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Outline
● Muonic hydrogen, deuterium and the 

Proton Radius Puzzle
New results from H spectroscopy, e-p scattering

● Muonic helium-3 and -4
Charge radii and the isotope shift

● Muonic present: HFS in μH, μ3He
10x better (magnetic) Zemach radii

● Muonic future: muonic Li, Be
10-100x better charge radii

● Ongoing: Triton charge radius from atomic T(1S-2S)
400fold improved triton charge radius



  

The Past



  

Nuclear rms charge radii
from measurements with electrons

 

 

 

values in fm

* elastic electron scattering
* H/D: laser spectroscopy and QED (a lot!)
* He, Li, ….    isotope shift for charge radius differences
* for medium-high Z (C and above): muonic x-ray spectroscopy

sources: * p,d: CODATA-2014
               * t: Amroun et al. (Saclay) , NPA 579, 596 (1994)

       * 3,4He: Sick, J.Phys.Chem.Ref Data 44, 031213  (2015)
       * Angeli, At. Data Nucl. Data Tab. 99, 69 (2013)



  

The “Proton Radius Puzzle”

[fm]
ch

Proton charge radius R
0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9

1

2

3

4

5

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)
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p
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The “Proton Radius Puzzle”

[fm]
ch

Proton charge radius R
0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9

1

2

3

4

5

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%)



  

The “Proton Radius Puzzle”

[fm]
ch

Proton charge radius R
0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9

1

2

3

4

5

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%)



  

A “Proton Radius Puzzle” ??
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Hydrogen



  

Energy levels of hydrogen
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Energy levels of hydrogen

∞

En=−
R∞

n2 +
1.2 MHz

n3 ⟨r2
⟩δl0 +Δ(n ,l , j)

Rydberg constant

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



  

Energy levels of hydrogen

∞

finite size effect

En=−
R∞

n2 +
1.2 MHz

n3 ⟨r2
⟩δl0 +Δ(n ,l , j)

Rydberg 
constant

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



  

Energy levels of hydrogen

∞

En=−
R∞

n2 +
1.2 MHz

n3 ⟨r2
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2S-2P Lamb shift
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Energy levels of hydrogen

∞

En=−
R∞

n2 +
1.2 MHz

n3 ⟨r2
⟩δl0 +Δ(n ,l , j)

2S-2P Lamb shift

finite size effectRydberg 
constant

radial wave function

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



  

Muonic Hydrogen

A proton, orbited by a negative muon.



  

Electronic and muonic atoms
Regular hydrogen:

Proton + Electron

Muonic hydrogen:

Proton + Muon

Muon mass = 200 * electron mass

Bohr radius = 1/200 of H

2003 = a few million times more
            sensitive to proton size

Bohr ra
dius

Vastly not to scale!!



  

Muonic Hydrogen

2S-2P Lamb shift



  

Muonic Hydrogen

2S-2P Lamb shift



  

Muonic Hydrogen

2S-2P Lamb shift

2S state: μ spends some time inside the proton!
State is sensitive to the proton size.
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Muonic Hydrogen

2S-2P Lamb shift

2S state: μ spends some time inside the proton!
State is sensitive to the proton size.

2P state: μ not 
inside proton. 
State insensitive.

ΔE [meV]  = 209.998 – 5.226 R
p

2 [fm]

2% effect!



  

The accelerator at PSI



  

The accelerator at PSI



  

The accelerator at PSI



  

The accelerator at PSI

Villigen, AG



  

2 transitions in muonic H

Antognini et al. (CREMA Coll.), Science 339, 417 (2013)

same data as Nature 
2010, reanalyzed

charge
radius

magnetization 
distribution
(Zemach radius)



  

Muonic Deuterium

μD: 2.12717   (13)
exp

 (82)
theo

 fm    (theo = nucl. polarizability)

μH + H/D(1S-2S): 2.12785   (17) fm
CODATA-2014: 2.14130 (250) fm

H/D 1S-2S. Parthey, RP et al. (MPQ Garching),  PRL 104, 233001 (2010)
     PRL 107, 203001 (2011)

H/D 1S-2S isotope shift:
r

d
2 – r

p
2 = 3.82070(31) fm2

Pachucki et al., PRA 97, 062511 (2018)

2.12 2.125 2.13 2.135 2.14 2.145
Deuteron charge radius [fm]

muonic electronic 

σ5.4 

CODATA-2014

e-d scatt.

