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Contents of this lecture
(dynamic, this is just a proposal!)

● Intro (Refresh)
– Atomic physics, light-atom interaction (optical Bloch equations, Rabi oscillations, 

Ramsey method)
● Absorption and Emission of light

– Black body radiation, Einstein coefficients
– classical and semi-classical description

● Spectral lines: 
– natural line width, line strength
– AC Stark shift (light shift), DC Stark shift, Zeeman shift, ….
– broadening mechanisms: Doppler, time-of-flight, pressure, …

● Lasers
– types of lasers: Ruby, HeNe, YAG, Ti:Sapphire, diode laser, fiber laser, …
– principles of operation, technical realization

● Resonators / Cavities
● Gaussian optics
● Laser stabilization

– locking techniques: side-of-fringe, Hänsch-Couillaud, Pound-Drever-Hall, ...
● Optical devices: EOM, AOM, beat signals, mixer, spectrum analyzer, ...
● Frequency comb
● Non-linear optics: SHG, THG, SFG, DFG, OPO, ...
● Laser spectroscopy: (Saturated) absorption spectroscopy, Doppler-free spectroscopy, 
● Trapping of atoms and ions (MOT, Penning traps, ….)
● Precision measurements and fundamental constants
● ……...
● And whatever else YOU want to hear about



  

Literature
* W. Demtröder, Laser Spectroscopy 1 & 2

(German version online on library web site)

* C.J. Foot: Atomic Physics

* H.J. Metcalf & P. van der Straten: Laser Cooling and Trapping

* P. van der Straten & H.J. Metcalf: Atoms and Molecules 
Interacting with Light

* A. Siegman: Lasers

* R. Boyd: Nonlinear Optics

* Saleh & Teich: Fundamentals of Photonics

* M. Fox: Quantum Optics – an Introduction
I will try to mention which book I used to prepare a topic



  

Proton radius and Rydberg constant 
from electronic and muonic atoms

Randolf Pohl
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Outline

● Muonic atoms

as a probe of nuclear physics (charge radii, 
magnetization radii, polarizabilities, …)

● The “Proton Radius Puzzle”
● Rydberg constant

key parameter to check atomic physics part of 
the discrepancy

● Muonic helium, later Li, Be, T?



  

The “Proton Radius Puzzle”
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H spectroscopy

e-p scatt.

p 2010μ
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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 Rp using electrons: 0.88 fm  ( +- 0.7%)
                       using muons:    0.84 fm  ( +- 0.05%)



  

NY Times



  

NY Times

Jan Bernauer & RP, 
April 2014



  

A “Proton Radius Puzzle” ??
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Sick 2012
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Horbatsch, Hessels, Pineda 2016
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Intro: Atomic and nuclear physics



  

Ernest Rutherford – 1911

1871 – 1937
Nobel prize 1908

Most of the alpha particles pass the gold foil.
A few, however, are deflected by very large angles.

Rutherford shoots alpha particles onto a 
thin gold foil.



  

Ernest Rutherford – 1911

1871 – 1937
Nobel prize 1908

The Atom ist a

very small, heavy, positively charged nucleus

surrounded by negatively charged electrons



  

Ernest Rutherford – 1917

  
14N + α → 17O + p 

Rutherford shoots alpha particles at nitrogen. 
This creates the first man-made nuclear 
reaction.

He thereby discovers the proton.



  

Ernest Rutherford – 1917

  
14N + α → 17O + p 

Rutherford shoots alpha particles at nitrogen. 
This creates the first man-made nuclear 
reaction.

He thereby discovers the proton.

102nd birthday of the proton !!!



  

Constituents of matter
Electron: Joseph John Thomson
(1897)

Proton: Ernest Rutherford
(1917)

Neutron: James Chadwick
(1932)



  

Robert Hofstadter – 1955

1915 – 1990
Nobelpreis 1961

Streuung von (negativ geladenen) Elektronen
 an (positiv geladenen) Protonen.

Elektron (-)
Proton (+)



  

Robert Hofstadter – 1955

1915 – 1990
Nobelpreis 1961

Streuung von (negativ geladenen) Elektronen
 an (positiv geladenen) Protonen.

