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Hydrogen-like atoms

“There's a reason physicists are so successful with what they do,
 and that is they study the hydrogen atom and the helium ion

 and then they stop.”
 - Richard Feynman
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Welcome to ECT* Trento
Monday Tuesday Wednesday Thursday Friday

  9:40 – 10:20 30 + 10 van Kolck Ohayon Bacca Gasparian Craig

10:20 – 11:00 30 + 10 Pohl Peset Drissi Ouf Potvliege

11:00 – 11:30                                                                          Coffee                                                                       

11:30 – 12:10 30 + 10 Gorshteyn Harman Pastore Pitelis Feng

12:10 – 12:50 30 + 10 Fleischmann Nörtershäuser Oreshkina Lensky Closing

13:00 – 15:00                                                                          Lunch                                                                       

15:00 – 15:40 30 + 10 Kreuzberger Weber                          
                         
                         
   Excursion      
                         
                         
                       

Ji

15:40 – 16:20 30 + 10 Godhino Rathi Egert

16:20 – 16:50                      Coffee                   

16:50 – 17:30 30 + 10 Baptista Cocolios

17:30 – 18:10 30 + 10 Heiße (Zoom) Deseyn

18:10 – 18:30                                                                     Discussions                                                                   
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Stuff with lasers
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The “Proton Radius Puzzle”
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Proton charge radius R
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CODATA-2014

H spectroscopy

e-p scatt.

p 2010μ

p 2013μ

d 2016μ

σ5.6

μd 2016:   RP et al (CREMA Coll.) Science 353, 669 (2016)
μp 2013:   A. Antognini, RP et al (CREMA Coll.) Science 339, 417 (2013)

0.84 fm                             0.88 fm

Measuring R
p
 using electrons: 0.88 fm  ( +- 0.7%)

                       using muons:    0.84 fm  ( +- 0.05%)
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Muonic Atoms

A bare nucleus, orbited by one negative muon.
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Muonic Atoms

A bare nucleus, orbited by one negative muon.

Hydrogen theory!
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What is a Muon?

Muons are  heavy electrons:

 200x the mass of an electron.

Discovered in 1936 by  Carl D. Anderson and 

Seth Neddermeyer as part of the cosmic 

radiation.

Muon have a lifetime of 2 microseconds.

(millionths of a second).

Carl David Anderson

Nobel prize 1936
(for the Positron!)

Seth Neddermeyer

Isidor Isaac Rabi
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Muonic atoms in a nutshell

Regular hydrogen:

Bohr radius ~ 50’000 x nuclear radius

Bohr ra
dius

Muonic hydrogen:

Muon mass = 200 * electron mass

Bohr radius = 1/200 of H

2003 = a  ten million times more
            sensitive to nuclear size & structure

==> Our (laser) spectroscopy at 10-5 level

        can compete with 10-12  from normal atoms

Vastly not to scale!!
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Lamb shift in Muonic Hydrogen

2S-2P Lamb shift

2S state is sensitive to the proton size.

2P state: not 
sensitive to proton 
structure

ΔE [meV]  = 209.998 – 5.226 R
p

2 [fm]

2% effect!
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The accelerator at PSI

Villigen, AG
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The muon beam line in πE5
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Inside the laser hut
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Inside the laser hut
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Laser beam line 



ECT*, 28.7.2025 Randolf Pohl, JGU Mainz

The hydrogen target
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Time Spectra
13 hours of data
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Time Spectra
13 hours of data

prompt (t=0)
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Time Spectra

prompt (t=0) “delayed” (t = 1 μs)
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Time Spectra

prompt (t=0) “delayed” (t = 1 μs)

resonance curve
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Resonance
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Resonance vs Result

Measurement NOT useful without 

precise and accurate THEORY!
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Resonance vs Result

Measurement NOT useful without THEORY!
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Theory in muonic H

ΔE
Lamb

 = 206.0336 (15) meV
QED

 + 0.0332 (20) meV
TPE

 – 5.2275 (10) meV/fm2 * R
p

2 

Our attempt to summarize all the original work by many theorists….
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Theory in muonic H

