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Precision measurements at low energies in few-particle atoms
and molecules

Atomic systems: precision measurements in H, He", He atom, ...

- electronic transitions Theory - fundamental constants (R,q,..
- fine structure < y - Nhuclear/particle properties
- hyperfine structure - fundamental interactions

Molecular physics: precision spectroscopy in H,", H,, H,’, ...

- electronic transitions - molecule structure
- fine, hyperfine structures Theory - reactivity, dynamics
- rotational, vivrational structures « » - nuclear properties

- permanent dipole moments - fundamental constants

)



Uncertainties in the dissociation energy of H,
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Comparison theory-experiment

Experimental result

'

Theoretical result

Agreement? [«

No

\Y:JS

Check experiment

Check theory

Disagreement
persists

v

- Improve theory
- Study different system
- Identify new effect

Agreement
persists

v

- Improve precision
- Improve fundamental constants
- Improve particle properties




Comparison theory-experiment

Experimental result l Theoretical result

Agreement? [«

No \)/fs
Check experiment b | Check theory
Disagreement Agreement
persists persists
v \/
- Improy—— . e
- Study But: - Uncertainties are difficult to estimate | constants
- |denti and tend to be underestimated berties

- Agreement may be accidental
(error compensation)




Accuracy of ab initio calculations for one-electron molecules

PRL 118, 233001 (2017) PHYSICAL REVIEW LETTERS 5 TUNE 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 H D D and Université d’Eviy-Val d’Essonne, Boulevard Frangois Mittervand, F-91000 Eviy, France
2 ’ 2 (Received 23 March 2017; published 8 June 2017)

We calculate ionization energies and fundamental vibrational transitions for Hy*, Dy, and HD*
(2 - 3 k H Z) molecular ions. The nonrelativistic quantum electrodynamics expansion for the energy in terms of the fine

structure constant o 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-

0 2 2 3 3 4 4
E=EO + o E® + E® + o EW + ..+| mended values of constants. The first error is the theoretical

2 4 5 6 | uncertainty, the second error i1s due to the uncertainty in mass
o o o o " ratios.
dependence ot transition lines on the masses and on the
proton and deuteron charge radu H,*+ D,* HD*
AR Yy 65 687 511 047.0 472793878184 373494396524
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~°Ay,, — 8.117 x 10~"*Ar ], Vs 121.8(1) 88.1(1) 106.4(1)
Y5 —2.3(5] —1.7(4) —2.0(5}

vy 65688323 710.1(5)(2.9) 47276 681589.8(4)(8) 5735015

4373.4(3)(1.7)




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)

We have derived the complete formula for the o m contribution to energy levels of an arbitrarv triplet state of
the helium atom, performed numerical calculations for the 235 and 2 *P states, and thus improved the theoretical
accuracy of ionization energies of these states by more than an order of magnitude. Using the nuclear charge
radius extracted from the muonic helium Lamb shift, we obtain the theoretical prediction in excellent agreement
with the measured 2 35 — 2 ®P transition energy [X. Zheng ef al., Phys. Rev. Lett. 119, 263002 (2017)]. At the
same time, we observe significant discrepancies with experiments for the 2 35 — 3°D and 2 °P — 33D transitions.

(about 50 kHz)

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] —1152 8427414 (1.3)



Calculations in two-electron molecules

PHYSICAL REVIEW LETTERS 122, 103003 (2019)

H,, HD, ... Calculations for the ground electronic state

Nonadiabatic QED Correction to the Dissociation Energy of the Hydrogen Molecule

Mariusz Puchalski and Jacek Komasa

: -1
Faculty of Chemistry, Adam Mickiewicz University, Umultowska 89b, 61-614 Poznan, Poland which for ortho-Hy amounts to about 124 357 em™" [6]. The
ratio with the precisely known 25-18 transition 82 259 cm !
Pawet Czachorowski and Krzysztof Pachucki [33] is independent of the Rydberg constant, but depends on
Faculty of Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland the proton charge radius through
™ (Received 7 December 2018; published 15 March 2019) E(Hs,TP) "

= 1512 1.4- 107" 2 /fm?. (27)

E(H,25-15)

The quantum electrodynamic correction to the energy of the hydrogen molecule has been evaluated
without expansion in the electron-proton mass ratio. The obtained results significantly improve the
accuracy of theoretical predictions reaching the level of 1 MHz for the dissociation energy, in very good
agreement with the parallel measurement [Holsch et al., Phys. Rev. Lett. 122, 103002 (2019)] Molecular
hydrogen has thus become a cornerstone of ultraprecise quantum chemistry, which opens perspectives for
determination of fundamental physical constants from its spectra.

