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Potential
energy

E(n,l,j) = Dirac + recoil + L(n,j) 

hcR∞ f(α, me/mp, n,l,j)

exact
not well known

• QED corrections (1/n3)
• relativistic recoil
• charge radius of the proton (1/n3)

Ltheo(1S1/2) = 8172.903 (4) (50) MHz
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H spectroscopy : R∞ and  L1S determination

Linear combinations  R∞, Lexp(1S)

L exp(1S) = 8172.840 (19) kHz   + QED  rp (1%)

cR∞= 3 289 841 960 360.9 (21.9) kHz (6.6μ10-12)

E(n,l,j) = hcR∞ f(,, me/mp, n,l,j) + recoil + L(n,j,rp) ≈ + L(n,rp)
R∞
n2

Pachucki K.
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proton radius from H spectroscopy

Phil. Trans. R. Soc. A (2011) 369, 4064-4077



▪ Improve precision measurements on hydrogen:
1S-2S (MPQ Garching) , 1S-3S (LKB and MPQ G.), 2S-6S (NPL), 2S-2P (York)
▪ Improve electron-proton scattering experiment  (Newport News,Va and Mainz)
▪ Improve the uncertainty of R∞ (20Ne9+ Rydberg states at NIST-Gaithersburg)

▪ Perform muon-proton scattering experiment (MUSE project at PSI)
▪ Perform μ-He+ spectrocopy (CREMA collaboration at PSI: 2S-2P)
▪ Perform precise He+ spectrocopy (1S-2S MPQ Garching and LaserLab Amsterdam)

Large discrepa
ncy observed:

▪ 4.5σ from H spectroscop
y

value
▪ 7σ from the CODATA value

«« Proton radius puzzleProton radius puzzle »»



TiSa frequency

3S

1S

2P

205 nm

205 nm

656 nm

• 1S atomic beam (1014 at/cm3)  (~1011at/s)
2S atomic beam 17 at/cm3 ! (2μ106 at/s)

• transition probability  fi  f 2

1S-3S:  =2.14  a.u.
f= 1 MHz

2S-8S:  =14.921  a.u.
f= 144 kHz

1S-2S:  =7.85  a.u.
f= 1.2 Hz

• 205 nm laser (<1mW)   ( 820 nm  410 nm  205 nm )

2S-8S 778 nm 1.6W !

• Velocity distribution measurement :

No “easy” optical transition for Doppler spectroscopy 
(1S-2P : 121 nm ! )

121 nm

1S1S‐‐3S/2S3S/2S‐‐8S  8S  spectroscopyspectroscopy ofof hydrogenhydrogen
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TwoTwo photon photon spectroscopyspectroscopy ::
firstfirst orderorder Doppler Doppler effecteffect compensationcompensation

205 nm source

Laser sources

Hydrogen (1S) production

1S1S‐‐3S 3S spectroscopyspectroscopy ofof hydrogenhydrogen



▪ Two doubling stages :
TiSa: 820 nm  410 nm in LBO  205 nm in BBO

< 1 mW quasi-continuous

▪ Frequency mixing in BBO:

NdYO4: 532 nm 266 nm

TiSa : 896 nm

205 nm

15 15 mWmW cwcw

▪ Two-photon absorption probability proportional to P2: 
 Enhancement of the S/N ratio of the resonance signal

▪ Continuous laser beam:
 Easier spectroscopy (less systematic compared to pulsed 

spectroscopy)

▪ Possibility of generating 194 nm (1S-4S)
S. Galtier, F. Nez, L. Julien and F. Biraben, Opt. Comm. 324 (2014)  p.34-37 : 
"Ultraviolet continuous-wave laser source at 205 nm for hydrogen spectroscopy".

TheThe 205 nm 205 nm cwcw light sourcelight source



266 nm

205 nm

532 nm
266 nm

894 nm

Linewidth of TiSa laser and V6 laser : < 40 kHz

3S

1S

2P
205 nm

205 nm
656 nm

*
300K

TheThe experimentalexperimental setupsetup



▪ The TiSa laser frequency is scanned over 2.4 MHz, with step of 80 kHz.
 curve obtained with an integration time of about 3.5 hours.

▪ fitted with a lorentzian function: Γ =1.5 MHz   (1S-3S natural linewidth: 1MHz)
(lorentzian fit on line       sophisticated fit after…)

The resonance signalThe resonance signal



▪ We scan the TiSa laser frequency over 2.4 MHz, with step of 80 kHz.
 curve obtained with an integration time of about 3.5 hours.

