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Abstract: In this contribution, we describe the status of the development of a precision-spectroscopic experiment 
aimed at measuring transitions to states of high principal quantum number n of the hydrogen atom (H). These 
states form series (called Rydberg series) which converge for n → ∞ to the ionization threshold of H. The ioniza-
tion energy of H can thus be determined directly by measuring the frequencies of transitions to high-n states and 
extrapolating the Rydberg series to n → ∞.
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1. Introduction
In most introductory textbooks on atomic and molecular phys-

ics and on spectroscopy, one reads that the energy levels E
n
 of the 

hydrogen atom are described by


 = 𝑅𝑅 


1 − 

 . (1)(1)

In Eqn. (1) R∞ is Rydberg’s constant, 𝜇𝜇 = 
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 is the re-

duced mass of the electron–proton system, and n is the principal 
quantum number (n = 1,2,…, ∞). Eqn. (1) can be derived either 
from Bohr’s atom model[1] or by solving the nonrelativistic time-
independent Schrödinger equation for the two-particle (electron, 
proton) system.[2] According to Eqn. (1), the ionization energy 

of H(1s) is 
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 and could be determined by measuring the fre-

quency 
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 of a single transition between two states of princi-

pal quantum numbers n
1
 and n

2
 

(2)

which, for n
2
 = 2 and n

1 
> 2, corresponds to Balmer’s formula.[3]

The reality is more complex. When transitions of the H atom 
are measured at high resolution, deviations of the observed fre-
quencies from those calculated by Eqn. (2) become observable, 
and a satisfactory description of the energy-level structure of H 
requires the solution of the relativistic two-particle wave equation 
(see, e.g., Barker and Glover[4]) and the evaluation of quantum-
electrodynamics corrections.[5,6] Even the finite size of the proton 
needs to be taken into account.[7,8]

Eqn. (2) with n
2
 = 2 and n

1
 = 3,4,5 and 6 adequately describes 

the spectral positions of four lines of the Fraunhofer’s spectrum 
of the sun[9] even when these were measured more precisely by 
Ångström[10] (see Fig. 1a). Balmer’s formula was used to as-
sign further lines in the spectra of stars, an early example be-
ing the spectrum of the star Vega which contains lines with n

1
 

up to 15.[11,12] The corresponding laboratory spectrum recorded 
by Herzberg[13] also clearly reveals Balmer lines (n

2
 = 2) with n

1
 

values up to 15, labeled α, β, γ,… to indicate values of n
1
 – n

2
 = 

1,2,3,…, respectively (see Fig. 1b). Today transitions involving n
1
 

and n
2
 values far beyond 100 are known from radioastronomy[14] 

(see Fig. 1c).
Precision laboratory measurements of the hydrogen-atom 

spectrum have played an important role in the development of 
the theory of atomic and molecular structure. The current un-
derstanding of the spectrum of H resulted from research carried 
out over more than 100 years, during which new and unexpected 
experimental results regularly challenged theory, and theoretical 
predictions stimulated experiments at ever increasing precision. 
This interplay of experiment and theory led to the discovery of 
fundamental phenomena.

Selected highlights are: (i) the observation of the splitting 
of the 2α line by Michelson and Morley,[15] which can be re-
garded as a motivation for Sommerfeld’s treatment of elliptical 
orbits including relativistic mass scaling[16] and Dirac’s relativ-
istic quantum theory of an electron in a central potential.[17] The 
electron spin emerged naturally from Dirac’s theory, resulting 

in corrections 
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 of the level energies expressed in terms of 

half-integer total electron-angular-momentum quantum numbers 

j; (ii) the precise measurement, by Lamb and Retherford, of the  
2 2S

1/2
 → 2 2P

1/2,3/2
 transitions,[18,19] the frequencies of which could 
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including nuclear spin, respectively, 
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 is the QED correction 

or Lamb shift, and 
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 the hyperfine-structure contribution. 

Precision measurements of the spectrum of H have so far 
primarily focused on transitions between levels with n up to 
12.[27–35] For n = 1 and 2, experiments and theory have resulted 
in the energy-level structure depicted schematically in Fig. 2, 
where the different contributions to the level energies are indi-
cated (not to scale). 