Das Proton hat einen Durchmesser von “0,7 · 10-13 cm”



  

Mainzer Microtron MAMI



  

Proton – 3 Quarks



  

Proton –   >>3 Quarks



  

Wie gross ist das Proton?

Elektronen-Streuung

Laserspektroskopie von Wasserstoff

0.877 ± 0.007 fm

CODATA
2006



  

The Hydrogen Atom

Willis E. Lamb, Jr.
1913 – 2008
Nobel prize 1955

Discovers in 1947  (with Robert Retherford):
 
Energy levels “2S” and “2P” in hydrogen
 
do NOT have the same energy

* Quantum fluctuations of the vacuum

* Proton charge radius

→ Development of

Quantum electrodynamics(QED)

Reason for  Lamb-Shift:



  

The hydrogen atom
One Proton, orbited by one Electron.

Nils Bohr
1885 – 1962
Nobel prize 1922



  

The hydrogen atom

Nils Bohr
1885 – 1962
Nobel prize 1922

One Proton, orbited by one Electron.



  

The hydrogen atom

One proton, orbited by one electron.

The atom is NOT a planetary 
system.

→ Quantum mechanics

→ Wave functions

→ Probability amplitudes

One electron bound to one proton.



  

Energy levels of hydrogen

∞

En≈− R∞

n2

Bohr formula



  

Energy levels of hydrogen

∞

En≈− R∞

n2

Bohr formula

Rydberg constant



  

Energy levels of hydrogen

∞

En=− R∞

n2 +1.2 MHz
n3 ⟨r2⟩δl0 +Δ(n ,l , j)

Rydberg constant



  

Energy levels of hydrogen

∞

finite size effect

En=− R∞

n2 +1.2 MHz
n3 ⟨r2⟩δl0 +Δ(n ,l , j)

Rydberg 
constant



  

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



  

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

(enters at the 10th digit)



  

Proton radius and hydrogen

Modified potential
shifts energy levels of   
    S states

Proton charge distribution



  

How large is a Proton?

our goal

Electron scattering

Laser spectroscopy of hydrogen



  

A 10fold more precise measurement 
of the proton radius!?

Precision since 1963: 1%
Proposal 1998:

Measure the

Lamb shift

in

muonic hydrogen

Goal:

10 time more precise



  

Muonic Hydrogen

A proton, orbited by a negative muon.



  

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

Who ordered that?!



  

The muon and its place in the world
Standard Modell of Particle Physics

Proton

Electron Muon



  

Electronic and muonic atoms
Regular hydrogen:

Proton + Electron

Muonic hydrogen:

Proton + Muon

Muon mass = 200 * electron mass

Bohr radius = 1/200 of H

Wave function overlap: 

2003 = 10 million !

muonic hydrogen is a few million times 
more sensitive to proton size

Bohr radius



  

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 Rp
2

2% effect!



  

Principle of the measurement
* Muons stop in H2

* Initial capture into states 
   with n~14

* cascade to lower n

* 99% end in 1S ground-
  state

* X-ray photons

99%



  

Principle of the measurement
* Muons stop in H2

* Initial capture into states 
   with n~14

* cascade to lower n

* 1%  reach the long-lived
   2S state

* Laser on resonance

99%

1%



  

The accelerator at PSI

Villigen, AG



  

Paul-Scherrer-Institut



  

Paul-Scherrer-Institut



  

Experimental hall



  

Experimental hall
from above



  

Beam area πE5



  

Muon beam line in πE5



  

Final preparations



  

The muon beam line in πE5



  

Movie: Beam Line



  




  

The laser system
Yb:YAG Disk laser
  → fast response on μ

Frequency doubling (SHG)
  → green light to pump
      Ti:sapphire laser

Ti:sapphire cw laser
  → determines laser frequency

Ti:sapphire MOPA
  → high pulse energy (15 mJ)

Raman cell
  → 3 sequential stimulated
       Raman Stokes shifts
       Laser wave length → 6 μm

Target Cavity
  → Mirror system to fill the
      muon stop volume (H2)



  

Laser system: Yb:YAG Disk Osci
Yb:YAG Disk laser
  → fast response on μ

Frequency doubling (SHG)
  → green light to pump
      Ti:sapphire laser

Ti:sapphire cw laser
  → determines laser frequency

Ti:sapphire MOPA
  → high pulse energy (15 mJ)

