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H , He and H2
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Precision measurements at low energies in few-particle atoms 
and molecules

+
Atomic systems: precision measurements in H, He , He atom, ...

   - electronic transitions                                - fundamental constants (R,a,...)
   - fine structure                                            - nuclear/particle properties
   - hyperfine structure                                   - fundamental interactions 

+ +Molecular physics: precision spectroscopy in H , H , H , ...2 2 3

    - electronic transitions                                         - molecule structure 
    - fine, hyperfine structures                                  - reactivity, dynamics                           
    - rotational, vivrational structures                        - nuclear properties
    - permanent dipole moments                              - fundamental constants
                                                                                

     

Theory

Theory



Uncertainties in the dissociation energy of H2

Effect of rp



Comparison theory-experiment

Experimental result Theoretical result

Agreement?

Check experiment Check theory

No yes

Agreement 
persists

Disagreement 
persists

- Improve precision
- Improve fundamental constants
- Improve particle properties

- Improve theory
- Study different system
- Identify new effect



Comparison theory-experiment

Experimental result Theoretical result

Agreement?

Check experiment Check theory

No yes

Agreement 
persists

Disagreement 
persists

- Improve precision
- Improve fundamental constants
- Improve particle properties

- Improve theory
- Study different system
- Identify new effect

But: - Uncertainties are difficult to estimate
        and tend to be underestimated
        - Agreement may be accidental 
        (error compensation)



            

Accuracy of ab initio calculations for one-electron molecules

 (2-3 kHz)
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Ab initio calculations in two-electron atoms

(about 50 kHz)



H , HD, ... Calculations for the ground electronic state 2
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(about 1 MHz)                (about 30 kHz)

Calculations in two-electron molecules
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Connection between one- and two-electron atoms and molecules



II. Experimental approach: Rydberg-series extrapolation
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Ionisation-
continuum

~n = IP - 2
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RRydberg 
formula

- Cold samples

- Supersonic 
   beams

- cw lasers

- frequency combs

- ultrahigh vacuum

- resonant multi-
  photon excitation

Molecules



Property

Classical radius

Binding energy

Radiative lifetime

Max. Induced dipole 
moment

n-dependence

2a  n0

-2-R n

2ea  n0

n=100

0.5 mm

1.3 meV
-1~11 cm

> 100 ms

30’000 
Debye

Ionisation field (V/cm)
-4µ n 2.5 V/cm

Further properties:
3Spacing between neighboring states of a series: µ n  

4Resonant dipole-dipole interaction: µ n
7Polarisability: µ n

11Van der Waals interaction:  µ n

Properties of Rydberg states



G. Herzberg

+N =1 -  J''=1

+N =0 -  J''=0

G. Herzberg and Ch. Jungen, J. Mol. Spec. 41, 425 (1972)

Rydberg states: From atoms to molecules

Atomic hydrogen

Molecular hydrogen

(Precision: about 30 GHz)

Extrapolation by multichannel quantum defect 
theory

G. Herzberg, Ann. Phys. 84, 565 (1927)
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1 + + 2 +The Rydberg spectrum of HD (X S  (v=0,N=0)         np[X  S  (v=0,N=0,2)]g g



X(v=0,J=1)

B(v=3,J=0)

+ +X (v=0,N =1)

-1
94'000 cm

-130'000 cm

ns/d

n’p/f
Millimeter waves

Rydberg-state binding energy by millimeter-wave spectroscopy

Osterwalder, Wüest, FM, Jungen, JCP 121, 11810 (2004)
Sprecher, Jungen, FM, JCP 140, 104303 (2014) 

-1 E (56p1)= 34.881'112(10) cm  b
               

1124491.92(15) MHz

-134.881'112(10) cm

Accuracy: about 300 kHz



Experimental setup

1 m

T  = 100 mKtransv

Ground state

E (n',l')b
E (n,l)b

n

»

Intermediate 
state



Effects of stray fields

n=91 f[5/2](J=2)              n=77 d[3/2](J=1)

Krypton

F(mV/cm)
2DE=1/2aF

F =-646(20) mV/cmstray

Field compensationDoppler effect

3
He (80p      2 S )1



III. The ionization energy of metastable helium

Patkόš et al., PRA 103, 042809 (2021)



Statistical and systematic errors Stark effect

n=102pn=80p



Comparison experiment - theory

10s discrepancy



3Check the experiment with new measurement in He 2s S   1

Transverse 
laser cooling

Zeeman
deceleration



 IV. The ionization and dissociation energies of H2
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D : Minimal energy required to break a molecule in its energetic 0
ground state into two fragment, both in the energetic ground state

D : Energy difference between the dissociation limit and the minimum e
energy of the Born-Oppenheimer potential function 

D0 De

J=0

More than 100 determinations in the past 100 years



1

-250

-200

-150

-100

-50

0

10

X

X+

H+ + H+

H+ + H

H

 

+ H

D
0
(H )2

internuclear distance / A.U.

e
n
e
rg

y 
/ 
1
0
0
0
 c

m
-1

H2

+H2

D
0

+(H )2

Ionization and dissociation energies of H2

E (H )I 2

+ D (H ) = (H )   o 2 2E (H  )  I 2 +      - E (H)IDo
+

-1E (H) = 109'678.771'743'07(10) cm   I

+ +D (H ) 21'379.350'249'6(6) o 2
-1: cm

CODATA 2006/2014/2018

Measure 
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The ionization energies of para and ortho H2

N = 0,1
v = 0

X H2

N = 0,1
v = 0EF H2

np H2

N+  = 0,1
v+  = 0,1

X+  H2
+

    Zurich: single-photon, 
    Doppler-limited, cw lasers
 

1 
     Hölsch et al., PRL 122, 013001 (2019) 

     

Amsterdam: Ramsey-comb,
two-photon, Doppler-free

2 
Altmann et al., PRL 120, 043204 (2018)

3 
PREN2022 Talk by Elmer Gründeman

Frequency combs, cw lasers, supersonic beams
Calibration: Rb GPS reference

?

