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Precision Rydberg spectroscopy in few-particle atoms and molecules

Precision measurements in H, H,", He", He, H,, ...

- electronic transitions - fundamental constants (R.,q,...)
- fine structure Theory  _pyclear/particle properties
- hyperfine structure < » _ fundamental interactions

Rydberg-series

N-particle system extrapolation

(N-1)-particle system

H H" (proton radius r,, Rydberg constant R.)
He He" (electron binding energy, r,, R.)
H, H,” (molecular effects; m/m.,, r,, R.)

Physical constants and test of standard model of particle physics:
Delaunay et al., PRL 130, 121801 (2023)
Tiesinga et al., Rev. Mod. Phys. 93, 025010 (2021)



Comparison theory-experiment
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- Improve precision
- Improve fundamental constants
- Improve particle properties
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Atomic and molecular Rydberg states
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Properties of Rydberg states

Property n-dependence n=100 Stark effect
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Rydberg states: _
From atoms to molecules _Atomic hydrogen
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G. Herzberg, Ann. Phys. 84, 565 (1927)
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Ab Initio calculations in two-electron atoms

PHYSICAL REVIEW A 103, 042809 (2021)

Complete o’m Lamb shift of helium triplet states

Vojtéch Patksg®,! Vladimir A. Yerokhin®,? and Krzysztof Pachucki ®?

! Faenlty of Mathematics and Physics, Charles University, Ke Karlovu 3, 121 16 Prague 2, Czech Republic

tCenter for Advanced Studies, Peter the Greal St. Petersburg Polyiechnic University, Polytekhnicheskaya 29, 195251 St. Petersbirg, Russia

Faculty of Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland

™ (Received 1 March 2021; accepted 22 March 2021; published 5 April 2021)

E=E® +a?E® + 3E® 4+ o*EW + ...

o’ o o’ o’

TABLE VI. Breakdown of theoretical contributions to the ionization (centroid) energies of the 2°S and 2°P states of *He, in MHz.
R..c = 3.2898419602508(64) x 10" Hz [33], M/m, = 7294299 54142 (24) [33], 1 /or = 137.035999206(11) [34], R = 1.678 24 (83) fm
[15]. NS denotes the finite nuclear size correction; NP stands for the nuclear polarizability correction. The uncertainty of the theoretical ¢
contribution comes from the Rydberg constant; the uncertainty of the finite nuclear size correction comes from the nuclear radius.

(m/M)° (m/M) (m/M) (m/M) Sum
il
o —1152 953 922.384 (2) 164 775.354 —30.620 0.006 —1 152789 177.644 (2)
ot —57 629.312 4,284 —0.001 —57 625.029
o 3999 431 —0.800 3 998.632
b 05.235 —0.030 05.205
o’ —6.168 (1) —6.168 (1)

[ & 0.158 (52) 0.158 (52) |
NS 2.616 (3) 2.616(3)
NP —0.001 —0.001
Total —1 152 842 742.231 (52)

Theory 2017 [17]

(precision about 50 kHz)

—1152 8427414 (1.3)



ADb initio calculations in one-electron molecules

PRL 118, 233001 (2017) PHYSICAL REVIEW LETTERS 9 JUNE 2017

Fundamental Transitions and Ionization Energies of the Hydrogen Molecular Ions
with Few ppt Uncertainty

Vladimir I. Korobov
Bogoliubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research, Dubna 141980, Russia

L. Hilico and J.-Ph. Karr
Laboratoire Kastler Brossel, UPMC-Université Paris 6, ENS, CNRS, Collége de France 4 place Jussien,
+ F-75005 Paris, France
H and Université d’Eviy-Val d’Essonne, Boulevard Frangois Mittervand, F-91000 Eviy, France
2 {Received 23 March 2017; published 8 June 2017)

We calculate ionization energies and fundamental vibrational transitions for Hy*, Dy, and HD*
molecular ions. The nonrelativistic quantum electrodynamics expansion for the energy in terms of the fine
(2_3 kHZ) structure constant « is used. Previous calculations of orders ma® and ma’ are improved by including
second-order contributions due to the vibrational motion of nuclei. Furthermore, we evaluate the largest
corrections at the order mc®. That allows us to reduce the fractional uncertainty to the level of 7.6 x 10712
for fundamental transitions and to 4.5 x 107! for the ionization energies.