H + H/D isoμ

Dμ
D 2018μ

D 2016μ

D spectr.

muonic electronic



  

Theory in muonic D

ΔE
Lamb

 = 228.7854 (13) meV
QED

 + 1.7500 (210) meV
TPE

 – 6.1103 (3) meV/fm2 * R
d

2 
μD

Krauth et al. (2016) + Pachucki et al. (2018) + Hernandez et al. (2018) + Kalinowski (2018)

ΔE
TPE

 (theo)  =  1.7500 +- 0.0210   meV   (Kalinowski, 2018)

vs.                                 +- 0.0034   meV    experimental uncertainty

(1) charge radius, using calculated TPE

r
d
 (μD)                =  2.12717 (  13) 

exp   
(   82) 

theo 
  fm   vs.

r
d
 (CODATA-14) =  2.14130 (250)  fm

(2) polarizability, using charge radius from isotope shift 

 ΔE
TPE

 (theo)      =  1.7500 ( 210)  meV  vs.

ΔE
TPE

 (exp)       =  1.7591 (   59)  meV        3.5x more accurate



  

Hydrogen



  

Garching H(2S-4P)

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

● cryogenic H beam (6 K)
● optical 1S-2S excitation (2S, F=0)
● 2S-4P transition is 1-photon:  retroreflector
● split line to 10-4 !!!
● 2.3 kHz vs. 9 kHz PRP
● large systematics



  

Garching H(2S-4P)

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

● cryogenic H beam (6 K)
● optical 1S-2S excitation (2S, F=0)
● 2S-4P transition is 1-photon:  retroreflector
● split line to 10-4 !!!
● 2.3 kHz vs. 9 kHz PRP
● large systematics

1st order Doppler cancellation

90°
88°



  

Systematics

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



  

The “Proton Radius Puzzle”



  

Mainzer Microtron MAMI



  

Electron scattering

⟨r2
⟩=−6ℏ

2 dGE(Q
2
)

dQ2 |
Q2=0

extrapolation to Q2 = 0 required

Vanderhaeghen, Walcher: 1008.4225Mainz MAMI data 2010



47A. Gasparian

               The PRad Experimental Approach  

Mainz low Q2 data set
Phys. Rev. C 93, 065207, 2016

 PRad initial goals:
 large Q2 range in one experimental setting
 reach to very low Q2 range (~ 10-4 GeV/C2)
 reach to sub-percent precision in cross section

 PRad suggested solutions:
 use high resolution high acceptance calorimeter:

 reach smaller scattering angles: (θe = 0.70 – 7.00 ) 
                  (Q2 = 2x10-4 ÷ 6x10-2 ) GeV/c2 ;

  large Q2 range in one experimental setting!;
 simultaneous detection of ee → ee Moller scattering 

(best known control of systematics).

 use high density windowless H2 gas flow target:
 beam background under control;
 minimize experimental background.

 Two beam energies: E0 = 1.1 GeV and 2.2 GeV to increase Q2 range.
 Approved by JLab PAC39 (June, 2012) with high “A” scientific rating.

JLab-Oct-2018



  

New Measurements: PRad

?!!!!



  

New Mainz electron accelerator MESA 

Being built on  Campus of JGU Mainz

MAGIX: windowless (gas-jet) target, lowest Q2



  

Muonic Helium-3 and -4



  
PRELIM

INARY

muonic 3He ions

R(3He) = 1.96866 (12)
exp

 (128)
theo 

fm

Theory: Franke et al., EPJD (2017),
but 3-photon (Pachucki et al.) ?!?!



  

Muonic Helium-3

PRELIMINARY

prel. accuracy:   exp +- 0.00012 fm,    theo +- 0.00128  fm (nucl. polarizability)

Theory: see Franke et al. EPJ D 71, 341 (2017)  [1705.00352]

(e scattering world average)



  

Muonic Helium-4

PRELIMINARY

prel. accuracy:   exp +- 0.00019 fm,    theo +- 0.00058 fm (nucl. polarizability)

Theory: M. Diepold, RP et al. Ann. Phys. (N.Y.) 396, 220 (2018)
(arxiv 1606.05231 (sic!))

WRONG

(e scattering world average)

(muonic He)



  

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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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!



  

Intermediate conclusions

● smaller radii from muonic hydrogen and deuterium imply a smaller Rydberg constant
● new H(2S-4P), H(2S-2P), H(1S-3S)  give a smaller proton radius
● new H(1S-3S) however confirms large proton radius

● H(2S – 6P, 8P, 9P, …) and D(2S-nl)  underway in Garching and Colorado
● H(1S – 3S, 4S, ..) underway in Paris and Garching
● H(2S-2P) (Hessels @ Toronto)
● Muonium at PSI, J-PARC
● Positronium (Cassidy @ UCL, Crivelli @ ETH)
● He+(1S-2S) underway in Garching (Udem) and Amsterdam (Eikema)

● HD+, H
2
, etc. in  Amsterdam (Ubachs) and Paris (Hilico, Karr)

● He (Vassen @  Amsterdam), Li+ (Udem @ Garching)
● HCI, e.g. H-like Ne (Tan @ NIST)
● Rydberg-atoms, e.g. Rb (Raithel @ Ann Arbor)
● new low-Q2 electron scattering at MAMI, JLab, MESA
● muon scattering: MUSE @ PSI, COMPASS @ CERN
●

More data coming in!