Raman cell
  → 3 sequential stimulated
       Raman Stokes shifts
       Laser wave length → 6 μm

Target Cavity
  → Mirror system to fill the
      muon stop volume (H2)



  

Laser system: Yb:YAG Disk Ampli
Yb:YAG Disk laser
  → fast response on μ

Frequency doubling (SHG)
  → green light to pump
      Ti:sapphire laser

Ti:sapphire cw laser
  → determines laser frequency

Ti:sapphire MOPA
  → high pulse energy (15 mJ)

Raman cell
  → 3 sequential stimulated
       Raman Stokes shifts
       Laser wave length → 6 μm

Target Cavity
  → Mirror system to fill the
      muon stop volume (H2)



  

Laser system: SHG
Yb:YAG Disk laser
  → fast response on μ

Frequency doubling (SHG)
  → green light to pump
      Ti:sapphire laser

Ti:sapphire cw laser
  → determines laser frequency

Ti:sapphire MOPA
  → high pulse energy (15 mJ)

Raman cell
  → 3 sequential stimulated
       Raman Stokes shifts
       Laser wave length → 6 μm

Target Cavity
  → Mirror system to fill the
      muon stop volume (H2)



  

Laser system: cw Ti:sapphire
Yb:YAG Disk laser
  → fast response on μ

Frequency doubling (SHG)
  → green light to pump
      Ti:sapphire laser

Ti:sapphire cw laser
  → determines laser frequency

Ti:sapphire MOPA
  → high pulse energy (15 mJ)

Raman cell
  → 3 sequential stimulated
       Raman Stokes shifts
       Laser wave length → 6 μm

Target Cavity
  → Mirror system to fill the
      muon stop volume (H2)



  

Laser system: pulsed Ti:sapphire
Yb:YAG Disk laser
  → fast response on μ

Frequency doubling (SHG)
  → green light to pump
      Ti:sapphire laser

Ti:sapphire cw laser
  → determines laser frequency

Ti:sapphire MOPA
  → high pulse energy (15 mJ)

Raman cell
  → 3 sequential stimulated
       Raman Stokes shifts
       Laser wave length → 6 μm

Target Cavity
  → Mirror system to fill the
      muon stop volume (H2)



  

Laser system: Raman cell
Yb:YAG Disk laser
  → fast response on μ

Frequency doubling (SHG)
  → green light to pump
      Ti:sapphire laser

Ti:sapphire cw laser
  → determines laser frequency

Ti:sapphire MOPA
  → high pulse energy (15 mJ)

Raman cell
  → 3 sequential stimulated
       Raman Stokes shifts
       Laser wave length → 6 μm

Target Cavity
  → Mirror system to fill the
      muon stop volume (H2)



  

Laser system: Target cavity
Yb:YAG Disk laser
  → fast response on μ

Frequency doubling (SHG)
  → green light to pump
      Ti:sapphire laser

Ti:sapphire cw laser
  → determines laser frequency

Ti:sapphire MOPA
  → high pulse energy (15 mJ)

Raman cell
  → 3 sequential stimulated
       Raman Stokes shifts
       Laser wave length → 6 μm

Target Cavity
  → Mirror system to fill the
      muon stop volume (H2)



  

In der Laserhütte



  

In der Laserhütte



  

Inside the laser hut at PSI



  

The laser hut at PSI



  

Yb:YAG thin-disk lasers



  

Yb:YAG Disk Oscillators



  

Yb:YAG Disk Amplifiers



  

Ti:sapphire lasers



  

Light at the end of the tunnel



  

The hydrogen target



  

Das Herzstück -- Target



  

Das Herzstück -- Target



  

Prinzip der Messung

“prompt” (t=0):

* Einfang des Myons bei n~14
* Kaskade
* 99% enden im Grundzustand

→ “prompte” Röntgenquanten

“später” (t ~ 1μs):

* 1% der Myonen sind im  2S-Zustand
* Laser auf Resonanz (λ=6μm)
* 2S → 2P → 1S

→ “verzögerte” Röntgenquanten



  

Time Spectra
13 hours of data



  

Time Spectra
13 hours of data

prompt (t=0)



  

Time Spectra

prompt (t=0) “delayed” (t = 1 μs)



  

Time Spectra

prompt (t=0) “delayed” (t = 1 μs)

Resonanzkurve



  

Eine lange Geschichte...
● 1947 Lamb shift
● 1969 myonischer Wasserstoff
● 1970/80 keine Atome im 2S!
● 1997 Atome im 2S!!!
● 1997 “Letter of Intent” am PSI
● 1998 Proposal am PSI
● 1999 Experiment bewilligt
● 2002  0. Run → Tests
● 2003  1. Run → keine Resonanz
● 2007  2. Run → wieder nix
● 2009  3. Run → Endlich Resultate!

