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Precision spectroscopy in molecular hydrogen and helium

Introduction

I.a : Precision measurement of the dissociation energy (D ) of H0 2*

I b : Constraint on a global energy shift between para- and ortho-H2. *

+II : He  and and He  and pressure standards2 2*

Conclusions 
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                    Precision measurements at low energies

Determination of fundamental constants and particle properties, test of 
standard model of particle physics at low energies

a) Particle physics: precision measurements on neutrons, positronium,
muonic hydrogen, antihydrogen, ... (in CH: PSI, CERN)

+
b) Atomic physics: precision measurements in H-atom, He  ion, He atom, ...

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

c) Molecular physics: precision spectroscopy in molecules

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

     

Theory

Theory



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)
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Molecular spectra have electronic, vibrational, rotational, spin-orbit 
and hyperfine structures

Rotational tansitions 
(microwaves- mm-waves)Vibrational transitions (IR)

Different dependence on 
fundamental constants

Handbook of high-resolution spectroscopy, Eds. M. Quack and FM, Wiley, 2011



About 115 elements (2900 nuclides)

Only few isotopes per element

Simple energy-level structure

Excited states usually accessible 
and well-known

Can be laser cooled (at least some)

Overseeable set of general rules and 
principles

Space-fixed axis system suffices

Molecules

Uncountable number of molecules

Many iso(topo)mers per chemical formula

Complex energy-level structure

Excited states usually not easily 
accessible or poorly known 

Cannot  in general be laser cooled

Each molecules requires special 
treatment 

Internal axis sytem and degrees of 
freedom (orientation, alignment, ...) 

Atoms and Molecules for precision measurments in the gas phase

Atoms



What are the relevant molecules in physics?
What are the relevant temperature ranges? 

Molecular gases near quantum degeneracy
    - phase diagrams
    - quantum simulation
    - many-body long-range interactions

Metrology
    - fundamental constants and their possible evolution
    - fundamental physics with molecules (EDM, parity 
      violation in chiral molecules, QED in molecules)

Chemical reactions at low temperature
   - Astrophysics
   -Quantum aspects of chemical reactivity

Engineering of quantum systems, hybrid quantum systems    

RbCs,...
LiSr, ...

(+)
BaCl , ...
Rydberg molecules

+
CH OH, HD3

YbF, PbO,
H , CHClFBr,..2

+ -
H , H , H , HeH,3 3 2

(+/-) (+/-) (+/-)CH , OH , NH ,
+

CH , CH ,CH OH,... 3 5 3

C ,60

H , 2

C-nanotubes,...
T < 1 K

T < 10 K

T < 1 mK

T < 1 K



Few-electron  and atoms molecules

Highly accurate first-principles calculations are possible

Comparison with experimental results has the potential of:

in case of agreement
- reducing uncertainties of fundamental constants (R, a)
- reducing uncertainties of particle properties (nuclear masses, 
  electric and magnetic moments, charge radii, ...) 

in case of disagreement
- discovering new effects

1-electron:                        
+ 2+H, He , Li ,..., ps, ...

+H , ...2

2-electron:                                   - +H , He, Li , ... + 2+ +H , HeH , He ,H  ...2 2 3

3-electron:                                      Li, Be+, ... +
HeH, He , ... 2



              Born-Oppenheimer energy       Adiabatic correction       Nonadiabatic      Nonrelativistic     
              with zero point energy                                                     correction           energy            

H2          
HD
D2                    

 36112.593                             +5.7711                   +0.4339             36118.798
 36401.9332                           +4.2509                   +0.3267             36406.511
 36746.1623                           +2.7725                   +0.1563             36749.091 

-1All values in cm

Relativistic and QED corrections
2 3 4 5              a                                a                            a                           a                        Total energy            

H2          
HD
D2                    

 -0.533                   -0.196                                                                   36118.069
 -0.531                   -0.197                                                                   36405.783
 -0.529                   -0.199                                                                   36748.363 

?

Two-electron molecules (100 MHz)   - Situation in 1995

On the accuracy of ab initio calculations in small molecular systems

From: Wolniewicz, JCP 99, 1851 (1993); JCP 103, 1792 (1995)

H. Primas and U. Müller-Herold
Elementare Quantenchemie
(Teubner Verlag, Stuttgart, 1984)



            

Accuracy of ab initio calculations for one-electron molecules

 (2-3 kHz)

Limitations: Proton charge radius, fundamental constants, theory?