ΔE
Lamb

 = 206.0344 (3) meV
QED

 + 0.0289 (25) meV
TPE

 – 5.2259 (1) meV/fm2 * R
p

2 

Uehling

Källen-Sabry

Muon SE+VP

Proton form 
factor

elastic and inelastic two-photon 
exchange
(Friar moment and  polarizability)

and 20+ more….
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Theory I: “pure” QED

Antognini, RP at al., Ann. Phys. (N.Y.) 331, 127 (2013)
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Theory
Pachucki, Lensky, Hagelstein, LiMuli, 
Bacca, RP, RMP 96 (2024)
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Theory
Pachucki, Lensky, Hagelstein, LiMuli, 
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The “Proton Radius Puzzle“
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ECT* Workshop 2012

“Fitting wars”

TPE and The Subtraction Term

Missing QED contributions?

Form factors vs. charge density

BSM Physics

Muon Scattering

muH-HFS



ECT*, 28.7.2025 Randolf Pohl, JGU Mainz

Hydrogen energy levels
∞

1S - 2S

2S - nl

measure between different n
2 unknowns → measure 2 transitions:
1S-2S + any other

→ correlated Rydberg/radius pairs

En=−
R∞

n2 +1.2 MHz
n3

⟨ r2 ⟩δ l0+Δ (n , l , j )

proton radius

Rydberg constant
QED etc.
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Rp from H spectroscopy

RP et al., Metrologia 54, L1 (2017)

Situ
atio

n 2016



ECT*, 28.7.2025 Randolf Pohl, JGU Mainz

2S-nP in Garching
● cryogenic H beam (6 K)
● optical 1S-2S excitation (2S, F=0)
● 2S-nP transition is 1-photon

→   retroreflector (“AFR”)
● split line to 10-4

● 0.5 kHz vs. 9 kHz PRP
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2S-nP in Garching

1st order Doppler cancellation 
(2S-4P)

90°
88°
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2S-nP in Garching
Systematics  (2S-6P)

Maisenbacher et al., submitted 
(2025)
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0.82 0.83 0.84 0.85 0.86 0.87 0.88 0.89
proton charge radius [fm]

  

H 2010μ
H 2013μ

D 2021μ

hydrogen, pre-2006
e-p scatt., pre-2006

dispersion 2007
e-p, Mainz 2010
CODATA-2006

CODATA-2010
CODATA-2014

CODATA-2018
Garching 2017 Paris 2018

Toronto 2019
PRad 2019

Garching 2020
dispersion 2021

Colorado 2021

Garching 2024

The proton radius situation today

CODATA

same transition (1S-3S)!

Not really “solved”

H (2S-6P) 
preliminary



V. Wirthl, MPQ Precision spectroscopy of 2S-6P transitions in hydrogen 
and deuterium

QED Test

19

ν (1S−2S )≈ 3
4

R∞−
7
8

ENS
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V. Wirthl, MPQ Precision spectroscopy of 2S-6P transitions in hydrogen 
and deuterium

QED Test

Theory test to

19
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Muonic Deuterium

Pohl et al. (CREMA), Science (2016)
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2.5 transitions in muonic D

 Pohl et al. (CREMA Coll.), Science 353, 
669 (2016)
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Theory in muonic D

ΔE
Lamb

 = 228.7854 (13) meV
QED

 + 1.7150 (230) meV
TPE

 – 6.1103 (3) meV/fm2 * R
d

2 μD

Krauth, RP at al., Ann. Phys. (N.Y.) 366, 168 (2016)

Nuclear structure contributions to the Lamb shift in muonic deuterium.

+ Pachucki et al., PRA 97, 062511 (2018)
+ Hernandez et al., PLB 778, 377 (2018)
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Theory in muonic D

ΔE
Lamb

 = 228.7854 (13) meV
QED

 + 1.7150 (230) meV
TPE

 – 6.1103 (3) meV/fm2 * R
d

2 μD

Nuclear structure contributions to the Lamb shift in muonic deuterium.

nuclear structure theory with error bars!
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Theory: Lamb shift in muonic D

Nuclear structure two (and three!)-photon contributions to the Lamb shift in muonic deuterium.