DOI: 10.1103/PhysRevLett.118.233001

TABLE IV. Fundamental transition frequencies zy, for H,™,

D,T, and HDT molecular ions (in kHz). CODATA14 recom-

— e

mended values of constants. The first error is the theoretical
uncertainty, the second error is due to the uncertainty in mass

' ratios.
dependence of transition hines on the masses and on the
proton and deuteron charge radu H,*+ D,* HD*
AR Y,, 65 687511 047.0 472793878184 57349 430 0524
L - w0 + V2 1061 040.5 795 376.3 058 151.7
v(Hy) = vo(Hy) +—=vp(Hy) +2(Re) Vs —276545.1 —200278.0 ~242126.3
o Y ~1952.0(1) —1413.4(1) —1708.9(1)
x [-2.55528 x 10‘6A,up —8.117 x 10‘12Arp], Vs 121.8(1) 88.1(1) 106.441)
Y5 —2.3(5] —1.7(4) —2.0(5}

Ve 65688323 710.1(5)(2.8) 47 275 981 589.8(4)(8)

57350 154 373.4(5)(1.7)




Generic experimental setup

- supersonic beams (cryogenic valves)
- control of electric and magnetic fields
- Doppler-shift compensation

- Sl-traceable frequency calibration

phase lock
diode laser
counter ~ 1044 nm \
k60 L “ frequency-doubling
S bea:;mt detection cavity s 599 nm
unit i
traceable frequency-doubling
( cavity
~ 261 nm t
pinhole wavemeter ﬁ
mu-metal shields
dielectric barrier | skimmer — T )|
discharge electrode x \ imaging MCP
> -
valve Zeeman decelerator = | e
30 coils field-compensation
g 1083 nm B st ind electrode;)
Z(I,_,y fher laser rewster window




Laser-Frequency Calibration beyond Rb:GPS Standard
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ll. H-atom Rydberg states, the Rydberg constant and the proton-size puzzle

Bt Ry ) =B 1 B, + 0

nl.j
hfs NS
+Eng .+ B

Reo = 10973 731.568 160(21) m
ro = 0.8414(19) fm

Tiesinga et al., J. Phys. Chem. Ref. Data 50, 033105 (2021)
Eqgs. (7) - (41)
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adapted from A. Beyer et al., Science 358, 79 (2017)

R. Pohl et al., Nature 466, 213-216 (2010)

A. Grinin et al., Science 370, 1061 (2020)

A. D. Brandt et al., Phys. Rev. Lett. 128, 023001 (2022)
H. Fleurbaey et al., Phys. Rev. Lett. 120, 183001 (2018)
N. Bezginov et al., Science 365, 1007 (2019)




H-atom Rydberg States and the Rydberg Constant

Rydberg constant from high-n measurements using circular states (m=[=n-1)

(a) D. Kleppner's group, 1990-2002: transitions between circular states of H at n = 30

—  Sensitivity: 2R_/27000

J. C. De Vries, A precision millimeter-wave measurement of the Rydberg frequency, PhD thesis, MIT, 2002

cR. = 3 289 841 960 306(69) kHz
cR. = 3 289 841 960 368(16) kHz (CODATA 1998)
cR. = 3 289 841 960 250.8(6.4) kHz (CODATA 2018)

(b) G. Raithel's group, ongoing: transitions between circular Rydberg states of Rb

A. Ramos et al., Phys. Rev. A 96, 032513 (2017)

(c) U. D. Jentschura and D. C. Yost: Proposed measurement with n=18 circular Rydberg states of H.