▪ fitted with a lorentzian function: Γ =1.5 MHz   (1S-3S natural linewidth: 1MHz)
(lorentzian fit on line       sophisticated fit after…)

TheThe resonanceresonance signalsignal

Frequency shifts sources:
▪ Second order Doppler effect

▪ Light shift
▪ Collisional shift (thermal beam!)



▪ Relativistic effect   

▪ v = 3km/s 

▪ Principle: motional Stark effect for opposite parity levels (ex. S and P)
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F. Biraben, L. Julien, J. Plon and F. Nez, Europhys. Lett., 15 (1991) p.831 :
"Compensation of the second Doppler effect in two photon spectroscopy of atomic hydrogen".

dop= 120 kHz !
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TheThe 22ndnd orderorder Doppler Doppler effecteffect compensationcompensation



Level 
crossing

G. Hagel, R. Battesti, F. Nez, L. Julien and F. 
Biraben, Phys. Rev. Lett. 89 (2002)  p.203001 : 
"Observation of a motional Stark effect to 
determine the second order Doppler effect".

▪ Two photon spectrocopy: ΔF = 0 and ΔmF = 0

1S1/2 (F=1)  3S1/2 (F=1) 

▪ Zeeman splitting:

1S1/2 (F=1, mF=1)  3S1/2 (F=1, mF =1)

1S1/2 (F=1, mF=-1)  3S1/2 (F=1, mF =-1)

1S1/2 (F=1, mF=0)  3S1/2 (F=1, mF =0)

▪ Motional Stark effect - Level crossing 180G:

3S1/2 (F=1, mF = -1)  coupled to  3P1/2

TheThe 22ndnd orderorder Doppler Doppler effecteffect compensationcompensation

Relative intensity of mF=±1

mF=+1

mF=-1

v=0

B = 171 G
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G. Hagel, R. Battesti, F. Nez, L. Julien and F. Biraben, Phys. Rev. Lett. 89 (2002)  p.203001 : 
"Observation of a motional Stark effect to determine the second order Doppler effect".

▪ Two photon spectroscopy: ΔF = 0 and ΔmF = 0

1S1/2 (F=1)  3S1/2 (F=1) 

▪ Zeeman splitting:

1S1/2 (F=1, mF=1)  3S1/2 (F=1, mF =1)

1S1/2 (F=1, mF=-1)  3S1/2 (F=1, mF =-1)

1S1/2 (F=1, mF=0)  3S1/2 (F=1, mF =0)

▪ Motional Stark effect - Level crossing 180G:

3S1/2 (F=1, mF = -1)  coupled to  3P1/2

Partial compensation at 171G
 2nd order Doppler effect determination

for a given velocity distribution

TheThe 22ndnd orderorder Doppler Doppler effecteffect compensationcompensation



Velocity distribution?    Velocity distribution?    

)2/vexp(v)v,( 223  fEffusive jet:

Different values of B
f = R(B, σσ)

f-fo (Hz)

σ (km/s)

2014 2014 firstfirst resultsresults



)2/vexp(v)v,( 223  f
nn

Effusive jet:

σσ = 1. 38 km/s= 1. 38 km/s
n = 4.25n = 4.25

Different values of B
ω = R(B, σσ, n, n)

Velocity distribution?    Velocity distribution?    

2014 2014 firstfirst resultsresults

f-fo (Hz)

σ (km/s)



TheThe velocityvelocity distributiondistribution

)v/)L',(vexp(v)L,,()( 0. plPf resM 
Maxwellian distribution

Velocity-dependant mean-free path after a pipe

Total depletion of slow atoms
lres=mean-free path in atomic reservoir
L = pipe length
L’ = distance between the pipe and the interaction zone

 ffast atoms pull along slower one:ast atoms pull along slower one:

+ : exponent n = 4.25
-- : depletion model
+ : exponent n = 4.25
-- : depletion model

Good agreement !

v (km/s)

(u
.a

)

D.R. Olander et al. J. Appl. Phys. 41 n°11 p.4388 (1970)
see also  A. Huber et al Phys Rev A 59 1844 (1999) 



Preliminary analysis

UV power (u.a)

f-fo (MHz)

Light shift correction  � ur ≲ 10-12 ( 3 kHz)

TheThe light shiftlight shift

ï Monitoring of the transmitted UV light from the FP cavity with a PMT instead 
of a UV-Si photodiode 
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Shift at 8.10-5 mbar ≈ 4(2) kHz

▪ Very preliminary results
▪ Collisional shift = the limiting effect!

Improving the vacuum (1x10-4mbar currently).
▪ Cooling down the atomic jet (N2). 
▪ Better UV power estimation

TheThe collisionalcollisional shift shift andand conclusionconclusion

▪ Analysis on going
▪ next step: 1S-4S transitions at 194 nm ( Γ=700 kHz ).