ΔE
Lamb

 = 228.7740 (3) meV
QED

 + 1.7503 (200) meV
TPE

 – 6.1074  meV/fm2 * R
d

2 
μD

Pachucki, RP et al, arXiv 2212.13782

see also Krauth, RP et al. (2016) using calculations from
   Pachucki (2011), Friar (2013), Carlson, Gorchtein, Vanderhaeghen
   (2014), Hernandez et al. (2014), Pachucki + Wienczek (2015)

  + Pachucki et al., PRA 97, 062511 (2018): Sizeable three-photon !!

  + Hernandez et al., PLB 778, 377 (2018):    χEFT

  + Kalinowski (2019):        eVP to nucl. struct.

  + Acharya et al., PRC 103, 024001 (2021)
χEFT + Disperson relations



Muonic Deuterium

μD:       2.12758   (13)
exp

 (78)
theo

 fm    

μH + H/D(1S-2S): 2.12785   (17) fm

muonic electronic



Theory in muonic D

ΔE
Lamb

 = 228.7740 (3) meV
QED

 + 1.7503 (200) meV
TPE

 – 6.1074  meV/fm2 * R
d

2 
μD

ΔE
TPE

 (theo)  =  1.7503 +- 0.0200   meV    Bacca group

vs.                                 +- 0.0034   meV    experimental uncertainty

(1) charge radius, using calculated TPE

r
d
 (μD)                =  2.12758   (13)

exp
 (78)

theo
 fm

(2) polarizability, using charge radius from isotope shift 

 ΔE
TPE

 (theo)      =  1.7503 ( 200)  meV  vs.

ΔE
TPE

 (exp)       =  1.7591 (   59)  meV        3x more accurate

Pachucki, Lensky, Hagelstein, LiMuli, Bacca, Pohl, RMP (2024)
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Muonic Deuterium

r
d

2 – r
p

2 =  3.82070(  31) fm2  H / D     1S-2S isotope shift
  3.82028(232) fm2  μH / μD 2S-2P isotope shift  (0.18 σ)

muonic old electronic

perfect agreement
between eH / eD

and μH / μD

      



H/D isotope shift
electronic H/D  (1S-2S):   r

d
2 – r

p
2 = 3.8207(3)theo fm2

muonic H/D  (2S-2P):    r
d

2 – r
p

2 = 3.8200(7)exp(30)theo fm2

→ Best bound on 5th force

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

K. Blaum, S. Sturm: 
tomorrow

B. Ohayon (QUARTET)
µLi … µNe 
    Wednesday
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HFS in muonic D

nucl. TPE scaled from electronic D

(50) meV Krauth et al., Ann. Phys. (N.Y.) 366, 168 (2016)

 Pohl et al. (CREMA Coll.), Science 353, 669 (2016)

5σ disagreement between theory and experiment !!!

HFS



ECT*, 28.7.2025 Randolf Pohl, JGU Mainz

Krauth et al. (CREMA), Nature (2021)

Muonic Helium-4
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muonic 4He ions

R(4He) = 1.67854 (13)
exp

 (120)
theo 

fm
                              (120)

theo
 = (112)

2PE
  (46)

3PE

Exp: Krauth, RP et al. (CREMA Coll.) Nature 589, 527 (2021)        Theory updated in Pachucki, RP et al., arXiv 2212.13782

2-photon exchange: Bacca group
3-photon exchange: our educated guess based on Pachucki et al.