DOI: 10.1103/PhysRevLett. 122.103003

TABLE III. Theoretical predictions for the dissociation energy budget for the ground level of Hs. Eéfg is a second order correction due to

relativistic BO potential; Erg is the finite nuclear size correction with 1, = 0.84087(39) [28] . All the energy entries are givenincm™ '

Contribution Doo Dqg 4 (0,1) — (0, 0) Remarks & References
£ 36 118.707 746 10(3) 36000.312 485 66(2) 118.485 260 44(4) naJC; [10], [29]

EW o —0.531215 6(5) —0.533799 2(5) 0.002 583 55(2) naECG; [12], this work
PO —0.194 010 43(15) —0.1938877(11) —0.0010227(11) naECG; [14], this work
o o —0.002 067(6) —0.002 058(6) —0.0000089 BO; [17]

EéSQ 0.000 0092 0.0000091 0.0000001 BO; this work

B 0.000 101(25) 0.000 101(25) 0.0000005(1) BO; [14, 17]

Eglgj —0.000031 —0.000031 —0.000 0002 BO; [14, 17]

Total 36 118.069632(26) 35909.582 820(26) 118.486 8127(11)

(about 1 MHz) (about 30 kHz)



Connection between one- and two-electron atoms and molecules
A H+H,H +D,

(‘He™), "He™, "He” — o0

A D+ + D+
N -
~ @)
E("He' S =
I( e ) E"é ‘N E|(Ha D’ )
i 5
& —
(*He"), °He", *He’ — OO —o H+ |—| |—|: +D,
H+D,D +D
O C
5 =
E(He) | §% N[ E(H,D, ..)
4 S
& -
e, Ho, H+H, H+D,
e), "He, ‘He —- ——
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united- » Separated-

atom limit Dissociation atom limit



[l. Experimental approach: Rydberg-series extrapolation
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- Cold samples

- Supersonic
beams

- cw lasers
- frequency combs
- ultrahigh vacuum

- resonant multi-
photon excitation



Properties of Rydberg states

Property n-dependence n=100
Classical radius a,n’ 0.5 um
.4 2 1.3 meV
Binding energy -R n ~11 em”
lonisation field (V/cm) oc 2.5 V/em
Radiative lifetime > 100 us
Max. Induced dipole 2 30000
ea,n
moment 0 Debye

Further properties:

Spacing between neighboring states of a series: « n’
Resonant dipole-dipole interaction: « n*
Polarisability: « n”

Van der Waalls interaction: « n'




Rydberg states: From atoms to molecules

476 HERZBERG AND JUNGEN Atomic hydrogen
TABLE VI ' ' : Rand
LiviTs or RYDBERG SERIES ABOvE 9" = 0, J” =0
Mitte

v N=0 N =1 N =2 N =14
0 124417 .2 124476.0 124591 .50 Rand
1 126608.4 126664 2 126773.6 127152.2 ‘ |
2 128672.6 128724.8 128828.0 129185.7 1, ity H
3 130613.4 130662.3 130760.9"

G. Herzberg, Ann Phys 84, 565 (1927)

(Precision: about 30 GHz)

G. Herzberg

Molecular hydrogen

1236403 cm-!
RO
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i -4
Hi
e
11 1l - l__ 1 ol =
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R ICE TR . B 5 = s —a 5 P{l)npo v=0
o n_ = S0 |27 25 | 22 T 3 5 4 R(l)npl v=0
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= 0) and below (J” = 1) the spectrograms Alm s br k 1 leading l ., the extrapolated series limits are marked. Unidentified lines are

Extrapolation by multichannel quantum defect
theory

G. Herzberg and Ch. Jungen, J. Mol. Spec. 41, 425 (1972)




The Rydberg spectrum of HD (X 'T," (v=0,N=0) — np[X" "Z," (v=0,N=0,2)]

| | | | ] (0,0)
~ 4+ n=30 40 50 60 100 -
S 37 0,2) I
= (a)
72- :
.20
i HEIRIIR '
0 Dt msinamamnels Jhl i | T — - I[J . }MMMAMM-MMMA‘ e
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Rydberg-state binding energy by millimeter-wave spectroscopy

