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A familiar molecule
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Precision spectroscopy and calculations of few 
electron molecules

E (↵) = ↵0E(0) + ↵2E(2) + ↵3E(3) + ↵4E(4) +O �
↵5

�

total theory [2]: 
36118.0695(10) cm-1

experiment [1]: 
36118.06962(37) cm-1

[1] Liu et al., J. Chem. Phys. 
130, 174306 (2009). 

[2] Piszczatowski et al., J. 
Chem. Theory Comput. 5, 
3039 (2009). 

[3] Tung et al., J. Chem. Phys. 
136, 104309 (2012).
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Previous studies of He2+

▪ He2+ has no electric dipole moment or easily 
accessible electronic states. 

▪ Only a few transitions have been observed 
experimentally: 
▪ 9 robivrational (ν+ = 0) transitions in 

3He4He+ (uncertainty ~ 18 MHz) [1] 
▪ 7 rovibronic X+ → A+ (ν+ = 22, 23 → 0,1) 

in 4He2+ (uncertainty ~ 2 MHz) [2]

[1] Yu and Wing, Phys. Rev. Lett. 59, 2055 (1987). 
[2] Carrington et al., J. Chem. Phys. 102, 5979 (1995). 
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Alternative: Rydberg spectroscopy of He2
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He2+ by Rydberg-series extrapolation

▪ Ginter and coworkers (1966-1989): 
Rydberg series (n<25) extrapolation to He2+  
(ν+ = 0,1, N+ = 1-25) series limits (resolution ~6 GHz) 

▪ Merkt and coworkers (2008-2014): 
Rydberg series (n~100) extrapolation to lowest rotational 
levels of He2+ (resolution ~0.3 GHz) 
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Rydberg spectrum of He2* at high n values

34301.20585(10) cm-1
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55 deceleration coils

MCP

mu-metal shields and
extraction electrodes

filament
cooled
valve

discharge
electrode

tower
coils

12-stage deceleration module

skimmer

8

Zeeman deceleration

500 m/s 100 m/s

coil properties: 
wire diameter 0.4 mm
solenoid length 7.2 mm
current 300 A
maximal field strength 2.2 T
number of windings 62
number of layers 4

Motsch et al., Phys. Rev. A 89, 043240 (2014).
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He2* in an inhomogeneous magnetic field
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Comparing spectra of decelerated and undecelerated beams
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▪ Reduction of spectral 
congestion 

▪ Easy assignment 
▪ No residual Doppler 

shift 
▪ Width limited by 

linewidth laser       
(180 MHz)
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The lowest rotational interval of He2+
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This work [1] 
(MQDT fit)

Focsa [2] 
(FTIR)

Tung [3] 
(ab initio)

Q(1) 34301.20585(10)
Q(3) 34296.33037(7)
E13’’ 75.8137(4) 75.8129(3)
E13+ 70.9380(6) 70.936(4)

[1] Jansen et al., Phys. Rev. Lett. 115, 133202 (2015). 
[2] Focsa et al., J. Mol. Spectrosc. 191, 209 (1998). 
[3] Tung et al., J. Chem. Phys. 136, 104309 (2012).

Error budget IP Interval
Statistical
  Wavemeter calibration 0.0013 -
  Uncertainty in line centers 0.0003 0.0003
  MQDT fit 0.0001 0.0002
Systematic
  AC-Stark shift 0.0002 -
  DC-Stark shift 0.00005 -
  Zeeman shift 0.00003 -
  Residual Doppler 0.0002 -
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Level energies of higher rotational states of He2+

▪ Measure of 
nonadiabatic, 
relativistic, and 
QED effects. 

▪ Requires inclusion 
of higher-order 
terms in ab initio 
calculations [1]

estimated error in theory

[1] Tung et al., J. Chem. Phys. J. Chem. 136, 104309 (2012).
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Continuous-wave excitation

Observed linewidth equals Doppler width

EOM
BBO

piezo

cw ring dye laser

SMF

W
M

to experiment

prism expander

pump laser

�⌫ = 1.5MHz
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Conclusions & Outlook

▪ In small molecules, relativistic and QED effects make 
significant contributions to the level structure. 

▪ We have determined the rotational level energies of He2+   
(N+

 ≤ 15) to an accuracy ranging from 18 to 60 MHz 

▪ These data indicate a need to improve ab initio calculations 
in 3-electron molecules.



Luca Semeria

Josef Agner

Hansjürg Schmutz

Frédéric Merkt