2P
3/2

 : ±17 GHz 2P
1/2

 : ±15 GHz
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muonic 4He ions

2P
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muonic 4He ions

2P
3/2

 : ±17 GHz 2P
1/2

 : ±15 GHz
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Muonic Helium-3

Schuhmann et al. (CREMA), Science (2025)
arXiv 2305.11679  
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muonic 3He ions

R(3He) = 1.97007 (12)
exp

 (93)
theo 

fm 

theo = +- 0.00076 fm   2PE
     +- 0.00052 fm   3PE

           +- 0.00001 fm   R^2 coeff.
           +- 0.00002 fm   QED

exp: each line has +-20 GHz(stat) +- 1 GHz (syst)

CREMA Coll., arXiv 2305.11679
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Muonic Helium-3

(e scattering world average)

e-scattering world average:
Sick 2014:  PRC 90, 064002 (2014)

nuclear theory:
LENPIC: Maris et al., PRC 106, 064002 (2022)
Nevo Dinur et al., PRC 99, 034004 (2019)
Piarulli et al., PRC 87, 014006 (2013) CREMA Coll., Science (2025)
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Helium-3 – Helium-4 Isotope Shift

CREMA Coll., arXiv 2305.11679

normal He atoms:
van der Werf et al.: arXiv 2306.02333
Huang: PRA 101, 062507 (2020) 
Rengelink: Nature Physics 14, 1132 (2018)
Zheng: PRL 119, 263002 (2017)
van Rooij:  Science 333, 196 (2011)
Cancio Pastor:  PRL 108, 143001 (2012)
Shiner: PRL 74, 3553 (1995)

3.6σ !
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Helium-3 – Helium-4 Isotope Shift

CREMA Coll., Science (2025)

normal He atoms:
van der Werf et al.: arXiv 2306.02333
Huang: PRA 101, 062507 (2020) 
Rengelink: Nature Physics 14, 1132 (2018)
Zheng: PRL 119, 263002 (2017)
van Rooij:  Science 333, 196 (2011)
Cancio Pastor:  PRL 108, 143001 (2012)
Shiner: PRL 74, 3553 (1995)

1 1.02 1.04 1.06 1.08 1.1
]2    [fm2

α - r2
hr

  

muonic helium

Shiner 1995
Cancio Pastor 2012van Rooij 2011

Zheng 2017
Rengelink 2018

Huang 2020

Sick 2014

van Rooji (corr. 2023) van der Werf 2023
van der Werf 2025 2nd order

 hyperfine mixing

Qi et al, 2024
Pachucki et al. 2024
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Helium-3 – Helium-4 Isotope Shift

CREMA Coll., Science (2025)

normal He atoms:
van der Werf et al.: arXiv 2306.02333
Huang: PRA 101, 062507 (2020) 
Rengelink: Nature Physics 14, 1132 (2018)
Zheng: PRL 119, 263002 (2017)
van Rooij:  Science 333, 196 (2011)
Cancio Pastor:  PRL 108, 143001 (2012)
Shiner: PRL 74, 3553 (1995)

1 1.02 1.04 1.06 1.08 1.1
]2    [fm2

α - r2
hr

  

muonic helium

Shiner 1995
Cancio Pastor 2012van Rooij 2011

Zheng 2017
Rengelink 2018

Huang 2020

Sick 2014

van Rooji (corr. 2023) van der Werf 2023
van der Werf 2025
Clausen 2025
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Intermediate conclusions
Muonic atoms / ions provide:
● ~10x more accurate charge radii, when combined with

                                                                       calculated polarizability

● few times more accurate nuclear polarizability,

                     when combined with charge radius from regular atoms
Muonic atoms are a novel tool for proton and new-nucleon properties!
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2 4 6 8 10 12

10 -3

10 -2

H

D

3He

4He

6Li

7Li
9Be

11B

10B

13C

12C

14,15 N

18O

17 O

16O
19F

Z

20,22 Ne
23Na

24,26 Mg

µX-ray (HPGe)
El. Scattering

muonic laser

µX-ray (Crystal)

𝜎 𝑟/𝑟 MMC      (WP 2)

T3

3

5%
T3

QUARTET

T(1S-2S)  (WP 1)

The future
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1S – 2S in (ordinary) atomic tritium
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2 4 6 8 10 12

10 -3

10 -2

H

D

3He

4He

6Li

7Li
9Be

11B

10B

13C

12C

14,15 N

18O

17 O

16O
19F

Z

20,22 Ne
23Na

24,26 Mg

µX-ray (HPGe)
El. Scattering

muonic laser

µX-ray (Crystal)

𝜎 𝑟/𝑟 MMC      (WP 2)