? 

Dn = 300 kHzExtrapolation 

2,
Dn = 75 kHz
                 3

31 kHz

1
Dn = 150 kHz



-1
The dissociation energy of H  (in cm ): 2009 vs 20192

2019: 
Relativistic correction with nonadiabatic wavefunction:
M. Puchalski, J. Komasa, P. Czachorowski and 
K. Pachucki, Phys. Rev. Lett. 122, 103003 (2019)                             

   -136'118.069'632(26) cm (uncertainty 780 kHz)

Experiment: 
Hölsch et al., Phys. Rev. Lett. 122, 103002 (2019)

-1  36'118.069'647(11) cm  (uncertainty 330 kHz)

2019, exp. + theor.
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D0 De

J=0
J=1

D (ortho)0

The (J=1) - (J=0) ortho-para interval of H2

-1
D (para-H ):                     (1) = 36 118.069 605(31) cm0 2

-1D (ortho-H )                     (2) = 35 999.582 834(26) cm0 2
a -1Ortho-para interval : (1)-(2) = 118.486 771(50)  cm

b -1
Theory :                                  118.486 812 7(11)  cm  (without global shift)

a -1
Global shift :                   0.000041(50) cm  = 1.2(1.5) MHz

a Beyer et al., PRL 123, 163002 (2019) 
b
 Puchalski et al., PRL 122, 103003 (2019)

Energy-level structures of 
para- and ortho-H  have 2

never been connected. 
Global shift?



What is next?

- He: Experiment has to be checked. 

3   Zurich: measurement of the ionization energy of He 2 S1

- H : Theory has to be checked2

    Warsaw: Higher-order QED correction

- Next generation of experiments is underway

   Amsterdam: Ramsey-Comb measurement in para H , HD and D2 2

          
   Zurich: SI-traceable frequency calibration (Cs primary standard)

   Zurich: Rydberg extrapolation using zero-quantum-defect positions

   

                  

 



Connection to Swiss Cs primary frequency standard

Closed-loop distribution 
of Cs primary frequency 
standard from METAS via 
a fibre network (Switch)

Link instability:
-16 4.7  x 10  at 1 s

Telecommunication 
data traffic: C-band
(1530-1565 nm)

Our network: L-Band
(1572.06 nm)

Husmann et al., Optics express 29, 24592 (2021)



Rydberg-series extrapolation with zero-quantum-defect positions
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The ionization energy of H

2s



Field compensation

Rydberg spectra
with and without
fields



March 2022

Financial support: Swiss National Science Foundation, 
ERC advanced Grant Programme
Collaborations: Wim Ubachs and Kjeld S. E. Eikema, Amsterdam
                         Christian Jungen, Orsay Gloria

ClausenIoana
Doran

Simon
Scheidegger



Experiment (H )2

v=0



Projects in my group:

H atom: 2s            np (n > 20)                  Simon Scheidegger 
                                                                (WI-02)

1
He atom: 1s2s S              np (n > 20)     Gloria Clausen 0

                                                                (WI-03)

H  /D :     E  and D                                   Nicolas Hölsch2 2 I 0

                                                                (WI-05)
                                                                Joël Hussels
                                                                (WI-06)

+
He  and He                                             Paul Jansen2 2

                                                                Luca Semeria 



The H atom and muonic hydrogen

Electronic structure (Lyman, Balmer, ...): QM

Fine structure: relativistic QM, QED 

Lamb shift: QED

Nuclear-size effects, hyperfine structure

Experimental 
H spectra                   
(world data)                                                                                            ...

R, a, m /m ,p e

magnetic moments,
proton radius, ...  

,

R. Pohl, A. Antognini et al., Nature, 466,213 (2010)
Beyer et al., Science, 358, 79 (2017)



3
Measurement in He 2s S1



Altmann et al., PRL 120, 043204 (2018)

Amsterdam experiment



Result of Amsterdam experiment:

X(v=0,N=1) - GK(v=1,N=1):  n = 3 348 281 018.35(49) (43)  MHz stat sys

C. Cheng, J. Hussels, M. Niu, H.L. Bethlem, K.S.E. Eikema, E. J. Salumbides and W. Ubachs, 2018



Zurich experiment



Hölsch et al., Phys. Rev. Lett. 122, 013001 (2019)

n=77



Current status

                     Experiment                             Theory

H :                 2

-1 -136'118.069 647(11) cm   (1)         36'118.069 632(26) cm  (2)

D :                 2

−1 −136 748.362 282(26) cm  (3)        36748.362 342(26) cm   (4)

HD:                −1 −1
36 405.783 66(36) cm   (5)         36405.782 477(26) cm  (4)

2022: Discrepancy in HD is about to be resolved

(1) Hölsch et al., Phys. Rev. Lett. 122, 013002 (2019) 
(2) Puchalski et al., Phys. Rev. Lett. 122, 103003 (2019)     
(3) Hussels et al., Phys. Rev. A 105, 022820 (2022)
(4) Puchalski et al., Phys. Rev. A 100, 020503(R) (2019)
(5) Sprecher et al., J. Chem. Phys. 133, 111102 (2010)



Monitoring human activity through
phase noise:

Link instability:
-16 4.7  x 10  at 1 s

Husmann et al., Optics express 29, 24592 (2021)
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