 

+ + +
H , HD , D2 2



H , HD, ...2

(about 1 MHz)



Three-electron molecules

(about 10 MHz)

+
He2



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)



The problems of spectroscopic experiments on small molecules

+ +
H , H , He , He2 2 2 2

                 
                 No permanent electric dipole moment

                 No pure rotational spectrum

                 No vibrational spectrum

                  Electronic spectrum

 



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

G. Herzberg, Ann. Phys. 84, 565 (1927)

Atomic hydrogen

Molecular hydrogen

(Precision: about 30 GHz)



Atomic and molecular Rydberg states

n = ¥

n=50  l=0-49

n=51  l=0-50

n=52  l=0-51
n=53  l=0-52

E
n

e
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n=50

l=0
l=1

l=2 l=3,...,n-1

n=51

n=52
n=53

+
v =0

+
N =0

+
v =0

+
N =1

+
v =0

+
N =2

H-Atom Other Atoms Molecules

Ionisation-
continuum

~n = IP - 2
(n - d )l

RRydberg 
formula

- Cold samples

- Supersonic 
   beams

- cw lasers

- frequency combs

- ultrahigh vacuum

- resonant multi-
  photon excitation



 II. The dissociation energy 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
J=1

D (ortho)0
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Dissociation energy of the hydrogen molecule

D
0
(H

2
) Year Experiment Theory

Witmer 1926 4.34(20) eV
Heitler and London 1927 2.9 eV

Langmuir 1912 130 kJ/mol (5.6 eV)

Bohr 1913                          60 kJ/mol (2.6 eV)

1927 The "Spin-Valenz-Methode" (valence-bond theory)

Heitler and London, Z. Phys. 44, 455 (1927)



D
0
(H

2
) / cm-1 Year Experiment Theory

James and Coolidge 1933 35924(105)
Beutler 1935 36116(6)
Kolos and Roothaan 1960 36112.9
Herzberg and Monfils 1960 36113.0(3)
Kolos and Wolniewicz 1965 36117.3
Kolos and Wolniewicz 1968 36117.4
Herzberg 1970 36117.3(10)
Stwalley 1970 36118.6(5)

Wolniewicz 1995   36118.069
Eyler and coworkers 2004 36118.062(10)

..
.

..
.

Dissociation energy of the hydrogen molecule

Rydberg spectroscopy  2009    36118.06962(37)
Pachucki, Jeziorski
and coworkers               2010                                     36118.0695(10)

Experiment: J. Liu, E. J. J. Salumbides, U. Hollenstein, J. C. J. Koelemeij, K. S. E. Eikema,
                    W. Ubachs, and F. Merkt, J. Chem. Phys. 130, 174306 (2009)
Theory: K. Piszczatowski, G. Lach, M. Przybytek J. Komasa, K. Pachucki and B. Jeziorski, JCTC 5. 3039 (2009)



Principle of earlier measurements

Eyler and cowokers PRL 92, 203003 (2004)]

G. Herzberg, Nobel lecture 1971

2s  + 1s(F=0)1/2

2s  + 1s(F=1)1/2



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

+ D (H ) = (H )   o 2 2E (H  )  I 2 +      - E (H)IDo
+
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Ionization and dissociation energy of H2

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

Measure ionization energy of H  2

CODATA 2014/18

Ground state

E (n,l)b

Rydberg series
extrapolation

hn



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 (54p1)= 37.509'013'0(30) cmb
               = 1'124'491.92(10) MHz

1124491.92(15) MHz



2009 determination of the ionization and dissociation energies of H2

N = 0,1
v = 0

X H2

N = 0,1
v = 0EF H2

54p H2

N+
 = 0,1

v+ = 0,1
X+  H2

+

-1 37.509'013'0(30) cm

-125'209.997'56(29) cm
Zurich: single-photon, 
Doppler-limited 

-199'109.731'39(18) cm
Amsterdam: two-photon, 
Doppler-free

Pulsed lasers
Calibaration with I  lines2

         Dn = 10 MHz

          Dn = 6 MHz

EF (v=0,N=1) → 56p (v+=0,N+=1)
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Observations:

Precision of theory and experiment improve by a factor of 10 every 10 years

Agreement between theory and experiment at a given time does not imply
agreement at later times

Despite disagreement, nobody really doubted the validity of quantum mechanics

Uncertainties are often underestimated by theorists and experimentalists

New aspects since 2010:

Effect of proton charge radius on D : 930 kHz [1]  0

Proton-charge-radius puzzle: 4.5 % discrepancy         43 kHz precision needed in D0

[1] M. Puchalski, J. Komasa, P. Czachorowski and K. Pachucki, Phys. Rev. Lett. 117, 263002 (2016)



                                                        2010                          2017 [1] [2]

Born-Oppenheimer energy       36112.5928            36112.592 31587

Adiabatic correction                        +5.7711                  +5.770 817(3)9

Non-adiabatic correction                +0.4339                  +0.434 331(1)0

2Relativistic correction (a )               -0.5319                   -0.53 121(1)3

3Radiative correction (a )                  -0.1948                  -0.1948(2)

4 (a )                                                  -0.0016                  -0.002 67(6)            0

5 (a )                                                     ---                         0.00012(6)

Total  (Theory)  (Para-H )           2 36118.0695(10)    36118.06 8(6)  7

Experiment                  36118.06 62(37)          ?(Para-H )2 9

New calculation of the dissociation energy of H2

[1] K. Piszczatowski, G. Lach, M. Przybytek J. Komasa, K. Pachucki and B. Jeziorski, JCTC 5. 3039 (2009)
[2] M. Puchalski, J. Komasa and K. Pachucki, Phys. Rev. A 95, 052506 (2017)

«Agreement between theory and experiment was accidental» 



2018-19: Repetition of the 2009 experiment

N = 0,1
v = 0

X H2

N = 0,1
v = 0EF H2

56p H2

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

X+  H2
+

    Zurich: single-photon, 
    Doppler-limited 

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

Frequency combs, cw lasers
Calibration: Rb GPS standard

-1 E (56p1)= 34.881'112'0(30) cmb
               = 1'045'709.43(10) MHz

?

