
High resolution spectroscopy of the 1S-3S 

transition in atomic hydrogen

to determine the proton charge radius

1S-3S at the time of my PhD years 2011-2014 ….
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1S-3S spectroscopy

(1) O. Arnoult, F. Nez, L. Julien and F. Biraben, Eur. Phys. J. D 60, p.243(2010)
(2) H. Fleurbaey, S. Galtier, S. Thomas, M. Bonnard, L. Julien F. Biraben, F. Nez, M. Abgrall and J. Guéna,
Phys. Rev. Lett. 120, 183001 (2017)

(2) LKB 2014      

(2) LKB 2017    

• Excitation for the 1S level 

• linear combination n(1S-2S) and n(1S-3S) 
+ D2= L1S-8L2S and D3= L1S-27L3S (S. Karshenboim et K. Pachucki)

L1S + QED(exact)  rp

(1) LKB 2010

L1S
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laser source at 205nm

Two photon transition -> 1er order doppler effect
compensation


v

• 2 stages of SHG: TiSa: 820 nm  410 nm 205 nm 

≈ 1 mW quasi-continuous

O.Arnoult et al, Eur.Phys.J.D 60, p.243(2010)
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S. Bourzeix et al, Phys.Rev. Lett. 76, 384 (1996)
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First rp deduced from to 1S-3S measurement

O.Arnoult, et al Eur.Phys.J.D 60, p.243(2010)

Paris 2010

n 1𝑆 − 3𝑆 𝐹 = 1 = 2 922 742 936.729 13 MHz

𝑅∞ = 10 973 731.568 88(68) m−1

𝑟𝑝 = 0.911 65 fm
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⇒ go for SFG !!

Laser source at 205 nm

NdYO4: 532 nm 266 nm

TiSa : 894 nm

205 nm

• Current scheme: Sum Frequency generation in BBO:

1/894 + 1/266 = 1/205

BBO Phase matching angle versus wavelength:

SFG
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Conversion efficency:
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S. Galtier, F. Nez, L. Julien and F. Biraben, 

Opt. Comm. 324 (2014)  p.34-37 

The laser source at 205 nm

• Interlocked « bow-tie » configuration

 perfect overlap inside the BBO crystal

 astigmatism compensated

 critical extraction angle.

• Circulating power : Ptisa ≈ 100 W  et  P266 ≈ 1,5 W

• P205 = 10-15 mW , continuous and robust

894 nm





894 nm

266 nm

205 nm
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Overall setup for 2013 campaign

• UV frequency:

( ( AOM
picFPR

tisaverdiSS ffff  22231UV    
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• Objectif: high beat note SNR?

Electrical beat notes

Spectrum of Fiber laser (MenloSystems)
+ PCF

Beat notes:

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

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

• Thermal source (1S)

• UV cavity:  Rc = 25 cm ,  L ≲ 50 cm – w0 : 48 μm 3S
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Atomic signal

Scan: step of 80kHz, over 2.4MHz
Integration time of 3.5hours

SNR: 170

Broadening :
Fitted with a lorentzian function
: Γ =1.5 MHz
( 1S-3S natural linewidth:1 MHz)

Due to transit time of the atoms
in the interaction zone.

( ( AOM
picFPR

tisaverdiSS ffff  22231
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Scan: step of 80kHz, over 2.4MHz
Integration time of 3.5hours

SNR: 170

Broadening :
Fitted with a lorentzian function
: Γ =1.5 MHz
( 1S-3S natural linewidth:1 MHz)

Due to transit time of the atoms
In the interaction zone.

Atomic signal

( ( AOM
picFPR

tisaverdiSS ffff  22231
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• @300K, 3 km/s  ->  -147 kHz

• Relativist effect, quadratic in velocity

• How to determine the mean velocity of the atomic beam?