T3

3

5%

3 T

T(1S-2S)

T3

QUARTET

T(1S-2S)  (WP 1)

Tritium 1S-2S 
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Tritium 1S-2S 

H1 D2 T3 He3 He4
5−10

4−10

3−10

2−10

1−10
rad

ius
 un

ce
rta

int
y electron scatt.

muonic atoms
   exp. error only
H/D iso shift
H/T T-REX
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Tritium 1S-2S 

H1 D2 T3 He3 He4
5−10

4−10

3−10

2−10

1−10
rad

ius
 un

ce
rta

int
y electron scatt.

muonic atoms
   exp. error only
H/D iso shift
H/T T-REX

● cryogenic H nozzle (4.2K)

● magnetic quadrupole guide

● Li MOT -> cold buffer gas

● magnetic trapping of H/D/T

400x better triton radius
with 1 kHz measurement
    (vs. 0.01 kHz for H, D)
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Trapping and spectroscopy 

• cryogenic H nozzle (4.2K)
• magnetic quadrupole guide
• Li MOT -> cold buffer gas
• magnetic trapping of H/D/T
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H + 7Li

mass=3 + 7Li

Simulated trapping efficiency

simple simulation:
4.2K atomic H beam
60 m/s trap depth

10-4 trapping efficiency (better for T)

1010 Li in 
1cm dia

Li density (atoms / cm^3)
910 1010 1110 1210 1310 1410

tra
pp

ing
 effi

cie
nc

y

6−10

5−10

4−10

3−10

2−10

1−10

H + 7Li

mass=3 + 7Li

J. Phys. Conf. Ser. 1138, 012010 (2018)
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H D T1 2 3

He He3 4

 
0.8751 (61) 2.1413 (25)

1.9730 (160) 1.6810 ( 40)

1.7550 (860)

0.8409 (  4) 2.1279 (  2)

1.6782 (   8)1.9679 (  14)*

Triton charge radius from Tritium 1S-2S 

1.7xxx (200)

● Optogalvanic spectroscopy 
in a cell

● Syst. extrapolation w/ H,D

● Tritium confined.

4x better radius
with 100 kHz measurement
       (vs. 0.01 kHz for H, D)

staged approach
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Hydrogen/Tritium Laser Spectroscopy in RF Discharge Cell
Spectroscopy Setup

optogalvanic detection → laser-induced impedance change of the plasma
• monitoring reflected (or forward) RF power via directional coupler (shown above)
• pickup-coil around plasma tube

+  avoid optical detection within the fluorescence background of the discharge glow

+  containment of radioactive tritium samples in a compact sealed glass cell

−  large systematic effects expected due to electric fields and collision processes
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Hydrogen/Tritium Laser Spectroscopy in RF Discharge Cell
Spectroscopy Setup

 ▴ discharge tube (reduced power) overview  ▴

copper shielding

resonator coil

tuning rod (PTFE) 
 tune resonance freq. 
(very coarsely ± 1 MHz)

air cooling coaxial input connector

tap wire coupling
 impedance matching

discharge tube axis

Resonator design inspired by [Tate, Investigations of simple atomic systems by laser spectroscopy, Phd thesis, Oxford (1987)]
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Hydrogen/Tritium Laser Spectroscopy in RF Discharge Cell
Balmer-β Transition / Overview

optogalvanic 
spectroscopy (OGS)

absorption 
spectroscopy

intermodulated OGS (IMOGS)

modulated lin. OGS linear absorption

saturated absorption (SAS)
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Towards trapping and spectroscopy 



• Hydrogen beam dissociation

• Cryogenic nozzle design and atom beam shape

• Quadrupole cut-off velocity

Towards H Beam Characterization



• Hydrogen beam dissociation

• Cryogenic nozzle design and atom beam shape

• Quadrupole cut-off velocity

Towards H Beam Characterization



• Hydrogen beam dissociation

• Cryogenic nozzle design and atom beam shape

• Quadrupole cut-off velocity

Towards H Beam Characterization

Time-of-Flight velocity measurement

using Argon at Room Temperature
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Atomic Lithium