Proton radius situation:

Compare Rydberg values 
to test QED and SM



  

The Present



  

Hyperfine structure in muonic H
CREMA-3 / HyperMu at PSI
(R16.02)



  

The sky in hydrogen



  

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)



  

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)



  

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)



  

2S-2P =  Lamb shift

is sensitive to CHARGE radius

1S-HFS = Hyperfine splitting

is sensitive to ZEMACH radius

From charge to magnetic properties



  

Proton Zemach radius from μp

μp 2013: Antognini et al. (CREMA Coll.), Science 339, 417 (2013)



  

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



  

Predicting the resonance position



  

The resonance position



  

Searching the resonance
 Need to search the line with 
 steps of 0.1 GHz 
      (2 ppm of HFS)

BUT ∓3σ range = 0.17 meV
                         = 930 ppm  
                         = 42 GHz  

   ⇨ 450 points
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Searching the resonance
 Need to search the line with 
 steps of 0.1 GHz 
      (2 ppm of HFS)
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                         = 930 ppm  
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   ⇨ 450 points

 Need to search the line with 
 steps of 0.1 GHz 
      (2 ppm of HFS)

BUT ∓3σ range = 0.17 meV
                         = 930 ppm  
                         = 42 GHz  

   ⇨ 450 points

Plans:

2019: muon beam tests done
   target and detectors finished
   cavity (already purchased)

2020/21: find resonance and
    measure HFS

afterwards: μ3He+  



  

The Future



  

Charge radii: The future

Neutron number  N
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2.6460 (150) 2.5190 (120) 2.3600 (140) 2.4650 (150) 2.5020 (150)

0.8409 (  4) 2.1277 (  2)

1.6783 (   5)1.9686 (  13) 2.0695 (  80) ** * *

* = preliminary

1.9307 (246)

 

 

 
Schmidt, RP et al., arXiv 1808.07240
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μLi in Li vapour (heatpipe target): 10x better
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μBe in Be+ ion trap target: 5x better

μLi in Li vapour (heatpipe target): 10x better
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μBe in Be+ ion trap target: 5x better

μLi in Li vapour (heatpipe target): 10x better

T(1S-2S) using trapped T atoms: 400x better



  

Tritium 1S-2S in a trap

Neutron number  N
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n

 N
u

m
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r 
 Z

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) 2.1277 (  2)

1.6778 (   7)1.9687 (  13)* *

* = preliminary

1.7xxx (    2)

● cryogenic H nozzle (4.2K)

● magnetic quadrupole guide

● Li MOT -> cold buffer gas

● magnetic trapping of H/D/T

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



  

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

tra
pp

in
g 

effi
ci

en
cy

6−10

5−10

4−10

3−10

2−10

1−10

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

in
g 

effi
ci

en
cy

6−10

5−10

4−10

3−10
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1−10

H + 7Li

mass=3 + 7Li

J. Phys. Conf. Ser. 1138, 012010 (2018)



  

Charge radii: The future
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Schmidt, RP et al., arXiv 1808.07240



  

Thanks a lot for your attention
My new Mainz group:

Reinhard Alexander, Adrian Dick, Lukas Görner, Jan Haack, Merten 
Heppener, Rishi Horn, Ahmed Ouf, Gregor Schwendler, Lukas Schumacher, 

Benedikt Tscharn, Julia Winter, Katharina Wolk, Marcel Willig
                                                      

The Garching Hydrogen Team:

Axel Beyer,  Lothar Maisenbacher,  Arthur Matveev,  RP,  
Ksenia Khabarova,  Alexey Grinin, Tobias Lamour,  Dylan C. Yost,

 Theodor W. Hänsch,  Nikolai Kolachevsky,  Thomas Udem

The CREMA Collaboration:

Aldo Antognini, Fernando D. Amaro, François Biraben, João M. R. Cardoso, 
Daniel S. Covita, Andreas Dax, Satish Dhawan, Marc Diepold, Luis M. P. 
Fernandes, Adolf Giesen, Andrea L. Gouvea, Thomas Graf, Theodor W. 