2003



  

Run 2009



  

Fertig aufgebaut



  

Movie: The search




  

Die Resonanzlinie



  

Yeah!



  

Auf die Resonanz!



  

Die Resonanz auf die Linie

Das Proton ist 4% kleiner als gedacht!

0.84184 ± 0.00067 fm anstatt

0.8768   ± 0.0069  fm

Unser Wert aus der Laserspektroskopie
in myonischem Wasserstoff ist

                  10 mal genauer!



  

Die Resonanz auf die Linie



  

Movie: In the News



  

Das “Proton Radius Puzzle”

    myonischer Wasserstoff: 0.84 fm

elektronischer Wasserstoff: 0.88 fm

Elektronen-Streuung           0.88 fm

                                  4% Unterschied

Messfehler?      ← aber wer liegt falsch? 

                       Theorie falsch?

                                                       Neue Physik?



  

Muonic Hydrogen

muonic hydrogen:     0.8409 ± 0.0004  fm
electronic hydrogen: 0.876   ± 0.008    fm
electron scattering    0.879   ± 0.011    fm

0.84 fm                                      0.88 fm

20x more accurate
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Proton charge radius R
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H spectroscopy
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Muonic Deuterium

PRELIMINARY

μD: 2.12562   (13)exp (77)theo fm  (nucl. polarizability)
μH + H/D(1S-2S): 2.12771   (22) fm
CODATA-2014: 2.14130 (250) fm

RP et al. (CREMA Coll.), Science 353, 559 (2016)

6 σ



  

Deuteron radius

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

Deuteron is CONSISTENTLY smaller!

Rd
2   =   R2

struct
   +  Rp

2  +   Rn
2  (+ DF) 

6 σ



  

Muonic Helium-4

PRELIMINARY

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

Theory: see Diepold et al. arxiv 1606.05231



  

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]



  

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]



  

Muonic conclusions

● The proton radius is 0.84087 (26)exp (29)theo fm

● The deuteron radius is 2.12771 (22) fm
● both are >5σ smaller than CODATA values
● No discrepancy for helion and alpha particle



  

Part 2: The Rydberg constant

R∞=
α2mec

2h

● most accurately determined fundamental constant ur = 5.9 * 10-12

● corner stone of the CODATA LSA of fundamental constants
links fine structure constant α, electron mass me, velocity of light c 
and Planck’s constant h

● correlation coefficient with proton radius: 0.9891
→ The “proton radius puzzle” could be a “Rydberg puzzle”

● R∞ is a “unit converter”: atomic units → SI (Hertz)



  

Energy levels of hydrogen

∞

En=− R∞

n2 +1.2 MHz
n3 ⟨r2⟩δl0 +Δ(n ,l , j)

proton radius

Rydberg constant



  

Energy levels of hydrogen

∞

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

→ correlated Rydberg/radius pairs

1S - 2S

2S - nl

En=− R∞

n2 +1.2 MHz
n3 ⟨r2⟩δl0 +Δ(n ,l , j)

proton radius

Rydberg constant



  

Correlation between R∞ and Rp / Rd

ν(1S−2S)≈ 3
4

R∞ − 7
8

ENS

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

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)



  

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°



  

1st order Doppler shift

90°
88°



  

Quantum interference shifts

see
Horbatsch, Hessels, PRA 82, 052519 (2010); PRA 84,
      032508 (2011); PRA 86 040501 (2012)
Sansonetti et al., PRL 107, 021001 (2011)
Brown et al., PRA 87, 032504 (2013)

P (ω)∝| (d⃗1 E⃗0) d⃗1

ω1−ωL+i γ1/2
+

( d⃗2 E⃗0) d⃗2e
iΔΦ

ω2−ωL+i γ2/2|
2

= Lorentzian(1) + Lorentzian(2) 

