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Hydrogen and deuterium energy levels theory

Hydrogen/deuterium energy levels based on bound-state Quantum Electrodynamics:

1

Rydberg

constant

..related to the electron mass

and the fine-structure constant

fine-structure constant

electron-to-nucleus

mass ratio

r.m.s. nuclear charge radius
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Hydrogen and deuterium energy levels theory

Hydrogen/deuterium energy levels based on bound-state Quantum Electrodynamics:

1

+ other terms + higher order nuclear effects (h.o.n.e.) 

QED effects with point-like nucleus

1st order elastic effect 1st order inelastic

Nuclear effects
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H 2S-6P vs D 2S-6P: contributions to transition frequency

Hydrogen 2S-6P: higher-order nuclear size effects and polarizability < 0.1 kHz 

Deuterium 2S-6P: higher-order nuclear size 0.4 kHz, polarizability 2.7 kHz  
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Motivation for hydrogen and deuterium spectroscopy

Hydrogen/deuterium energy levels including QED and nuclear effects:

Motivation: metrology, test QED and consistency of Standard Model, nuclear physics

Precise expressions as a function of theory parameters (constants)

[1] C. G. Parthey et al., PRL 107, 203001 (2011); [2] C. G. Parthey et al., PRL 104, 233001 (2011); [3] R. Pohl et al., Metrologia 54, L1 (2017)

Measurement 1): e.g. narrow 1S-2S transition using Doppler-free two-photon 

spectroscopy in hydrogen [1] and deuterium [2-3]

➔ need at least 2 measurements, more for tests

Two constants left for us:

Rydberg constant and RMS charge radius

Constants from e.g. Penning traps, atom interferometry

1
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Hydrogen and deuterium spectroscopy data overview

Considering hydrogen and deuterium separately: 1S-2S transition measurement

in hydrogen or deuterium combined with other transition measurement:

2
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‚New Physics‘?

Rydberg constant

Speculation about ‘new physics’ in the recent paper of 2S-8D measurement [1]: 

[1] A. D. Brandt et al., PRL 128, 023001 (2022)

Principal quantum

number

2S-nP spectroscopy provides test for n-dependent Rydberg constant

(undiscovered bosons can provide additional coupling between nucleus and electron)

modified Coulomb potential:
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Hydrogen and deuterium spectroscopy data overview

Considering hydrogen and deuterium separately: 1S-2S transition measurement

in hydrogen or deuterium combined with other transition measurement:

Similar discrepancy for the muonic and electronic deuterium,

but so far no recent data from deuterium spectroscopy

2
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Hydrogen and deuterium spectroscopy data overview

Considering hydrogen and deuterium separately: 1S-2S transition measurement

in hydrogen or deuterium combined with other transition measurement:

Similar discrepancy for the muonic and electronic deuterium,

but so far no recent data from deuterium spectroscopy

2

Hydrogen @ MPQ:

2 running experiments + 1 experiment in preparation (see poster by Omer Amit)
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Two running hydrogen experiments at MPQ

|1S>

|3S>
|2S>

|nP>

|1S>

Two-photon

@ 243nm

Two-photon

@ 205nm

Direct frequency comb spectroscopy

One-photon

@ 380-486 nm

CW laser spectroscopy

1S-2S and 2S-nP experiment 1S-3S experiment

3
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Hydrogen and deuterium spectroscopy data overview

Considering hydrogen and deuterium separately: 1S-2S transition measurement

in hydrogen or deuterium combined with other transition measurement:

3

? ?