Phys. Rev. A 108, 062822 (2023)

Here: Rydberg constant from m, 2 1 Rydberg states (2 < n < «) —» Sensitivity: R./4



Experimental approach lonisation-
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H-Atom Source

1s—2s Excitation
243 nm

9 0.2mJ »
Ti:Sa 5 2% BBO
~ 10mJ
o= A L Al
AOM ® ~10nd
10nJ iﬂ
; 'Ti:8s % Nd:YAG 6 ns
60 mJ
248"
300K = 1/
120K =
5 ;T 2QF=0
| _160 5 o A2 81/2
2600 mgs 1200 ms & E
| B\ m A
£ o
5 - 314
= 1 2sF=1
600 800 1000 1200 1400 J | 1/

Flight time At/us 10 1 1 8 3 —C o

(Frequency - E(22S.,)/h) / GHz 172
TH s LS S. Scheidegger et al., J. Phys. B 55, 155002 (2022)
T, =10 uK



(B20/n — oRu/20?) [MHz]
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Doppler-shift cancellation: Retroreflection at ~365 nm

Piezo

Beyer et al., Opt. Express 24, 17470 (2016)
Wirthl et al., Opt. Express 29, 7024 (2021)
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The lonisation Energy of H(1s, f=0)
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The lonisation Energy of H(1s, f=0)

= 550 measurements over 8 months, blinded
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The Rydberg constant and the proton radius

¢Roo = 3289841 960 204(15)stat (7)syst (13)25_2p kHz (this work
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[2] Tiesinga et al., Rev. Mod. Phys. 93, 025010 (2021)
[3] Mohr et al., Rev. Mod. Phys. 84, 1527 (2012)

[20] Beyer et al., Science 358, 79 (2017)

[21] Fleurbaey et al., PRL 120, 183001 (2018)

[22] Bezginov et al., Science 365, 1007 (2019)

[23] Grinin et al., Science 370, 1061 (2020)

[24] Brandt et al., PRL 128, 023001 (2022)

[25] de Vries, PhD thesis, MIT (2001)

S. Scheidegger, FM, PRL 132, 113001 (2024)



Ill. The fundamental vibrational interval of H,’
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I\VV. The ionizatian energy of triplet metastable He

m
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H - TLENS\THe2+
( ? M 3 k) (] ) . ( M )J N ( M ) ( ]14 ) ( A4 ) ( e )
non-relativistic relativistic leading Lamb-  higher-order nuclear-size
energy correction shift QED correction  contribution
correction
R.c = 3.289 841960 250 8(64) - 10"° Hz [2] 1/ov = 137.035999 206(11) [4]
M/me = 7294.299 541 42(24) [2] raczt = 1.678 24(83) fm [3] Complete o/ m Lamb shift of helium triplet states
Vojtach Parké&®,! Viadimir A, Yerokhin®,* and Krzysztof Pachucki
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w’ 3999.431 —0.800 3998.032 same time, we ohserve significant discrepancies with experiments for the 23§ — 3D and 2 *P — 3°D transitions.
a® 65.235 —(.030 65.205
a’ —6.168 (1) —6.168 (1)
; g 8 (52 Lo\l 93 /

« 0158 (52 0158 52 Ex((15)}(28)1 2°S,) /A = 1152812 742.231(52) MHz
NS 2.616(3) 2.616(3)
NP —0.001 —0.001
Total 1152 842 742,231 (52) 4 x 101 fractional uncertainty

! Patkos et al,, PRA 103, 042809 (2021)
2E. Tiesinga, P. ]. Mohr, D. B. Newell, and B. N. Taylor, Fundamental Physical Constants from NIST (2018)
3].]. Krauth et al, Nature (London) 589, 527 (2021)
4L, Morel, Z. Yao, P. Cladé, and S. Guellati-Khélifa, Nature (London) 588, 61 (2020)



lonization energy of ‘He (1s2s 'S,)
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Experimental setup 2 °S; - n °P;measurements
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Imaging-assisted sub-Doppler single-photon spectroscopy
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2 m/s 7.5 MIlz
0 m/sE 0 MIIz
~—2m/s —7.5 MHz

-y
J
Lo 17

Clausen et al., PRL 131, 103001 (2023)



Image acquisition with microchannel-plate detector and CCD camera
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Intensity (arb. units)

Assignment of 23S, = 33 P, spectrum

7 J =2, e  Exp. spectrum et 95 231/2
" o Fit. spectrum n = 00 -
untmld I epiatil ol ]
0.81 n=g - ——— ————————
T n = 3 o 012
061 FWHM=1.3 MHz
~ 260.7 nm
0.4+ +