2D MOT as cold Li beam source

magnet bars mirror

ȀͶ̏waveplateߣ

fluorescence

6Li reservoir + heating

Ԗା�Ԗା�

2D-MOT design:  Tiecke, Walraven et al,   PRA 80, 013409 (2009)



2D MOT for cold Li (old)

2D-MOT design:  Tiecke, Walraven et al,   PRA 80, 013409 (2009)



Vacuum Setup / Beamline

Push beam

MOT beams

probe beam

PM T

fluorescence



Our 1st spectroscopy on cold Li

Fig.1: Fluorescence spectrum with a probe beam power  µW measured over 1 s. 



Next up: AFR   

• Use of Active fiber-based Retroreflector:
  →  Reduction of Doppler effect 

[A. Beyer, “Active fiber-based retroreflector providing phase-retracing anti-parallel laser beams for 
precision spectroscopy”, 2016]

[V. Wirthl, “Improved active fiber-based retroreflector with intensity stabilization and a polarization 
monitor for the near UV”, 2022]

6Li



AFR: Actively stabilized Fiber-based
   Retro-Reflector   



AFR: Actively stabilized Fiber-based
   Retro-Reflector   



2D MOT + spectroscopy (AFR)

2D-MOT design:  Tiecke, Walraven et al,   PRA 80, 013409 (2009)



Thanks a lot
 for your attention



Thanks a lot
 for your attention
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Welcome to ECT* Trento
Monday Tuesday Wednesday Thursday Friday

  9:40 – 10:20 30 + 10 van Kolck Ohayon Bacca Gasparian Craig

10:20 – 11:00 30 + 10 Pohl Peset Drissi Ouf Potvliege

11:00 – 11:30                                                                          Coffee                                                                       

11:30 – 12:10 30 + 10 Gorshteyn Harman Pastore Pitelis Feng

12:10 – 12:50 30 + 10 Fleischmann Nörtershäuser Oreshkina Lensky Closing

13:00 – 15:00                                                                          Lunch                                                                       

15:00 – 15:40 30 + 10 Kreuzberger Weber                          
                         
                         
   Excursion      
                         
                         
                       

Ji

15:40 – 16:20 30 + 10 Godhino Rathi Egert

16:20 – 16:50                      Coffee                   

16:50 – 17:30 30 + 10 Baptista Cocolios

17:30 – 18:10 30 + 10 Heiße (Zoom) Deseyn

18:10 – 18:30                                                                     Discussions                                                                   
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Hyperfine structure in muonic H

CREMA-3 / HyperMu at PSI
(R16.02)



ECT*, 28.7.2025 Randolf Pohl, JGU Mainz

The sky in hydrogen
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Hyperfine structure in H / μp

The 21 cm line in hydrogen (1S hyperfine splitting) has been measured to 
12 digits (0.001 Hz) in 1971:

ν
exp

 = 1 420 405. 751 766 7  ± 0.000 001 kHz

Essen et al., Nature 229, 110 (1971)

QED test is limited to 6 digits (800 Hz) because of proton structure effects:

ν
theo

 = 1 420 403. 1  ± 0.6
proton size

  ± 0.4
polarizability

 kHz

Eides et al., Springer Tracts 222, 217 (2007)
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Proton Zemach radius

HFS depends on “Zemach” radius:

Form factors and momentum space

ΔE=
8(Zα)m

πn3 EF∫
0

∞ dk
k2 [GE (−k2)GM (−k2)

1+κ ]

ΔE=−2(Zα)m ⟨r ⟩(2)EF

⟨r ⟩(2)=∫d3r d3r 'ρE(r)ρM (r ' )|r−r '|

Zemach, Phys. Rev. 104, 1771 (1956)
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2S-2P =  Lamb shift

is sensitive to CHARGE radius

1S-HFS = Hyperfine splitting

is sensitive to ZEMACH radius

From charge to magnetic properties

2S-2P
width: 20 GHz
2P lifetime (8ps)

width: 0.1 GHz
(Doppler width)

Amaro et al [CREMA], 2112.00138
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Proton Zemach radius from μp