Gerade states
Eb(56p1 ): 34.881'11 2(1 O) cm’ Metastable series: nd(N'=1,N=1) —»  np/ nf

Accuracy: about 300 kHz PI(E=0)  PISTD p1,(8=0)
_— 1 l_l;,fbj(gﬂ,z)l—‘—l
AV — i d1,(G'=3/2)
X (V O, N 1 ) a) 53d—» 57p /f
n’p/f d11(G+=1/2) | |
Millimeter waves® '~ = e oo
4 hs/d 6) JL 53d—>56p/f
-1 "\ A MU TRV, (T - ]
:3()'()()() (:rT] ' 126b00 125000 ' 13db00
—a B(v=3,J=0) 52d —»56p/f
‘‘‘‘‘‘‘‘‘‘‘‘‘ JEESSSMMMMMMMMMM:;OOOO 175000
1 'd —» 55p/f
' - bt e g et ottt w
Sazl ()()() (:rT] 125000 130000 35000
®) 51d —» 55p/f

N A e e e A A4 A A Al Al it A A1 i

175000 180000 185000

—— X(v=0,J=1) ) JL 51dl—>54p/f

1124491.92(15) MHz RIS, SN R
Frequency / MHz

34.881'112(10) cm” Osterwalder, Wiest, FM, Jungen, JCP 121, 11810 (2004)

Sprecher, Jungen, FM, JCP 140, 104303 (2014)



Experimental setup
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lll. The ionization energy of metastable helium

Complete «’m Lamb shift of helium triplet states !

Vojtéch Patk6§©,' Viadimir A. Yerokhin®,? and Krzysztof Pachucki®?
'Faculry of Mathematrics and Physics, Charles University, Ke Karlovu 3. 121 16 Prague 2, Czech Republic
*Center for Advanced Studies, Peter the Great St. Petersburg Polvtechnic University, Polvtekhnicheskaya 29, 195251 St. Petersburg, Russia
3 Faculty of Physics, University of Warsaw, Pasteura 3, 02-093 Warsaw, Poland n =

H

M (Received 1 March 2021; accepted 22 March 2021; published 5 April 2021) n =

n =
We have derived the complete formula for the a” m contribution to energy levels of an arbitrary triplet state of

the helium atom, performed numerical calculations for the 2°S and 2 °P states, and thus improved the theoretical n =
accuracy of ionization energies of these states by more than an order of magnitude. Using the nuclear charge
radius extracted from the muonic helium Lamb shift, we obtain the theoretical prediction in excellent agreement
with the measured 23§ — 2P transition energy [X. Zheng ef al.. Phys. Rev. Lett. 119, 263002 (2017)]. At the
same time, we observe significant discrepancies with experiments for the 2°S — 3 *D and 2 *P — 3°D transitions.

DOL: 10.1103/PhysRevA.103.042809
n =

Disagreements between theory and experiment for tran-
sitions involving D states have already been reported
[16,17,37]. The present calculation reduces the discrepancy
for triplet states from 1 to 0.5 MHz. However, the theoretical
uncertainty due to uncalculated higher-order effects is now
reduced by an order of magnitude, so the relative discrepancy
with experiment increased drastically, reaching 150 for the
23Py — 3D, transition.

E(@) = 2mE® + a*mE® + aSmE® + asmE® + ...

Patkos et al.,, PRA 103, 042809 (2021)

oo
.

9

(%]

‘Het 1528,/
T — —

Av = 460 (52)(56).kHz 7
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///Au = 490 (16)(28).kHz

= —20(54)(14) kHz

T |. ) | !
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235-33D,
Ver, = 786 823 850.002 (56) MHz

V.o =786 823 849.540 (52) MHz
v, —Vv.,. = 460(76) kHz

exp calc
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Table II. Overview of systematic shifts and systematic and

statistical uncertainties.