S

|

(SN

1
NR O

5.14 MHz

10 0 10 2 30 40 ns*S;  np’P;  nd’Dy

V — Veentroid (\IH/)

n =33 Veentroid = 1149809 632.350(150)sys(25)stat MHz

Clausen et al., PRL 131, 103001 (2023)



Autocorrelation and circular cross correlation

N—l f (i) 2 spectrum with frequencies(N data points)
Ryq(k Z f(0)g(i + E)moan- g(i) =>test function with 2 Dirac delta distributions with distance found from
1=0 autocorrelation spectrum
— Sl .
Autocorrelation
1.04
T
L
0.8 \
©
glv;) =
S 0.6
E
< > c \
-f:’ 0.4-
(18]
@ \
— Rp(w) §02
g |
zo0 \/ N
/\ /\ 0 50 100 150 200 250 300 350
Index

~200 —100 0 100 200
v — vy (MHz)



Doppler-free single-photon spectroscopy

2°S, —>33°P, (J=0-2) cross-correlation spectra

(b) FWHM <1 MHz
-15.0
=12 |
5 _
. 10. R =0 -10.0
2 1
i I |/‘ /\
5 N A
E 5.0 4 5.0
: 1 : x
, T e —
3 | -2.5
| s P Lo e
11
O O- |v T T | T T -OO
—40 —20 0 20 —40 =20 0 20
v — vy (MHz) v — vo (MHz)
Sub-Doppler spectra Cross-correlated spectra

Clausen et al., PRL 131, 103001 (2023)



Interferometric retroreflection alignment at 261 nm

0 ~15mrad (--=77 " a6 =200prad ((--"1 """
. - Interference pattern encodes
1 z = 0plane :
[ L value of the tilt angle A6
Comner cube ! - Corner cube | . 2
y —— Fringe distance A =
4 ! %ﬂ- & sin(A8)
i K . k, : wavevector of the reference

beam (Corner cube)

Laser 7 Laser r 4 ®  k, : wavevectorof the tilted
retro-reflected beam

A8 = 1.5 mrad A8 = 200 prad

Muller et al., Opt. Lett. 30, 3323 (2005)



Improvement of centroid frequency determination
2 35, > 33 3P,

$ ¢ ’ ¢  Without interferometer
0.4 ¢ With interferometer

0.0

—0.2

Frequency diff. (MHz))

—0.4

—0.61

0 D 10 15 20 29 30
Measurement index

Veentroid (N = 33) = 1149809632.361(4 )stat (5)syst MHZ



Frequency residual (kHz)

lonization energy of ‘He 2 °S, state

Rydberg-series extrapolation
Ei;incliug/(h'c) (Clnil)

-175.6 -121.9 -89.6 -68.6 -54.2 -43.9 -36.3
50 1 1 1 1 1 1
~
=
404 <
30 §=
C{:
" F 0 2 40
204 Measurement index

1 . N ——
_10-

25 30 35 10 45 50 55
Principal quantum number n
hCRH e

E’n,,l — EI(23S1) -

(n—d(n,l))?

1Patkos et al,, Phys. Rev. A 103, 042809 (2021),
2Clausen et al., Phys. Rev. Lett. 127, 093001 (2021)

Overview of systematic shifts and uncertainties. All values in kHz.

Source Av Tstat Tsys
1t-order Doppler shift * 0 7.5t0 17 0
Photon-recoil shift P 731.3t0735.70 0
Post-selection shift © —25to—-2 0O 0.4
ac- Stark shift 2.2 1.1
Zeeman shift 0 0 0.1
Pressure shift 0 0 0.1
de-Stark shift (n =55) P —7.6 0 0.6
28d_grder Doppler shift © —7.5to0 —1.5 0 0.2
Sum n.a. n.a. 2.54d

Er/h (2%S:) / (MHz)

This measurement (2024) 1152 842 742.7082(55)
Patkos et al! (2021) 1152 842 742.231(52)

stat

(25)

sys

Clausen et al.? (2021) 1152 842 742.640(32)