μp 2013: Antognini et al. (CREMA Coll.), Science 339, 417 (2013)
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Proton Zemach radius from μp

PSI Exp. R-16-02: Antognini, RP et al. (CREMA-3 / HyperMu)
        see e.g. Schmidt, RP et al., J. Phys. Conf. Ser 1138, 012010 (2018); arXiv 1808.07240

also: FAMU @ RIKEN/RAL, and a Collaboration at J-PARC
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Backup
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Electron scattering

⟨r2⟩=−6ℏ2 dGE(Q
2)

dQ2 |
Q2=0

extrapolation to Q2 = 0 required

Vanderhaeghen, Walcher: 1008.4225

Mainz MAMI data 2010



Correlation between R
∞
 and R

p
 / R

d

ν (1S−2S )≈ 3
4

R∞−
7
8

ENS

The source of the 98.91% correlation of R
∞
 and R

p

[Pohl et al., Metrologia 54, L1 (2017)]

10-15 = 10 Hz 10-12 = 20 kHz



V. Wirthl, MPQ Precision spectroscopy of 2S-6P transitions in hydrogen 
and deuterium

‚New Physics constraints

20

modified Coulomb potential:



V. Wirthl, MPQ Precision spectroscopy of 2S-6P transitions in hydrogen 
and deuterium

Hydrogen 2S-6P: which contributions are being tested

Our 2S-6P meas. uncert.:

    490 Hz

Start seeing

Nuclear self-energy

Start seeing 3-loop

bound-state vacuum effects

Start seeing muons and 

hadrons in vacuum

21
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CREMA:
Laser spectroscopy of light muonic atoms
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Radii of Z=3 …. 10

  Xray spectroscopy

of   muonic atoms
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X-ray spectroscopy

finite size effect

En=−
R∞

n2 +
C FS

n3
⟨r 2 ⟩δ l0+Δ (n , l , j )

low-Z muonic atoms: 
low X-ray energy → difficult!

muonic Li: 18 keV
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QUARTET Goals

10x improved nuclear charge radii  → challenging nuclear few-body calculations

Current knowledge on
radii of the lightest nuclei:

Z=1,2: muonic atom 
laser spectroscopy

Z>3: mostly e-scattering

Z=6: some muonic X-rays
        (crystal spectrometer)

Z>8: muonic X-rays
        (Ge detectors)
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QUARTET Goals

10x improved nuclear charge radii  → challenging nuclear few-body calculations

Current knowledge on
radii of the lightest nuclei:

Z=1,2: muonic atom 
laser spectroscopy

Z>3: mostly e-scattering

Z=6: some muonic X-rays
        (crystal spectrometer)

Z>8: muonic X-rays
        (Ge detectors)

QUARTET, muX, ReferenceRadii:

see Talk by Frederik Wauters

tomorrow
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= Lorentzian(1) + Lorentzian(2) 

   + cross-term (QI)

Fitting this with 2 Lorentzians creates

line shifts

Quantum Interference in 2S-nP

P (ω)∝| (d⃗1 E⃗0) d⃗1

ω1−ωL+i γ1/2
+

( d⃗2 E⃗0) d⃗2e
iΔΦ

ω2−ωL+i γ2/2|
2

see
Horbatsch, Hessels, PRA 82, 052519 
(2010); 
   PRA 84, 032508 (‘11); PRA 86 040501 
(‘12)
Sansonetti et al., PRL 107, 021001 
(2011)
Brown et al., PRA 87, 032504 (2013)
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= Lorentzian(1) + Lorentzian(2) 

   + cross-term (QI)

Studying Quantum Interference in 2S-4P

P (ω)∝| (d⃗1 E⃗0) d⃗1

ω1−ωL+i γ1/2
+

( d⃗2 E⃗0) d⃗2e
iΔΦ

ω2−ωL+i γ2/2|
2

Beyer, Maisenbacher, RP et al, Science 358, 79 (2017)
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Studying Quantum Interference in 2S-4P

Beyer, Maisenbacher, RP et al, Science 358, 79 (2017)

4P1/2

4P3/24P3/24P1/2

2S

1S
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