Source

Shift Uncertainty

Systematic

Pressure Shift
DC-Stark Shift
AC-Stark Shift

224 Order Doppler Shift
Photon-Recoil Shift
Frequency Calibration
Osyst,

Statistics

i Order‘Doppler Shift

Ostat

—1.33 kH=

< 0.8 kHz

accounted for in model

< 5 kHz

150 Hz
506 kHz

19 kHz

< 20 kHz

25 kHz
25 kHz

- Final total uncertainty of 32 kHz (3 x 107! level
From Clausen et al., PRL 127, 093001 (2021)



Comparison experiment - theory

S I3 S

‘He™ 1s2S.,
w i —_—
2 - — AEwp(3°D,;) = —53(69) kHz
9 — S
AEp(23P) =414(42
n=2 - AFEp(23S1) = 409(61) k zg
v =192510702148.72(20) kHz

1 !
;

ns 'Sy np Py nd 'Ds ns3S; np P nd 3D

10c discrepancy

Experiment 2 Theory' AET
238, 1152842742.640(32) 1152842742.231(52) £0.409(6
23P 876 106 247.025(32) 876 106 246.611(16) \N0.414(42

3D, 366 018 892.638(65) 366 018 892.691(23) -0.053(69)
31D, 365 917 748.688(34) 365 917 748.661(19) 0.027(38)

All units in MHz ¢

1 Patkés et al., PRA 103, 042809 (2021)
2Clausen et al, PRL 127, 093001 (2021)



Check the experiment with new measurement in He 2s°S,
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V. The ionization and dissociation energies of H,

D,: Minimal energy required to break a molecule in its energetic
ground state into two fragment, both in the energetic ground state

D.: Energy difference between the dissociation limit and the minimum
energy of the Born-Oppenheimer potential function

> H+ H

&

) D, |D,
XHZ\/ J=0
|||| I I I I ||||

1 10

internuclear distance / a,



lonization and dissociation energies of H,
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The ionization energies of para and ortho H,

Frequency combs, cw lasers, supersonic beams
Calibration: Rb GPS reference

X H. vt =0,1
2 t =
I N*=0,1 Extrapolation Av = 300 kHz
np H
: 5 Zurich: single-photon, Av = 150 kHZ'
' Doppler-limited, cw lasers
EFH, — v=0 1
N=0,1 Holsch et al., PRL 122, 013001 (2019)
A|? Amsterdam: Ramsey-comb, Av = 75 kHz?
two-photon, Doppler-free 3
31 kHz
v=20
X H2 N = 0,1 ? Altmann et al., PRL 120, 043204 (2018)

> PREN2022 Talk by Elmer Grindeman



The dissociation energy of H, (in cm™): 2009 vs 2019

2019, exp. + theor.

Liu et al., 2009 (exp.) [16]

Puchalski et al., 2017 [11]

Puchalski et al., 2016 [10]

| Piszczatowski et al., 2009 [4]

| Wolniewicz, 1995 [3]

-40 -20 0 20 40
D,""" (H,) - 1 079 240 344.3 (MHz)

2019:
Relativistic correction with nonadiabatic wavefunction: Experiment:
M. Puchalski, J. Komasa, P. Czachorowski and Holsch et al., Phys. Rev. Lett. 122, 103002 (2019)

K. Pachucki, Phys. Rev. Lett. 122, 103003 (2019)

36'118.069'647(11) cm™ (uncertainty 330 kHz)
36'118.069'632(26) cm™ (uncertainty 780 kHz)



energy

The (J=1) - (J=0) ortho-para interval of H,

Energy-level structures of
H+ H para- and ortho-H, have
/ ID A X I D,(ortho) | never begn connected.
0 e J=1 Global shift?
X HZ\/ Y J=0
1 | | | | 1T 1T 11 |
1 10

internuclear distance / a,

D,(para-H,): (1) = 36 118.069 605(31) cm’”

D, (ortho-H.,) (2) = 35 999.582 834(26) cm’

Ortho-para interval *: (1)-(2) = 118.486 771(50) cm’

Theory °: 118.486 812 7(11) cm’ (without global shift)
Global shift * 0.000041(50) cm” = 1.2(1.5) MHz

" Beyer et al., PRL 123, 163002 (2019)
" Puchalski et al., PRL 122, 103003 (2019)



What is next?

- He: Experiment has to be checked.

Zurich: measurement of the ionization energy of He 2 °S.