   + cross-term (QI)



  

Quantum interference shifts

P (ω)∝| (d⃗1 E⃗0) d⃗1

ω1−ωL+i γ1/2
+

( d⃗2 E⃗0) d⃗2e
iΔΦ

ω2−ωL+i γ2/2|
2

= Lorentzian(1) + Lorentzian(2) 

   + cross-term (QI)

see
Horbatsch, Hessels, PRA 82, 052519 (2010); PRA 84,
      032508 (2011); PRA 86 040501 (2012)
Sansonetti et al., PRL 107, 021001 (2011)
Brown et al., PRA 87, 032504 (2013)

Fitting this with 2 Lorentzians creates

line shifts



  

Studying QI in 2S-4P



  

QI in hydrogen   (Δ = 100 Γ)

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



  

Systematics



  

The “Proton Radius Puzzle”



  

New Measurements: Garching 2S-4P

!

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



  

New Measurements: Paris 1S-3S

!?

Beyer, RP et al, Science 358, 79 (2017)
Fleurbaey et al., PRL 120, 183001 (2018)



  

New Measurements: Toronto 2S-2P

!?!!

Beyer, RP et al, Science 358, 79 (2017)
Fleurbaey et al., PRL 120, 183001 (2018)



  

New Measurements: PRad

?!!!!



  

New Measurements: Garching 1S-3S

!!!!!!!!
PRELIMINARY



  

New: CODATA-2018

PRELIMINARY
CODATA-2018



  

New: CODATA-2018

PRELIMINARY

Proton radius,

Deuteron radius 

and

Rydberg constant

smaller by >5σ

☺



  

Conclusions
● smaller radii from muonic hydrogen and deuterium imply a smaller Rydberg constant
● new H(2S-4P) gives small Rydberg constant in agreement with muonic values
● new H(2S-4P) gives thus a smaller proton radius, too
● 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) in Toronto (Hessels)
● Muonium
● Positronium (Cassidy, Crivelli)
● He+(1S-2S) underway in Garching (Udem) and Amsterdam (Eikema)
● HD+, H2, etc. in Paris, Amsterdam

● new low-Q2 electron scattering at MAMI, JLab, MESA
● muon scattering: MUSE @ PSI, COMPASS @ CERN

More data needed:



  

Workshop: The “Proton Radius Puzzle”
ECT* Trento, Okt. 2012

47 Teilnehmer
  Theorie + Experiment
  Atomphysik
  Kernphysik
  Teilchenphysik
  Elektronenstreuung
  “Beyond Standard Model”

38 Vorträge
3 “Fighting Sessions”

Am Schluss: Abstimmung

→ Meßfehler

Wir brauchen neue Daten.



  

Erklärungsversuche

Meßfehler
myonischer Wasserstoff
oder
Wasserstoff UND Elektronenstreuung

Theoriefehler
ΔE = 209.998 – 5.226 Rp

2 

Fehler im Standard-Modell der Teilchenphysik!



  

Das Proton schaut anders aus!
Das Proton ist keine feste Kugel.
Die (radiale) Ladungsverteilung schaut anders aus!

Würde die Diskrepanz erklären!
Ist jedoch im Widerspruch zu Messungen des Halos (e-p Streuung).
                3rd Zemach moment:  37 fm3  vs. 2.7 ± 0.1 fm3

langreichweitiger Halo



  

Das Myon verändert das Proton

Ja!               Die sog. “Polarisierbarkeit des Protons”

Aber der Effekt ist schon berücksichtigt und viel zu klein!

Diskrepanz:           0.31                   meV      
Polarisierbarkeit:   0.0127 ± 0.0005 meV

Gezeitenkräfte durch die anziehende Kraft des Mondes

1-Photon-Austausch

Ladungsradius

2-Photonen-Austausch
   (elastisch)

Proton-”Halo”

2-Photonen-Austausch
   (inelastisch)

Protonen-Polarisierbarkeit

μ

p



  

Ein neues Teilchen!

Gravitation!

Dunkle Materie?

Dunkle Energie?

Baryonen-Asymmetrie!

Starkes CP-Problem!

...



  

Ein neues Teilchen!