Hänsch, Paul Indelicato, Lucile Julien, Paul Knowles,Franz Kottmann, Juilian 
J. Krauth, Eric-Olivier Le Bigot, Yi-Wei Liu, José A. M. Lopes, Livia Ludhova, 
Cristina M. B. Monteiro, Françoise Mulhauser, Tobias Nebel, François Nez, 

Paul Rabinowitz, Joaquim M. F. dos Santos, Lukas A. Schaller, Karsten 
Schuhmann, Catherine Schwob, David Taqqu, João F. C. A. Veloso, RP



Group at JGU Mainz



Group at JGU Mainz

Open Positions!

pohl @ uni-mainz.de



  

...



  

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

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

En=−
R∞

n2 +
1.2 MHz

n3 ⟨r2
⟩δl0 +Δ(n ,l , j)

proton radiusRydberg constant

1S-2S: Parthey, RP et al., PRL 107, 203001 (2011)



  

Theory in muonic H

ΔE
Lamb

 = 206.0336 (15) meV
QED

 + 0.0332 (20) meV
TPE

 – 5.2275 (10) meV/fm2 * R
p

2 

Simple-looking formula
based on decades of work by
E. Borie, M.C. Birse, P. Blunden, C.E. Carlson,
M.I. Eides, R. Faustov, J.L. Friar, G. Paz, 
A. Pineda, J. McGovern, K. Griffioen, H. Grotch,
F. Hagelstein,  H.-W. Hammer, R.J Hill, P.Indelicato,
U.D. Jentschura, S.G. Karshenboim, E.Y. Korzinin, 
V.G. Ivanov, I.T. Lorenz, A.P. Martynenko, 
G.A. Miller, U.-G. Meissner,  P.J. Mohr, 
K. Pachucki, V. Pascalutsa, J. Rafelski,
V.A. Shelyuto, I. Sick, A.W. Thomas,
M. Vanderhaeghen, V. Yerokhin,
….. 
(shout if I missed your name!)

Antognini, RP at al., Ann. Phys. (N.Y.) 331, 127 (2013)



  

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….



  

Theory I: “pure” QED

Antognini, RP at al., Ann. Phys. (N.Y.) 331, 127 (2013)



  

Theory in muonic H

ΔE
Lamb

 = 206.0336 (15) meV
QED

 + 0.0332 (20) meV
TPE

 – 5.2275 (10) 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….



  

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)



  

Deuteron radius

Hernandez et al,  Phys. Lett. B 778, 377 (2018)
Pachucki et al., PRA 97, 062511 (2018)

[fm]
d

Deuteron charge radius r
2.12 2.125 2.13 2.135 2.14 2.145

1

2

3

4

5

6

dμ
(Science 2016)

(+ Hernandez 2018)
(+ Pachucki 2018)

p + isoμ (Science 2016)
(+ Pachucki 2018)

CODATA-2010

D spectroscopy

e-d scatt.
dispersion 2012 1.8 σ



Q-switched thin-disk laser 
oscillator

• Prelasing

• Close the laser cavity

• Exponential pulse build 
up

• Open the cavity

• Extraction of the laser 
pulse
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Thin disk laser with prelasing: 
Pulse build up
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Thin disk laser with prelasing: 
Pulse build up
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Thin disk laser with prelasing: 
Pulse build up

135

prelasing



Thin disk laser with prelasing: 
Pulse build up
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Trigg
er



Thin disk laser with prelasing: 
Pulse build up

137

Exponen
tial build 
up



Thin disk laser with prelasing: 
Pulse build up

138

Openi
ng the 
cavity



Thin disk laser with prelasing: 
Pulse build up

139

Pulse 
extracti
on



Thin disk laser with prelasing: 
Stabilization of the prelasing operation 

140
time 
[μs]


	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 27
	page21 (1)
	page21 (2)
	page21 (3)
	page21 (4)
	page21 (5)
	page22 (1)
	page22 (2)
	page22 (3)
	page22 (4)
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	page27 (1)
	page27 (2)
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	The PRad Experimental Approach
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	page48 (1)
	page48 (2)
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 91
	Slide 92
	Slide 93
	Slide 94
	Slide 95
	Slide 96
	Slide 97
	Slide 105
	Slide 110
	Slide 111
	Slide 118
	Slide 119
	Slide 121
	Slide 122
	Slide 123
	Slide 124
	Slide 125
	Slide 126
	Slide 127
	Slide 128
	Slide 129
	Slide 130
	Slide 131
	Q-switched thin-disk laser oscillator_clipboard0
	Thin disk laser with prelasing: Pulse build up_clipboard1
	Thin disk laser with prelasing: Pulse build up_clipboard2
	Thin disk laser with prelasing: Pulse build up_clipboard3
	Thin disk laser with prelasing: Pulse build up_clipboard4
	Thin disk laser with prelasing: Pulse build up_clipboard5
	Thin disk laser with prelasing: Pulse build up_clipboard6
	Thin disk laser with prelasing: Pulse build up
	Slide 140

