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Hydrogen/deuterium energy levels based on bound-state Quantum Electrodynamics:
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..related to the electron mass ™Me electron-to-nucleus
and the fine-structure constant mass ratio
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Hydrogen and deuterium energy levels theory

Hydrogen/deuterium energy levels based on bound-state Quantum Electrodynamics:
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QED effects with point-like nucleus

1-loop QED: self-energy 1-loop QED: vac.-pol, 1st order elastic effect 1st order inelastic
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2-loop QED: vac.-pol. —
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O + other terms + higher order nuclear effects (h.o.n.e.)
Nm——— non-negligible for 2S-6P in deuterium
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Hydrogen 2S; /5-6Py 5 (Hz)

Deuterium 2S; /5-6P; /o (Hz)

nuclear
N ==P= ( oxcitation ) ==

Dirac (with me — Myed) 730691 021 696 054 730889842123 184
Rel. nuclear recoil 1129173 266 917
Radiative recoil 1540 771
1-loop QED
self-energy —1071679 859 —1072517882
vacuum-polarization 26 853 088 26875014
1~ vacuum-pol. 634 634
hadronic vacuum-pol. 425 425
2-loop QED —90477 —90551
3-loop QED —236 —236
Finite nuclear size
x at —885 943
x a’
x a’ —433
Nuclear polarizability
x o’ 2722
x ab
Nuclear self-energy —o84 —153
Total 730689977 771255 730888 796 074 559
Theory uncertainty 199 181
Uncert. from constants 1532 1529
Total uncertainty 1545 1539

Hydrogen 2S-6P: higher-order nuclear size effects and polarizability < 0.1 kHz
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Considering hydrogen and deuterium separately: 1S-2S transition measurement
in hydrogen or deuterium combined with other transition measurement:

Hydrogen spectroscopy data
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Similar discrepancy for the muonic and electronic deuterium,
but so far no recent data from deuterium spectroscopy
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Preliminary hydrogﬂ 25-6P measurement result

Hydrogen spectroscopy data Deuterium spectroscopy data
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2S-6P measurement
in deuterium?

25-6P (MPQ, 2024)
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25-6P-in deuterium: complications

Hydrogen: /= 1/2

F=1
6P/, A 0571 5 Dy,

a

F=0 = F=0 transitions forbidden
X Only one hyperfine manifold excited

F=1
25
F=0
1S,, F=1
F=0
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25-6P-in deuterium: complications

Hydrogen: /= 1/2 Deuterium: /=1
F=1 F=3/2
6Pz 4 05715 | Dy 0137, A A
= 1/2 < . F=1/2
A A
F=1 F=3/2
251/,
F=0 . — F=1/2
1 51/2 F=1 . F=3/2
F=0 - ' F=1/2
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25-6P-in deuterium: complications

Additionally allowed transitions

compared to hydrogen require to

consider: Dres,

1) simultaneous excitation of
different hyperfine levels
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25-6P-in deuterium: complications

Additionally allowed transitions Deuterium: /=1

compared to hydrogen require to

SN . F=3/2
consider: Dugs,, 0137, 4 A

F=1/2

1) simultaneous excitation of S
different hyperfine levels / _ F=3/

F=1/2

F=3/2
F=1/2

/: === /: G ————
= ¥

A 9

i S

Introduced polarization monitor in our improved active fiber-based retroreflector [1]
Shift from non-zero circular polarization cancels for equal population of initial states

[1] V. Wirthl et al., Opt. Express 29(5), 7024 (2021)
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25-6P-in deuterium: complications

Additionally allowed transitions
compared to hydrogen require to
consider: Dres,
1) simultaneous excitation of

different hyperfine levels

2) quantum interference between
unresolved hyperfine transitions [1]

[1] Th. Udem et al., Ann. Phys. 531(5), 1900044 (2019)
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25-6P-in deuterium: complications

Additionally allowed transitions Deuterium: /=1

compared to hydrogen require to
consider:

1) simultaneous excitation of
different hyperfine levels

ﬁHFSh;z 0'1 3 rnP A

o n

2) quantum interference between
unresolved hyperfine transitions [1]

- for 7 decays q. I. effect cancels [2] for each initial state

- for Ji decays g. I. effect cancels [2] for equal population
of initial states or|equa| detection of o and U_decays'

I

possible sensitivity fo of e yield upon circular polarization

[1] Th. Udem et al., Ann. Phys. 531(5), 1900044 (2019) [2] V. Wirthl, PhD Thesis, LMU Munich (2023)
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25-6P-in deuterium: complications

Additionally allowed transitions Deuterium: /= 1
compared to hydrogen require to 3/
consider: Ay 0137, A L =3/
1/2 gl ' F=1/2
A A
1) simultaneous excitation of
different hyperfine levels F=3/
: F=1/2
2) quantum interference between
unresolved hyperfine transitions [1] > :
F=3/2
Y Y F=1/2