Physik jenseits des Standardmodells
könnte im Prinzip für die Diskrepanz verantwortlich sein!

Das wäre ein neues Teilchen, das eine neue Kraft überträgt!

Diese Teilchen muß aber in das Korsett bestehender 
Messungen passen!

Schwierig.......



  

Das Myon macht uns zwei Probleme!
Anomales magnetisches Moment des Myons (g-2)

Seit 10 Jahren existiert eine ca. 3.6 σ Diskrepanz zum Standardmodell

Theorie

Experiment



  

Das neue Myon g-2 Experiment

Umzug: Sommer 2013
Messung: 2017/18



  

Zusammenfassung

Das Rätsel um das geschrumpfte Proton ist ungelöst.

Vielleicht will uns das Myon etwas sagen?

Oder ein Meßfehler?

Eine Menge neuer Experimente sind auf dem Weg.

Zum Beispiel: Myonisches Deuterium



  

Radius des Deuterons
Lamb-Verschiebung in myonischem Deuterium

Pohl et al. (CREMA), Science 353, 669 (2016)
RP, Physik in unserer Zeit 47, 266 (2016)

Deuteron is KONSISTENT zu klein!

Rd
2   =   R2

struct
   +  Rp

2  +   Rn
2  (+ DF) 



  

Zusammenfassung

Das Rätsel um das geschrumpfte Proton ist ungelöst.

Vielleicht will uns das Myon etwas sagen?

Oder ein Meßfehler?

Eine Menge neuer Experimente sind 
        auf dem Weg.

Es bleibt spannend.....

Jan Bernauer & RP, 
April 2014



  



  

Up next: Hyperfine structure in μp

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

νexp = 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:

νtheo = 1 420 403. 1  ± 0.6proton size  ± 0.4polarizability 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
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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)



  

Proton Zemach radius from μp

PSI Exp. R-16-02: Antognini, RP et al. (CREMA-3 / HyperMu)



  

Charge radii: The future

Neutron number  N

Pr
ot

on
 N

um
be

r  
Z

H D T

n

1 2 3

He He He He3 4 6 8

Be7 Be8

Li6 Li7 Li8 Li9 Li11

Be9 Be10 Be11 Be12 Be14

0.8751 (61) 2.1413 (25)

1.9730 (160) 1.6810 ( 40) 2.0680 (110)

1.7550 (860)

1.9290 (260)

2.5890 (390) 2.4440 (420) 2.3390 (440) 2.2450 (460) 2.4820 (430)

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)

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
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CODATA “sub-adjustments”
Adj.   3: “The Adjustment”  (all data)   Rp = 0.8775(51) fm,    Rd = 2.1424(  21) fm
Adj.   8: H spectroscopy only              Rp = 0.8764(89) fm
Adj. 10: D spectroscopy only                                                  Rd = 2.1210(250) fm



  

Spectroscopy data in CODATA

H(1S-2S)

D(1S-2S) – 
H(1S-2S)

(iso shift)



  

Spectroscopy data: H



  

Rp from H spectroscopy



  

Rp from H spectroscopy



  

Spectroscopy data: D

H + iso

D only



  

Rd from D spectroscopy

CODATA Adj. 10:                    2.1214 ±  0.0253

5.6 times 
more
accurate!



  

Rd from D spectroscopy



  

Rd from D spectroscopy

CODATA Adj. 10:                    2.1214 ±  0.0253

WHICH 1S-2S we choose is IRRELEVANT!



  

arXiv 1607.03165

Related work:
* Horbatsch, Hessels, “Tabulation of bound-state energies of atomic hydrogen”,
   PRA 93, 022513 (2016) [1601.01057]
   (see Talk Wed.)



  

Rd from D spectroscopy



  

Summary

● Rp = 0.8775(  51) fm   CODATA-2010

         0.8747(  91) fm   H(1S-2S) + 2S-nl   (*) uncorrel.

         0.8780(108) fm   H(1S-3S) + 2S-nl

         0.8764(  89) fm   CODATA Adj. 8

         0.8409(    4) fm   muH         4.0 sigma
● Rd = 2.1424(  21) fm   CODATA-2010

         2.1415(  45) fm   Deuterium only    (*) uncorrel.

         2.1XXX(   8) fm   muD  → next talk
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