Deviation (exp - calc): 477(52) kHz

G. Clausen et al., PRA 111, 012817 (2025)

90



np Rydberg series and

jonization energy of *He

Av = 8 665 649 865.77(26),.(1).,. Hz
(Schneider et al., Nature 524 (London) 606, 878 (2022))

nipP

235,

F=1/2,3/2

F=1/23/25/2

F=1/2

F=3/2

273P (1/2, 3/2) + 235(1/2)

273P(1/2, 3/2, 5/2) + 235 (3/2)

Intensity (arb. units)

—835

—830  —825

v — 1y (MHz)

10

Intensity (arb. units)

*He* (1s) “He' (1s) R
I'=0 I=1/2 —::TIF+ i —
n'pP —3 F=1/2,3/2
. F=1/23/2 n=51
niP i@ {}
- F=1/2,3/2 5/5 S
A i
S-l-
F=1/2
235]
F=3/2

453P(1/2, 3/2) + 235 (1/2)  453P(1/2, 3/2, 5/2) + 238 (3/2)  45'P(1/2, 3/2) + 235 (3/2)

o

3985  —3280 =25 0.0 2.5 4985 4290 4295
v — 1y (MHz)



"He: Rydberg-series extrapolation with hyperfine-split ionic levels (1)-(6):

a) Hyperfine structure too weak to affect close-coupling quantum defects

b) Hyperfine structure splits the ionic levels: more channels

c) Use Fano’s angular-momentum frame-transformation method (MQDT)

*He (1s)(np)

4
_ He (1s)(np)
For He: S=0 S=1 “He' (1s) o Fr=0
e He'(1s) [=1/2— < p+ _1=——
— = | cneey
— — — | (SDF(Is)jF
— 3/2
LS _— <z
FTF TS —<i LSY()F
np;, np, Np; NP, np, np, np;, np, i
Four series Seven series
- One series limit - Two series limits
- Four quantum defects - Four quantum defects
80,1 81,0 61,1 81,2 80,1 8‘1,0 81,1 61,2

(1) U. Fano, Phys. Rev. A 2, 353 (1970) J. Sun and K. T. Lu, J. Phys. B 21, 1957 (1988): general

(2) V. Vassen, W. Hogervorst, Phys. Rev. A 39, 4615 (1989): °He (1s)(np)

(3) H. J. Worner, U. Hollenstein, F. Merkt, Phys. Rev. A 68, 032510 (2003): “Kr (4p)°(n/)

(4) A. Osterwalder, A. Waest, F. Merkt and Ch. Jungen, J. Chem. Phys. 121, 11810 (2004): H, (1sc,)(n/)

(5) N. Chen, L. Li,1, W. Huie, M. Zhao, |. Vetter, C. H. Greene, and J. P. Covey: Phys. Rev. A 105, 052438 (2022), ""Yb (1s)(nl)

Early important contribution: (6) M. Aymar, Phys. Rep. 110, 163 (1984) Ca - Ba (ns)(n’l)



lonization frequencies, isotope shift and nuclear square radii

Er(*He)/h = 1152 842 742.7082(55)..(25)... kHz

sys

Er(®He)/h = 1152 788 844.6154(77),.(25),,. kHz

AE; = 53 898.093(9).. kHz

A7 = 1.060(10) fm’

100 - ® @
) I
— 01 ﬁ l‘ i + i
= 3
‘- ®
g’ —100- == 3P F=5/2 « F=3/2 Y
X B °P F=3/2  F=3/2
g BN P F=1/2  F=3/2
= B P F=3/2 « F=1/2
_200_ :‘P le/E&le/Z
BN 'PF=3/2 « F=1/2
P F=1/2 + F=1/2

T T Ll ] T 1
25 30 35 40 45 50 55
Principal quantum number n

G. Clausen, FM, PRL 134, 223001 (2025)



lonization energies of He (1s)(2s) and (1s)(2p) states
Theory Experiment

*He (1s)(2s) 'S =—e—1 Bergeson (1998) [102]