In our experiments, we aim at extending these measurements 
to transitions to higher n values from the metastable n = 2 2S

1/2
 f = 

0 level. At the highest n values, the fine- and hyperfine-structure 
splittings become negligible, because they scale as n–3. At n = 200, 
for instance, the largest splitting, the fine-structure splitting of the 
np

 
series,

 
is only 10 kHz, so that the spectrum regains a structure 

corresponding to Balmer’s formula. Extrapolation of Balmer’s se-
ries to its limit and adding the precisely known interval between 
the n = 1 and n = 2 2S

1/2 
 f = 0 levels[31] (see Fig. 2) provide a way 

to determine the ionization energy of H, i.e., of the binding energy 
of the n = 1 2S

1/2 
 f = 0 ground state, that is independent of assumed 

values for the energy corrections. Systematic uncertainties caused 
by Doppler shifts and Stark shifts induced by stray electric fields 
represent the main challenges of the measurements, as discussed 
below.

 2. Experiment
The experimental setup is presented schematically in Fig. 3. 

H atoms in their n = 1 2S
1/2 

 ground state are generated by laser 
photodissociation of gaseous NH

3 
at 193 nm with an ArF excimer 

laser. The photodissociation takes place at the end of a narrow 
quartz capillary mounted at the orifice of a pulsed valve.[36] NH

3 
is diluted in a carrier gas CG = (Ne, Ar) in a CG : NH

3
 volume 

ratio of 10:1. The H atoms are entrained in a supersonic beam 
generated by expansion of the gas mixture in vacuum.[37] After 
passing a skimmer, the H atom beam crosses the laser beams used 

not be explained by Dirac’s relativistic theory and led to the de-
velopment of quantum electrodynamics (QED);[5] (iii) measure-
ments, pioneered by Rabi and coworkers,[20] of the hyperfine 
structure of the 1s 2S

1/2
 ground state, which had been predicted 

theoretically by Fermi;[21] and (iv) predictions of the breakdown 
of Coulomb’s potential for a point-like charge at the scale of the 
proton charge radius r

p
,[7,22] which stimulated measurements of 

the proton charge radius by electron scattering[23] and spectros-
copy on H and muonic hydrogen.[24,25] From these measurements, 
the problem known as the proton-size puzzle emerged,[24] which 
is currently being resolved.[26–29]

With the development of accurate frequency standards 
and frequency-metrology tools such as the frequency comb, 
measurements of transition frequencies with a fractional un-
certainty of 4.2 × 10–15 are now possible in H,[30,31] which rep-
resent essential inputs for the determination of fundamental 
constants.[32]

The level energies of the hydrogen atom correspond to sums 
of contributions

𝐸𝐸,,, = 𝐸𝐸 + Δ𝐸𝐸, + Δ𝐸𝐸,, + Δ𝐸𝐸, + Δ𝐸𝐸,,, , (3)(3)

where l and f are the quantum numbers associated with the elec-
tron-orbital angular momentum and the total angular momentum 

Fig. 1. a) Section of the Fraunhofer spectrum of the sun measured by 
Ångström (adapted from ref. [10]). The Hα (n2 = 2) line is the 3p → 2s 
transition of the hydrogen atom, the other seven assigned spectral lines 
are from Ca and Ba. b) The first 13 spectral lines of the Balmer series 
measured in a gas-discharge experiment by Herzberg (adapted from ref. 
[13]). c) Radioastronomy spectrum of the 220α line observed as emis-
sion from galactic H II regions (adapted from ref. [14]).

Fig. 2. Schematic representation of the energy level structure of H with 
energy corrections (not to scale) corresponding to Eqn. (3). The levels 
converge to the Bohr levels for j → ∞ and n → ∞. The arrows indicate 
the transitions to high np Rydberg states from the metastable 2s state. 
Selected frequencies determined in recent measurements of the hyper-
fine splitting in the 1s[34] and 2s levels[33] and of the fine- and hyperfine-
free 1s-2s interval.[31]
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the np Rydberg states with a pulsed electric field, which is also 
used to accelerate the protons towards a microchannel plate de-
tector. The spectra are recorded by monitoring the relative proton 
yield as a function of the laser frequency. 

 
3. Results

A typical spectrum recorded with the pulsed np ← 2s laser is 
depicted in Fig. 4a. This spectrum reveals transitions to high-n 
Rydberg states of H with n in the range between 163 and 220, as 
indicated along the assignment bar. This spectrum illustrates our 
ability to observe Rydberg states of H beyond n = 200 in the labo-
ratory. The spectrum demonstrates that the stray electric fields 
have been compensated to below 3 mV/cm, which corresponds 
to the Inglis-Teller field at n = 220. The Inglis-Teller field is the 

field F at which states of neighboring n values start overlapping  

(𝐹𝐹 = 
 Symbol k in atomic units[38]). The n = 220 Rydberg state is located 

only 68 GHz below the ionization limit, which can be determined 
by extrapolation at a precision of 200 MHz corresponding to the 
linewidth of the observed transitions, limited by the pulsed nature 
of the laser excitation and the incomplete three-dimensional stray-
field compensation. 