Laser to be checked



Taking into account the measured 1S-2S frequency:
▪ with rp deduced from hydrogen+scattering experiment (CODATA)

▪ with rp deduced from μp spectroscopy:

[1S1/2‐3S1/2] = 2 922 743 278.6716 (14) MHz       (4.8 × 10‐13)[1S1/2‐3S1/2] = 2 922 743 278.6716 (14) MHz       (4.8 × 10‐13)

CommentsComments

Which precision on 1S‐3S transition to solve the 
proton puzzle ?

[1S1/2‐3S1/2] = 2 922 743 278.6644 (5) MHz          (1.7 × 10‐13)[1S1/2‐3S1/2] = 2 922 743 278.6644 (5) MHz          (1.7 × 10‐13)

Frequency difference :  7.2 kHz Frequency difference :  7.2 kHz 



Still missing Still missing 
piecespieces……

Experiments…

New theory….

Bound state QED….

Proton structure





1998 :        109 737.315 685 9 (16) cm-1  without LKB
1998 :        109 737.315 685 3 (10) cm-1  without MPQG
1998 :        109 737.315 685 6 (96) cm-1  H only
1998 :        109 737.315 683 9 (13) cm-1  D only
1998 :        109 737.315 685 21 (81) cm-1   Codata

2002 :        109 737.315 685 59 (85) cm-1  H only
2002 :        109 737.315 683 9 (13) cm-1  D only
2002 :        109 737.315 685 25 (73) cm-1   Codata

2006 :        109 737.315 685 62 (85) cm-1  H only
2006 :        109 737.315 683 9 (13) cm-1  D only
2006 :        109 737.315 685 27 (73) cm-1   Codata

2010 :        109 737.315 685 61 (60) cm-1  H only
2010 :        109 737.315 683 7 (13) cm-1  D only
2010 :        109 737.315 685 39 (73) cm-1   Codata
2010 :        109 737.315 681 75 (12) cm-1   with µp

Codata Rydberg constant versus time  
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2002



B),,R(ωlaser 

)2/vexp(v)v,( 223  f

O. Arnoult, F. Nez, L. Julien, and F. Biraben, Eur. Phys. J. D 60 p.243 (2010)  

▪ Velocity distribution:

▪ Line shape:

We deduce: rrpp = 0.911 (65)  fm= 0.911 (65)  fm

2010 2010 ResultsResults

LKB  [1S1/2‐3S1/2] = 2 922 743 278.6783  (130) MHz     (4.6 × 10‐12) 
NIST (data base)      [1S1/2‐3S1/2] = 2 922 743 278.6716  (14) MHz       (4.8μ10‐13)
LKB  [1S1/2‐3S1/2] = 2 922 743 278.6783  (130) MHz     (4.6 × 10‐12) 
NIST (data base)      [1S1/2‐3S1/2] = 2 922 743 278.6716  (14) MHz       (4.8μ10‐13)

 σσ = 1.646 (89) km/s= 1.646 (89) km/s

TheThe proton charge radius puzzle : proton charge radius puzzle : TheThe hydrogenhydrogen experimentexperiment

▪



D.R. Olander et al. J. Appl. Phys. 41 n°11 p.4388 (1970)

Ψ(x)  as for  the mean number of collisions per second  Z experienced by a molecule
of speed c= xα (where α is the most probable speed ) is given by:

▪

▪

The Knudsen number : L, the length of the circular tube from where escape the atoms.
λs, the mean-free path in the source reservoir.

TheThe velocityvelocity distributiondistribution

If Kn > 1  the velocity distribution deviates from a Maxwellian
distribution            more fast atoms



H (300K)

H (77K)
Earth magnetic field
compensation coil

Coil to determine the 
atomic velocity

Nitrogen 
reservoir

H (77K)

H (300K)

Liquid Nitrogen

Prospect :Prospect :coolingcooling down down thethe hydrogenhydrogen beambeam



▪ Two photonic crystal fiber (PCF) spectrum:

Fiber laser frequency comb (MenloSystems)

TheThe frequencyfrequency combcomb

Sum frequency ï simultaneous measurement of two laser frequencies



Beat notes:

▪ TiSa laser:   
free space beat 
 30 dB with 1MHz RBW

▪ Verdi laser:     
fiber coupler
 25 dB with 1MHz RBW

▪ Absolute frequency of the two lasers:

TiSa laser: fTiSa = 334 797 895 352, 900 ± 0, 994 kHz
Verdi laser:     fVerdi = 563 286 978 440, 6 ± 2, 6 kHz

AbsoluteAbsolute frequencyfrequency measurementsmeasurements