This work: 2S-6P transition measurement in hydrogen and deuterium

(improves 2S-4P experiment: up to 16x higher signal and 3x lower linewidth)
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First-order Doppler shift suppression

Improved active fiber-based retroreflector for near UV [1] provides

high-quality wavefront-retracing anti-parallel laser beams:

Atomic beam and 

1S-2S preparation

laser beam

[1] V. Wirthl et al., Opt. Express 29(5), 7024 (2021)

4

410 nm 

spectroscopy 

laser beam

Single-mode 

fiber

Four-lens collimator

e-

HR mirror

Polarimeter for

polarization monitor Backcoupled light detector

for active stabilization

PMT for Intensity Stabilization
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First-order Doppler shift suppression

Improved active fiber-based retroreflector for near UV [1] provides

high-quality wavefront-retracing anti-parallel laser beams:

Atomic beam and 

1S-2S preparation

laser beam

[1] V. Wirthl et al., Opt. Express 29(5), 7024 (2021)

4

410 nm 

spectroscopy 

laser beam

Single-mode 

fiber

Four-lens collimator

e-

Time-resolved detection allows to access 

different velocity groups of atoms to

study velocity-dependent effects

HR mirror

trigger

chopper periodically

stops 1S-2S excitation

PMT for Intensity Stabilization
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Preliminary uncertainty of hydrogen 2S-6P measurement

Largest systematic effect: light force shift

5
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Light force shift
15

Atoms delocalized over standing wave (205 nm periodicity) and can be

described as plane wave with defined transverse momentum p0

6
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Preliminary hydrogen 2S-6P measurement result

Preliminary Hydrogen 2S-6P uncertainty:

0.6 kHz with only 1.4 kHz corrections
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Preliminary hydrogen 2S-6P measurement result

Data analysis of our hydrogen 2S-6P measurement campaign currently 

ongoing (with blind offset), preliminary uncertainty result:

Same measurement

in deuterium?
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2S-6P in deuterium: complications

F=0 ➔ F=0 transitions forbidden

Only one hyperfine manifold excited

7
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2S-6P in deuterium: complications

7
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2S-6P in deuterium: complications

7

Additionally allowed transitions 

compared to hydrogen require to 

consider: 

1) simultaneous excitation of 

different hyperfine levels
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2S-6P in deuterium: complications

7

Residual circular polarization

changes the dipole ratio of 

excited hyperfine state manifolds

Polarization

imperfection

Additionally allowed transitions 

compared to hydrogen require to 

consider: 

1) simultaneous excitation of 

different hyperfine levels
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2S-6P in deuterium: complications

7

Additionally allowed transitions 

compared to hydrogen require to 

consider: 

1) simultaneous excitation of 

different hyperfine levels

2) quantum interference between 

unresolved hyperfine transitions [1]
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2S-6P in deuterium: complications

7

Possible quantum interference

between the different signal paths

from the two hyperfine manifolds 

Additionally allowed transitions 

compared to hydrogen require to 

consider: 

1) simultaneous excitation of 

different hyperfine levels

2) quantum interference between 

unresolved hyperfine transitions [1]
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2S-6P in deuterium: complications

Additionally allowed transitions 

compared to hydrogen require to 

consider: 

1) simultaneous excitation of 

different hyperfine levels

2) quantum interference between 

unresolved hyperfine transitions [1]

7

Detection different
for LH/RH circular pol.

Initital state population 
asymmetry

Residual circular 
polarization

1) Shift from dipole ratio x

2) Unresolved Q.I. x

We find that both effects from additional transitions in deuterium doubly suppressed

[1] Th. Udem et al., Ann. Phys. 531(5), 1900044 (2019)
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Deuterium 2S-6P test measurement

Observed deuterium 2S-6P transition signal with a high count rate, low background: 

8

Preliminary measurement: ~ 300 deuterium 2S-6P precision line scans

mean velocity

of atoms
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Preliminary deuterium 2S-6P measurement

9

Preliminary deuterium 2S-6P measurement campaign result:
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Preliminary deuterium 2S-6P measurement

9

Preliminary deuterium 2S-6P measurement campaign result:

Deuterium 2S-6P measurement campaign currently in preparation

➔ feasible with a similar precision as in hydrogen
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See poster for more details

Precision spectroscopy

of the 2S-6P transition

in atomic hydrogen and deuterium

See poster

for more details!
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Thank you for your attention!
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