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Hydrogen and deuterium energy levels theory

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

non-negligible for 2S-6P in deuterium

Hydrogen and deuterium energy levels theory
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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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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
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no recent data so far
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(not disclosed in online

version of slides)

Preliminary hydrogen 2S-6P measurement result

2S-6P measurement

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

F=0 ➔ F=0 transitions forbidden

Only one hyperfine manifold excited
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2S-6P in deuterium: complications
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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
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2S-6P in deuterium: complications

Residual circular polarization

changes the dipole ratio of 

excited hyperfine state manifolds

Residual circ.

polarization

Additionally allowed transitions 

compared to hydrogen require to 

consider: 

1) simultaneous excitation of 

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

Introduced polarization monitor in our improved active fiber-based retroreflector [1]

Shift from non-zero circular polarization cancels for equal population of initial states



V. Wirthl, MPQ PSAS Conference June 2024

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]
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[1] Th. Udem et al., Ann. Phys. 531(5), 1900044 (2019)

quantum interference
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2S-6P in deuterium: complications

quantum interference

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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- for     decays q. i. effect cancels [2] for each initial state

[1] Th. Udem et al., Ann. Phys. 531(5), 1900044 (2019)

- for        decays q. i. effect cancels [2] for equal population 

of initial states or equal detection of         and        decays

[2] V. Wirthl, PhD Thesis, LMU Munich (2023)

Al detector

e−

e−

possible sensitivity       of e− yield upon circular polarization
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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]

Circ. polar. sensitivity 
of the detector 

Initital state population 
asymmetry

Residual circular 
polarization

1) Shift from dipole ratio x

2) Unresolved Q.I. x

Both effects from additional transitions in deuterium doubly suppressed

[1] Th. Udem et al., Ann. Phys. 531(5), 1900044 (2019)
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Initial state population asymmetry: estimation from Boltzmann

Both effects from additional transitions in deuterium 

depends on the initial state population asymmetry:
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Spin-polarizing effects

in the nozzle?

Symmetric nozzle: symmetry breaking induced

by magnetic field, which leads to the energy 

difference                        between the two initial states.

Estimate assuming thermalization (Boltzmann distribution):
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Initial state population asymmetry: Stern-Gerlach effect

Magnetic field gradient leads to separation of spins
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Initial state population asymmetry: Stern-Gerlach effect

6



V. Wirthl, MPQ PSAS Conference June 2024

Initial state population asymmetry: Stern-Gerlach effect

Estimate of initial state asymmetry from Stern-Gerlach effect in the atomic beam:

Depends on velocity of atoms:

velocity-resolved detection sensitive to this effect
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Initial state asymmetry originates only from asymmetries in the apparatus

Atomic beam misaligned
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Estimates of line shifts due to initial state population asymmetry

Estimates of initial state asymmetry:

…from nozzle …from atomic beam

With the estimated initial state population asymmetry of < 10-4, both effects 

lead to shifts < 1 Hz even for the worst case of other imperfections

+ sensitive to velocity-resolved detection + different for 2S-6P1/2 and 2S-6P3/2
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Shift due to simultaneous excitation with 

residual circular polarization fraction      : 

Shift due to unresolved Q.I. with circular 

polarization sensitivity of the detector      : 

Calculation of systematic shifts coupled to population asymmetry yields [1]: 

[1] V. Wirthl, PhD Thesis, LMU Munich (2023)
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Possible measurement of initial state population asymmetry

Induced shift from switching between

(20% partial) RHC and LHC polarization: 

For our measurement uncertainty of we could determine the

population asymmetry to , which allows to place a limit of < 100 Hz 

for systematic effects arising from non-zero    .

Switch between (partially) 

RHC and LHC polarization

to measure population asymmetry

Example of shift for 

requires separate measurement

campaign
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Deuterium 2S-6P test measurement

Observed deuterium 2S-6P transition signal with a high count rate, low background: 
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Test measurement: ~ 300 deuterium 2S-6P precision line scans

mean velocity

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

Deuterium 2S-6P measurement campaign currently in preparation

➔ feasible with a similar precision as in hydrogen

(not disclosed in online

version of slides)
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Setup upgrade for O2 flushing of UV mirrors: differential pumping

Main problem for continuos operation of the experiment: UV mirror degradation 

for the 243nm enhancement cavity

➔ Solution: in the future planned to rebuild setup for differential pumping

to flush mirrors with ~1mbar of oxygen

UV mirror

3 turbo pumps providing ~10 l/s effective pumping speed

∅3mm/3.5cm apertures

O2

Partial pressures of oxygen:
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Upgrade to differential pumping required to disassemble the whole apparatus

Setup upgrade for O2 flushing of UV mirrors: differential pumping
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Adjustable 

apertures

3 turbo pumps

Setup upgrade for O2 flushing of UV mirrors: differential pumping
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