Pachucki (2017) [22] Clausen (2021) [31] Sansonetti (1992) [79]
| . | ® ——
Drake (2008) [21] ¢ Clausen (2025)+ Rengelink (2018) [29]
| P |

—*— Lichten (1991) [80]

“He (1s)(2s) °Sy

Patkés (2021) (23] fo ¢ Clausen (2025) [33] Av = 477(54) kHz
(90)
3 3
Hes {1s]120) By Pachucki (2025) [239]le| & Clausen (2025) [34] Av = 482(54) kHz
(90)
“He (1s)(2p) °P; . Clamsen (2025) [33]+ = 444(17) kH
Patkés (2021) 23] +Cancio P(astor)(éogri) [85] / Wen (2024) [27] A (26((5) iz
—4 ~5 9 —1 0 I )

V-Vexp, Diss (MHZ)
Agreement between experiment and theory for the (1s)(2s) °S, — (1s)(2p) °P, transitions is accidental

A possible error in the calculations cannot be from a mass-dependent term nor from a finite-nuclear-size effect

G. Clausen, FM, PRL, 134, 223001 (2025)



AE,

180

/| AB(°He) |

180,

.

A

\ . Eexp

\
A E}:heor.

180.

- ‘Het 3Het
Nuclear radi \
E; (*He) E; (*He)
AE/h =53 898.084(8),,, kHz
#(CHe) - ”(‘He) = 1.060(10) fm® | | &
23S (cen.)
J: A Efs(‘lHe)

- AE*"(point charge)= C(».” - r.}) 2 38—/

1S0.

23¢9 5 128 He™ This measurement 2024 | 5 |

,LLHET'-+ 228 — 2°p f——a—v Crema 2023

218 3 ?)ID : Huang et al. 2020

van der Werf + Qi 2024 —~e—
van der Werf + Pachucki 2024 |e
% . van Rooij et al. 2011

I
e £
278 20 | . | Rengelink et al. 2018

van der Wert et al. 2023
i

Zheng et al. 2017+ Cancio Pastor et al. 2012

f—

| |

67 &l Cancio Pastor ef af. 2012 |t

Shiner ef af. 1995 —s—
| | 1 | |

| Wen et al. 2024 + Cancio Pastor et gl. 2012

1.02 1.03 1.04 1.05 1.06 1.07
r’(*He) — r?(*He) (fm?)

1.08

‘r(point—charge nucleus)



Conclusions:

H atom:
- Method to determine the Rydberg constant independently of r,
- Proton puzzle: New value in favor of the r, value from muonic hydrogen

H," ion:
- First precision measurement of the fundamental vibrational interval

He atom:

- Method to measure Doppler-free single-photon spectra

- Large discrepancy between theory and experiment in the
ionization energies of 2 °S, and 2 °P, states. Agreement with the nuclear
charge radii from muonic helium and from He spectroscopy
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H-atom Rydberg States and the Rydberg Constant

Rydberg constant from high-n measurements using circular states (m=[=n-1)

(a) D. Kleppner's group, 1990-2002: transitions between circular states of H at n = 30

_, Sensitivity: 2R./27000

J. C. De Vries, A precision millimeter-wave measurement of the Rydberg frequency, PhD thesis, MIT, 2002

cR. = 3 289 841 960 306(69) kHz
cR. = 3 289 841 960 368(16) kHz (CODATA 1998)
cR. = 3 289 841 960 250.8(6.4) kHz (CODATA 2018)

(b) G. Raithel's group, ongoing: transitions between circular Rydberg states of Rb

A. Ramos et al., Phys. Rev. A 96, 032513 (2017)

(c) U. D. Jentschura and D. C. Yost: Proposed measurement with n=18 circular Rydberg states of H.