– 1 photon transition:  1S-2P à 121 nm    

– Using motionnal Stark effect on opposite parity level (ex. S and P) 
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2nd order Doppler effect 

F. Biraben, L. Julien, J. Plon and F. Nez, Europhys. Lett., 15 p.831 (1991) 
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• Magnetic field -> Zeeman effect (mF = 0, ±1)

• Two photon transition selection rules: ΔF = 0 et ΔmF = 0 

2nd order Doppler effect 

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

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

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

coupled with 3P1/2( F = 1, mF = 0)

@ 181 G
-> motionnal Stark shift

≈ 1MHz/G -> B Calibration1S1/2 (F=1) → 3S1/2 (F=1)

Level

crossing

Magnetic field (Gauss)
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2nd order Doppler effect 

• Frequency shift versus B of the transitions:    1S1/2 (F=1, mF =1)     3S1/2 (F=1, mF =1)

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

⇒ partial compensation

⇒ Velocity distribution determination

-> estimation of the 2nd order Doppler effect

Depends on the 
velocity distribution






F. Biraben, L. Julien, J. Plon and F. Nez, Europhys. Lett., 15 (1991) p.831 :
G. Hagel, R. Battesti, F. Nez, L. Julien and F. Biraben, Phys. Rev. Lett. 89 (2002) p. 203001

line position(kHz)

line position(MHz)

B =171G
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• Theoretical line shape:

● The « central frequency »: 1S-3S (F=1) with B =0 and v=0

• Effusive jet:

Fitting procedure
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- 7 differents B values
- Grid of guess values for s

velocity distribution

fluorescence profiles:  3S->2P et 3P->2S 
includes SOD, zeeman and motional stark shift.
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• Variation around the effusive jet:                                                ⇒ Nopt = 4.25

• Physical model for the velocity distribution:

The velocity distribution?
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  e v)    σ, f(v, N N

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

C. Champenois et al Phys Rev A 77 (2008) 013621

)v/)L',(vexp(v)L,,()( 0. plPf resM 

Effusive jet distribution Velocity-dependant mean-free path in the nozzle

Depletion of slow atoms

between nozzle and interaction zone

lres= mean-free path in the nozzle

L = nozzle length

L’ = distance between nozzle and interaction zone

v
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• Variation around the effusive jet:                                                ⇒ Nopt = 4.25

• Physical model for the velocity distribution:

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

C. Champenois et al Phys Rev A 77 (2008) 013621

+ : exponent n = 4.25

-- : depletion model

Good agreement !

)v/)L',(vexp(v)L,,()( 0. plPf resM 

Effusive jet distribution Velocity-dependant mean-free path in the nozzle

Depletion of slow atoms

between nozzle and interaction zone

lres= mean-free path in the nozzle

L = nozzle length

L’ = distance between nozzle and interaction zone
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The fitting procedure

• Systematics effects not included in the line shape: light shift, collisional shift 
and quantum interference effect.

Signal fitting
3 parameters : νc , v0 , σ

 Light shift α

(v0,opt, σopt, νc,opt)Frequency correction
νc’ = νc α xUV

-> light shift  ≈ 3-10 kHz

-> α = 1,68(39) MHz/V

The light shift  :
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Collisional shift

(v’opt, σopt)

⇒ slope -65,2(3) MHz/mbar
⇒ positive shift

)v/)L',(vexp(v)L,,()( 0. plPf resM 

• Systematics effects not included in the line shape: light shift, collisional shift 
and quantum interference effet.

Collisional shift:

With same velocity distribution:

?
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Collisional shift

(v’opt, σopt)

⇒ slope -65,2(3) MHz/mbar
⇒ positive shift

)v/)L',(vexp(v)L,,()( 0. plPf resM 

• Systematics effects not included in the line shape: light shift, collisional shift 
and quantum interference effet.

Collisional shift:

With same velocity distribution:

v0,opt (HP) = 2,5 x v0,opt

V0,opt(LP) = 0,6 x v0,opt

v0,opt(BP)

v0,opt(HP)

v0,opt

⇒ slope +73,0(3) MHz/mbar
⇒ negative shift

With a different velocity distribution:

?
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S. Galtier, thèse, Université Pierre et Marie Curie (2014), https://hal.archives-ouvertes.fr/tel-01080669.

October 2014

S. Galtier, H. Fleurbaey, S. Thomas, L. Julien, F. Biraben, F. Nez, J. Chem. ref. Data vol. 44, n°3 (2015)

An ambiguous conclusion

does the velocity distribution depend on the pressure ?

LKB 2010

LKB 2017    

LKB 2014      

𝑓(𝑣, 𝑣0, 𝜎, 𝑃)
𝑓(𝑣, 𝑣0, 𝜎)

• Velocity distribution  

• Statistical uncertainty of 2,8 kHz

Simon’s talk
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Thank you for your attention
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