? 

Dn = 100 kHz



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

Amsterdam experiment:



Zurich experiment:



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



2018-19: Repetition of the 2009 experiment

N = 0,1
v = 0

X H2

N = 0,1
v = 0EF H2

56p H2

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

X+  H2
+

-1(25'209.997'56(29) cm )

Zurich: single-photon, 
Doppler-limited 

-1(99'109.731'39(18) cm )

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

Frequency combs, cw lasers
Calibration: Rb GPS standard

Dn = 300 kHz

Dn = 72 kHz

-1 E (56p1)= 34.881'112'0(30) cmb
               = 1'045'709.43(10) MHz

-1
99'109.731'204'9(24) cm

-1
25'209.997'785(10) cm

Dn = 100 kHz



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

2019: 
Pre-Born-Oppenheimer calculations:
M. Puchalski, J. Komasa, P. Czachorowski and 
K. Pachucki, PRL, 123, 103003 (2019)                             

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

Experiment: 
Hoelsch et al., Phys. Rev. Lett. 122, 013001 (2019)

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

2019, exp. + theor.



Para- and ortho-H2

Bonhoeffer and Harteck, Naturwissenschaften 17, 182 (1929)

I=0 I=1

para-H2 ortho-H2

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

have never been connected. Global shift?
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D0 De

J=0
J=1

D (ortho)0

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

-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(52) cm  = 1.2(1.5) MHz

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



Conclusions

Experimental determination of dissociation energy of H  with uncertainty of2

330 kHz. Calculations tested to unprecedented level 

Energy level structure of ortho and para H  have been connected for the first time2

Limitations: Transit time of molecules through laser field, Doppler effect, Rb clock GPS 
reference



Next steps: Connection to METAS Cs primary frequency standard
(Sinergia project involving METAS, SWITCH, Unibas, ETH)

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



Hill, PRA 40, 5006 (1989)

Potential energy functions
+of He  and He2 2

+
Spectroscopy of He  and He  using cold Zeeman-decelerated metastable He2 2 2 

1 +A S  and u

3 +a Su

He *2

Slow beams of cold molecules:

- long transit times through radiation fields

- reduction of Doppler broadening



Fine structure of Rydberg spectra

He *2

+He2

FWHM = 15 MHz



Multistage Zeeman deceleration of paramagnetic samples

Vanhaecke et al., Phys. Rev. A 75, 031402 (2007)
Motsch et al., Phys. Rev. A 89, 043420 (2014)

Coils:
Length 7.3 mm
Diameter 7 mm
64 windings
300 Amperes
B =2.2 Tesla max

-1E =1.2 cmZeeman

X



Deceleration from 500 m/s to 120 m/s with 55 stages

Coil 1 Coil 2

Motsch et al., Phys. Rev. A 89, 043420 (2014)



N

J=N-1

J=N

J=N+1

X

3 +Principle of measurement of spin-rotation fine structure of a S  (v=0,N) stateu



Microwave measurements of spin-rotation fine structure of He * 2

3 +
a S  (v=0,N=1)u

2199.97147(29) MHz

Uncertainty: 290 Hz

N=1

J=0

J=1

J=2

X

Zeeman splitting: 11 mGauss

Semeria et al., PRA 98, 062518 (2018)



+
Determination of ionization energy of He  and rotational structure of He2 2

12 → 81p12

Ionization energy of metastable He  2

-1E/(hc) = 34'301.207002(23)stat(37)syst cmI

+First rotational interval of  He2

-1DE(N=3-N=1)/(hc) = 70.937589(23)stat(60)syst cm

1000 m/s
500 m/s

(Improved value of the polarizability of He and pressure standard)

Semeria et al., PRL 124, 213001 (2020)



Conclusions:

Precision measurements in molecules as alternative to precision
measurements in atoms

Dissociation energy of H : 2

      - Most precise thermochemical determination ever performed

      - ortho-para H  energy levels connected within 1.5 MHz2

      - Theory and experiment evolve hand in hand with continuous 
         surprises

+Ionization energy + fine structure of He  and rotational structure of He2 2

      First precision measurements in 3,4-electron molecules

      Possible route towards a pressure standard
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Experiment (H )2

v=0



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



Cheng et al., PRL 121, 013001 (2018)

Transition frequencies and their uncertainties



Absolute wave number measurements in H2

EF (v=0,N=1) → 56p (v+=0,N+=1)

dc Stark shift (15.4±2.4 MHz)•

Sources of experimental errors

ac Stark shift (0.0±4.4 MHz)

shift induced by H2
+ ions 

(0.0±5.2 MHz)

frequency shift in the 
Ti:Sa amplifier 
(typically -8±1 MHz)

•

•

•
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