Phys. Rev. A 108, 062822 (2023)

Rydberg constant from m, 2 1 Rydberg states (2<n<«) __, Sensitivity: R./4



The Rydberg constant and the proton radius

¢Roo = 3289841 960 204(15)stat (7)syst (13)25_2p kHz (this work

cRo = 3289841960 364(16) kHz (CODATA2010
¢Roo = 3289841 960250.8(6.4) kHz (CODATA2018

)
cRoo = 3289841960 306(69) kHz (MIT, de Fries 2001)
)
)

2S-2P,,

2S-2P

2S-2P,,
T 252P,
&b 284S, |
S 284D,
g 254P,

25-4P,,
o 2565,
5 256D,
€ 2s8s,,
O, 25-8D,,
o 258D,
q 25-120,,
@ 2s12D,,

1535,

25-4P

1
al. L |
I [&)
L
—
L
L |
L |
F 9 —
. L
Bﬁam‘f e all '= ®
} L

: &
I ——9——| Fleutbaey et al
E_r{m\n 91 al. —w— H world data

al.

T T T T T v T T T T T

84 0.86 0.88 0.90 0.92 0.94
Proton charge radius r, (fm)

¥ T b T ¥ T ’ T L T L T
-0.0004 -0.0002 0.0000 0.0002 0.0004 0.0006
Rvdbera constant R..— 10 973 731.568 508 (m™)

120 kHz
<>

[2] Tiesinga et al., Rev. Mod. Phys. 93, 025010 (2021)
[3] Mohr et al., Rev. Mod. Phys. 84, 1527 (2012)

[20] Beyer et al., Science 358, 79 (2017)

[21] Fleurbaey et al., PRL 120, 183001 (2018)

[22] Bezginov et al., Science 365, 1007 (2019)

[23] Grinin et al., Science 370, 1061 (2020)

[24] Brandt et al., PRL 128, 023001 (2022)

[25] de Vries, PhD thesis, MIT (2001)

S. Scheidegger, FM, PRL 132, 113001 (2024)



Compensating Stark Shifts

04Vem™! 08Vem™! 12Vem™! 16Vem™!

Vo /kHz 0(21) “9(17) 10(20) -16(20)
Flvem='  0.4005(4)  0.7992(3)  1.1876(4)  1.5794(3)

1.6 - W v

—
t

From lineshape broadening of |20, £2, 1)
Electric-field gradient

Electric-field strength #[Vem 1]
< o
fI=Ng joe]

—o— 92 ~12(3)mVem™2 — dvg < 150Hz
1
—100 0 100 —260 25
Relative frequency [MHz] vy [kHz]

No residual shifts from electric field observed

Scheidegger et al., PRA 108, 042803 (2023)



Theoretical contributions to the ionization energies of ‘He

Table 8.2: Theoretical contributions in order « to the calculated ionization energies of the
(18)(28) 384, (18)(2p) 3P, and (18)(3d) 3D centroid states in 4He, as reported in Refs. 23, 202.
Finite nuclear size and nuclear polarizability contributions are marked as NS and NP, respectively,
and singlet-triplet mixing of the J = 2 (1s)(3d) states is labeled as Mix. All values are given in
MHz.

(15)(2s) 38, (1s)(2p) °P; (1s)(3d) *D;
o?  —1152789177.644(2) —876116438.795(2) —366019135.854
ot —57625.029 11 447.932 —827.104
a® 3 998.632 —1235.346 —16.699
b 65.205 —21.835 0.119
o’ —6.168(1) 2.280(1) 0.023(23)*
o® 0.158(52)" —0.048(16)*
NS 2.616(3) —0.799(1) —0.009
NP —0.001 0.000
Mix —8.322(3)

Tot. —1152842742.231(52) —876106 246.611(16) 366019 987.846(23)

? Only the leading contributions of this term was reported and used to estimate the uncertainty.



(Roo — Roo2018) /0 (Roo2018)

The Rydberg Constant and the Proton Radius

¢Roo = 3289841 960 204(15)stat (7)syst (13)25_2p kHz (this work

cRo = 3289841960 364(16) kHz (CODATA2010
¢Roo = 3289841 960250.8(6.4) kHz (CODATA2018

)
cRoo = 3289841960 306(69) kHz (MIT, de Fries 2001)
)
)

20

10

—10 -

Bl CODATA [2,3]
—— This work

/

2S-2P [22]

—— n =27 — 30 [25] 72010
pH [17]
2S-4P [20]

L 4

® 1S-3S[21]
1S-3S [23]
2S-8D [24]

| 12018
\ S \ r. from [26]
\ P

V,ss from [27]

with r, from pH [276 : 3 289 841 960 214(22) kHz
wth 1s-2s frequency [27] : 3 289 841 960 194(40) kHz