Much narrower linewidths can be obtained by carrying the  
np ← 2s excitation with a cw laser and compensation of the stray 
electric fields in three dimensions to below 1 mV/cm, as illus-
trated for the 45p – 2s transition in Fig. 4b. In this figure, the 
dots correspond to experimental data points and the full line to 
a Lorentzian profile with a full width at half maximum of 11.2 
MHz. Each data point in the figure corresponds to a measurement 
time of 1s. The line center can be determined at a precision of 270 
kHz, which corresponds to a relative precision ∆ν/ν = 3 × 10–10, 
limited by the Poisson noise of the proton counts and fluctuations 
in the production of the metastable n = 2 2S

1/2
 state. These fluctua-

tions are also responsible for the irregular intensities in Fig. 4a.

4. Conclusions and Outlook
The relative precision ∆ν/ν demonstrated in Fig. 4b is only a 

factor 100 larger than the precision of 4 × 10–12 required to con-
tribute to the solution of the proton-size puzzle. In future, the pre-
cision of the current result will be improved by longer measure-

for photoexcitation at right angles. The photoexcitation volume is 
located on the axis (z axis) of a magnetically shielded cylindri-
cal electrode stack. Stray electric fields are compensated in three 
dimensions by applying potential differences across the electrode 
stack and across two pairs of compensation electrodes along the 
x and y axes.

The H atoms are first excited to the metastable n = 2 2S
1/2

 level 
by nonresonant two-photon excitation using the narrow-band 
(~150 MHz full width at half maximum (FWHM)), frequency-
tripled (243 nm) output of a pulsed near-Fourier-transform-limit-
ed laser operated at 729 nm. Transitions from the metastable n = 
2 2S

1/2
 state to high np Rydberg states are then induced by a laser 

operated at 365 nm, called np ← 2s laser hereafter. The 365 nm 
radiation is produced by second-harmonic generation in a lithium 
triborate crystal of either a near-Fourier-transform-limited pulsed 
laser (bandwidth ~ 110 MHz) or a single-mode continuous-wave 
titanium-doped-sapphire laser (cw-Ti:Sa) (bandwidth < 50 kHz) 
phase locked to a selected tooth of a frequency comb referenced to 
a Rb-GPS atomic clock. The transitions are detected by ionizing 

Fig. 3. Schematic view of the experimental setup. The meaning of the 
abbreviations is: CG: carrier gas, RF: reference frequency, SHG: second-
harmonic-generation cavity, and VC: vacuum chamber. See text for 
details.

Fig. 4. a) High-n spectrum of the hydrogen atom recorded from the metastable n = 2 2S1/2 state with a near-Fourier-transform-limited pulsed UV laser. 
b) Spectrum of the n = 45 Rydberg state of H recorded from the n = 2 2S1/2 state using the cw np-2s laser. The blue line is a Lorentzian line with a 
full width at half maximum of 11.2 MHz. The line center can be determined in a least-square fit (full line), with a precision limited by the experimental 
noise (see text for details).
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ment times, which should improve the statistical uncertainty, and 
a better collimation of the supersonic beam, e.g. by increasing 
the distance between the skimmer and the laser excitation region, 
which should significantly reduce the Doppler width.

The transit time of the H atoms in the supersonic beam (v
H
 

= 500 m/s) through the np ← 2s laser beam is about 2 µs, which 
corresponds to a ~ 500 kHz line width and is 20 times less than 
the linewidth of the 45p ← 2s transition in Fig. 4b.

Reaching an absolute accuracy of 4 × 10–12 still represents a 
challenge because it requires the elimination of systematic un-
certainties to below 3 kHz. The two main sources of systematic 
uncertainty arise from the Doppler effect and from the second-or-
der Stark effect. To obtain the Doppler-free transition frequency, 
the np ← 2s laser needs to cross the H-atom beam in a counter-
propagating, wavefront-retraced configuration with an angular 
deviation between the forward-propagating and reflected beams 
of less than 0.7 µrad. An uncertainty of less than 3 kHz in the 
Doppler shift could be reached by verifying the overlap of the 
two beams using an active fiber-based retro-reflector.[39] Reducing 
the stray electric fields to below 150 µV/cm necessitates the use 
of a low-noise potential source and an optimization of the field-
compensation electrodes along the x and y axis.[40,41]
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