Circ. polar. sensitivity | | Initital state population Residual circular
of the detector &, asymmetry [ polarization S
1) Shift from dipole ratio
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 Deuterium: /=1
depends on the initial state population asymmetry:
Niz — N; -5 x5 =
= —— F=1/2
Ni2 + Nj1 /
F=3/2
Spin-polarizing effects F=1/2
In the nozzle?
F=3/2
F=1/2

Symmetric nozzle: symmetry breaking induced

by magnetic field, which leads to the energy

difference AE, = 2upB between the two initial states.
Estimate assuming thermalization (Boltzmann distribution):

Nil ( AEL ) B
=ex — — ~ _HUBD —7
Ny P\ Ty L~ g~ 3 X 10
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Initial state population asymmetry: Stern-Gerlach effect

Magnetic field gradient leads to separation of spins F, ~ ug 8582
Z

Detector

i

Oven

Collimator
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Initial state population asymmetry: Stern-Gerlach effect

Nozzle

"
\
\
B

D " Dr ~ 0.03...0.7 pm
Deuterium atoms >
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Initial state population asymmetry: Stern-Gerlach effect

|
‘I Atomic beam misaligned
1

D 1 X
Deuterium atoms > -

OB, .
2z ~1G/m

Initial state asymmetry originates only from asymmetries in the apparatus

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

Depends on velocity of atoms:

t~107"...0 x 10 velocity-resolved detection sensitive to this effect
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Estimates of line shifts due to initial state population asymmetry

Estimates of initial state asymmetry:
...fromnozzle 1+ < 107

== maarmmsT T T O DI T T

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

Shift due to simultaneous excitation with 25-6P, , 25-6P; ),
residual circular polarization fraction S : Ay~ ;s x 75kHz 1s X 37 kHz

Shift due to unresolved Q.l. with circular

polarization sensitivity of the detector £o: AVié, = t§o X 100 kHz t&o X D kHz

With the estimated initial state population asymmetry of < 104, both effects
lead to shifts < 1 Hz even for the worst case of other imperfections

+ sensitive to velocity-resolved detection + different for 2S-6P,,, and 2S-6P),
[1] V. Wirthl, PhD Thesis, LMU Munich (2023)
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nP X b4 4 00 .
) S ! 97 Example of shift for ¢ = 0.33
L .
1Y : 095 -
Ry lo = T
RN At R T et
W g e ——
25”2 § “g‘:. g 0.85 —“‘“nu
F=1/2 e k=
T 080
m.=  -3/2 -1/2 1/2 3/2 =
= 075 -
[
>
: oL & 1 SySo=-03 <= s/5.=+03
Induced shift from switching between % 070 o y
(20% partial) RHC and LHC polarization: 065 -
A, ~ 1 x 50kHz 0.60 . . .
-1.0 -0.5 0.0 0.5 1.0
requires Separate measurement Circular polarization fraction S3/5
campaign \
For our measurement uncertainty of we could determine the

population asymmetry to ¢ ~ 1072, whichaiiows to place a limit of < 100 Hz

for systematic effects arising from non-zero ¢ .
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Deuterium 2S-6P test measurement

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

16000
Delay 2: vo=700115(12) kHz, x%.,=2.40 .
MF=9.5MHz, Ng=7.1 MHz Delay 2:255 m/s
14000 Delay 13: vy = 700103(12) kHz, x2,=1.03
Me=6.1 MHz, [ =2.9 MHz
12000 A Delay 16: vo =700104(47) kHz, )(,zed=0.87
MF=5.9 MHz, M5 =0.4 MHz
& 10000 -
()]
©
e
o
$ 8000 -
£
3 6000
o
4000 -
2000 -
Delay-16: 66 m/s
0 _,_ﬂ/—\"—k—'_

660 680 700 720 740
25-6P scan AOM frequency shift (MHz)

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

V. Wirthl, MPQ PSAS Conference June 2024 ‘



Preliminary deuterium 2S-6P measurement

Preliminary deuterium 2S-6P measurement campaign result:

Hydrogen spectroscopy data Deuterium spectroscopy data
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Deuterium 2S-6P study, uncertainty only:

= (blinded test meas.)

25-6P (MPQ, 2024)

H (future feasibility)
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Deuterium 2S-6P measurement campaign currently in preparation
-> feasible with a similar precision as in hydrogen
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Setup upgrade for O, flushi»n\g 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

@3mm/3.5cm apertures

- Partial pressures of oxygen:

~ 10~9 mbar I~ 104 mbar ~ 1lmbar UV mirror
° p 4 ~ 10_6 mbar ~ 10_2 mbar

& ~ 3turbo pumps providing ~10 I/s effective pumping speed
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