I
—10 0 10

(T’p - 7“p2018) /U(Tp2018)

20

[2] Tiesinga et al., Rev. Mod. Phys. 93, 025010 (2021)
[3] Mohr et al., Rev. Mod. Phys. 84, 1527 (2012)

[20] Beyer et al., Science 358, 79 (2017)

[21] Fleurbaey et al., PRL 120, 183001 (2018)

[22] Bezginov et al., Science 365, 1007 (2019)

[23] Grinin et al., Science 370, 1061 (2020)

[24] Brandt et al., PRL 128, 023001 (2022)

[25] de Fries, PhD thesis, MIT (2001)

[26] Pohl et al., Nature 466, 213 (2010)

[27] Parthey et al., PRL 107, 203001 (2011)

S. Scheidegger, FM, PRL 132, 113001 (2024)




Electric-field strength F[Vem ™!

Lineshapes

From electric field

1.6 1 W ——
12 1 W ——
0.8 1 W W W ——
0'4 - WW +
1
—100 0 100 —-250 25

Relative frequency [MHz]

vy [kHz]

Intensity arb. units

Ipexp (_ (V—VOQT:%D;gié.;:,k))g) (1 + erf(’YD\%;];.)
0.0 “" ‘ YD
e
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0s{ }
~0.81 ﬂ
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(Roo — Roo2018) / o (Roo2018)

EEE CODATA 2.3

This work
20 1 25-2P [22]
n =27 — 30 [25] 5010
pH [17]
@® 254P 20
10 7 ® 153521
1S-3S [23]
2S-8D [24]
07 /2018
_._
_10 -
—10 0 10 20

(Tp - Tp2018) /0 (Tp2018)




2s Hyperfine Splitting

120, k,1) + 228{/ : |20, k, 1) 225{/ &
k=1 E=0

k= -2 k=2 k=-2 k=2

NEWCWE LN
aé
20 k —/f -
vy — vy = 177.546(11) MHz %
£

177556838.87(85) Haz[1] Boie = 177.546011) M
100 0 100 200
Relative frequency [MHz]
[1] R. G. Bullis et al.,, PRL 130,203001 (2023) Statistically limited

Scheidegger et al., PRA 108, 042803 (2023)



Precision spectroscopy in H,’

nature physics

Article https://dol.org/10.1038/s41567-023-02320-2

Laser spectroscopy of arovibrational
transitioninthe molecular hydrogenionH;

Schenkel, Alighanbari and Schiller,
Nature Physics 20, 383—388 (2024)

a b
(V=3,N=2)
0.46 |-
B=0T B=dyl.
5/2
a2y
-0.48 - 405 nm 2pa, < — -11/,?2 T
B0 IS — 4 =
512
ook _ 88.8 MHz
: W —
£ I 13 s
5 ®* 1so 32 7=
= o052l 7 5 g e e
& /oa 2 | E
i 7 F=3/2 3f2 LR
= f &
) /
T -054 A - i
ol ——/ [5% = X - -
i L /5 = o B
=) | < T
Foossl L]/ 4 o,
W osor-
11 ;’/ . & (v=1,N=0)
2,47 um ]
wossl 7 ¢ e
&——,/ 1 0251 ﬁ
| ; - . . E=12 B
i o 1 2 112
-0.60 - b LA Rot, guantum
| | ‘ i number‘N
! 2 4 8 g 10 12

Internuclear separation R (&)

Exp.: 124'487'032.7(1.5) MHz
Th.: 124'487'032.45(6) MHz
(Korobov et al., PRL 118, 233001 (2017))

PHYSICAL REVIEW LETTERS 132, 073001 (2024)

Zero-Quantum-Defect Method and the Fundamental Vibrational Interval of Hy

L Doran_.] N. Heolsch,! M. Bf.'.yer:" and F. Merkto "

Exp.. 65688 323.3(5) MHz
Th.: 65 688 323.7101(5)(29) MHz
(Korobov et al., PRL 118, 233001 (2017))
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