab-initio benchmarks
❏ Calibrate Mass and Field Shifts (?)
❏ Reference nuclei for Isotope chains.

Ongoing collinear laser spectroscopy measurements at GSI (COALA) ISOLDE/CERN (CRIS), …

❏ We (the μ’s) can also do isotope shifts of different Z. Like mirror nuclei.

S. J. Novario, et. al., PRL 130, 032501 (2023)  

 

*Priv. Com. With W. Nörtershäuser  8 B
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What is interesting about Li, Be, & B
❏ These <r2> as ab-initio benchmarks
❏ Calibrate Mass and Field Shifts (?)
❏ Reference nuclei for Isotope chains.

Ongoing collinear laser spectroscopy measurements at GSI (COALA) ISOLDE/CERN (CRIS), …

❏ We (the μ’s) can also do isotope shifts of different Z. Like mirror nuclei.

❏ Targeted by next generation laser spectroscopy experiments, helium like ions

❏ Narrow search window for muonic atom laser spectroscopy H, D, He, …  (K. Eikema)

Thomas Udem @ 

Randolf Pohl

QED, R∞

TPE test

The next generation of laser spectroscopy experiments using light muonic atoms S Schmidt et al 2018 J. Phys.: Conf. Ser. 1138 012010

https://iopscience.iop.org/article/10.1088/1742-6596/1138/1/012010


MMC spectroscopy @ PSI

25

What is PSI? 🠞 Previous talk A Knecht

What will we do?
❏ Add MMC detector to muX setup
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What is PSI? 🠞 Previous talk A Knecht

What will we do?
❏ Add MMC detector to muX setup

Preliminary measurements with Silicon Drift Detector (SDD):
● < 10 eV statistical precision
● Calibrated to a few eV
● Efficiency SDD ≅ Efficiency MMC
● Very little background

       → σstat < 0.1 eV after 1 day
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What is PSI? 🠞 Previous talk A Knecht

What will we do?
❏ Add MMC detector to muX setup
❏ Load MMC detector on a truck and

see how much it likes a secondary muon beamline

πE1 back 
area



MMC spectroscopy @ PSI

28

What is PSI? 🠞 Previous talk A Knecht

What will we do?
❏ Add MMC detector to muX setup
❏ Load MMC detector on a truck and

see how much it likes a secondary muon beamline

πE1 back 
area



MMC spectroscopy @ PSI

29

What is PSI? 🠞 Previous talk A Knecht

What will we do?
❏ Add MMC detector to muX setup
❏ Load MMC detector on a truck and

see how much it likes a secondary muon beamline
❏ Will this work?

❏ Statistics ✔
❏ Background: probably OK, unless the sensor readout does not like neutrons, Michel electrons, dust & humidity, ….
❏ QED. Fine, hyperfine (a few eV), and quadrupole (< 1eV ) corrections calculated. ✔
❏ e- screening & Coulomb explosion ✔
❏ Calibration (γ-sources), calibration (X-ray), calibration (ADC), calibration (?)

Paul Indelicato has the numbers
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Future
1. Improved charge radii of Li, Be, B
2. Improved charge radii of  > C. Which ones make sense?
3. Other applications such as high-field BSQED on μZ

Phys. Rev. Lett. 126, 173001

↔ hydrogen like high-Z @ GSI (SPARC/SPECTRAP)

Go to a Rydberg state, so FNS effect is small

Nancy Paul & Paul Indelicato

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.173001
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Future
1. Improved charge radii of Li, Be, B
2. Improved charge radii of  > C. Which ones make sense?
3. Other applications such as high-field BSQED on μZ

Phys. Rev. Lett. 126, 173001

↔ hydrogen like high-Z @ GSI (SPARC/SPECTRAP)
4. But first, 6/7Li ΔE2P1S to < 1 eV 

https://arxiv.org/pdf/2210.16929.pdf

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.173001
https://arxiv.org/pdf/2210.16929.pdf
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Extra
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https://arxiv.org/abs/2001.01374

https://arxiv.org/abs/2001.01374
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6Li

7Li

9Be



35



36