- H,: Theory has to be checked

Warsaw: Higher-order QED correction

- Next generation of experiments is underway
Amsterdam: Ramsey-Comb measurement in para H,, HD and D,
Zurich: Sl-traceable frequency calibration (Cs primary standard)

Zurich: Rydberg extrapolation using zero-quantum-defect positions



Connection to Swiss Cs primary frequency standard

Sl-traceable frequency dissemination at 1572.06 nm in a stabilized fiber network with

ring topology

Dominik Husmann and Jacques Morel*
Federal Institute of Metrology METAS, Lindenweg 50, 3008 Bern-Wabern, Switzerland

Davide Calonico and Cecilia Clivati
INRIM Istituto Nazionale di Ricerca Metrologica, [-10135 Torino, Italy

Konstantinos Chaloulos, Ernst Heirl, and Fabian Mauchle
SWITCH, Werdstrasse 2, 8021 Zurich, Switzerlond

Gloria Clausen, Urs Hollenstein, Frédéric Merkt, Simon Scheidegger, and Hansjirg Schmutz
ETH Zurich, Laboratory of Physical Chemistry, CH-8093 Zurich, Switzerland

Jérome Faist, Mathieu Bertrand, and Giacomo Scalari
ETH Zurich, Institute for Quantum FElectronics, Auguste-Piccard Hof 1, CH-8098 Zurich, Switzerland

Anatoly Johnson, Ziv Meir, Mudit Sinhal, and Stefan Willitsch
Department of Chemistry, University of Basel, Klingelbergstrasse 80, 4056 Basel, Switzerland
(Dated: April 1, 2021)

@
eBasel
IWB LEE o
o
Zurich
UniBE . Bern
o)

Telecommunication
data traffic: C-band
(1530-1565 nm)

Our network: L-Band
(1572.06 nm)

Closed-loop distribution
of Cs primary frequency

standard from METAS via
a fibre network (Switch)

Link instability:
47 x10™at1s

Husmann et al., Optics express 29, 24592 (2021)



Rydberg-series extrapolation with zero-quantum-defect positions
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The ionization energy of H

Cryogenic pulsed H atom source
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Field compensation FE = 1,92].-%%

HV

DC-offset

H atoms

F,~0.83Vcm!

Rydberg spectra n—35.m =1
with and without
fields
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Term value (1000 cm™!)

Experiment (H,) D

Measurement
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Projects in my group:

H atom: 2s — np (n > 20) Simon Scheidegger
(WI-02)

He atom: 1s2s 'S, — np (n > 20) Gloria Clausen
(WI-03)

H,/D,; E,and D, Nicolas HOlsch
(WI-05)
Joé€l Hussels
(WI-006)

He, and He,’ Paul Jansen
Luca Semeria



The H atom and muonic hydrogen

Electronic structure (Lyman, Balmer, ...): QM

’
Proton charge radius », (fm)

0.?2 . 0.?3 0.?4 . 0.|85 . 0.?6 . 0.|87 0.|88 .
Fine structure: relativistic QM, QED s work 330 B
| | | |
| ¢ | | v |
Lamb shift: QED CODATA 2014
o —e—]
Nuclear-size effects, hyperfine structure — —
. 2 =
Experimental R, o, m/m,, L = .
H spectra magnetic moments, | ¢ 3%- . .
(world data) proton radius, ... ,33248:59,, . *
8@ :gsn,:z — P
; 258D,, —e——
& 32100 t
RESEARCH ARTICLE T lsss” o
this work
28-4p —e— —w—1 H world data
ATOMIC PHYSICS T T T T T T T T T T T T T
0.82 0.84 0.86 0.88 Q.90 0.92 0.94

The Rydberg constant and proton size
from atomic hydrogen

Axel Beyer,' Lothar Maisenbacher,’* Arthur Matveev,' Randolf Pohl,"}
Ksenia Khabarova,>® Alexey Grinin,” Tobias Lamour,’ Dylan C. Yost,'{
Theodor W. Hiinsch,”® Nikolai Kolachevsky,?? Thomas Udem?*

Proton charge radius r, {fm)

T T T T T T T I T T T T
-0.0004 -0.0002 0.0000 0.0002 00004 0.0006

Rydberg constant B, — 10973 731.568 508 (m™)

Beyer et al., Science, 358, 79 (2017)

R. Pohl, A. Antognini et al., Nature, 466,213 (2010)



Measurement in He 2s°S,

1.04 —— Decelerator off, v=500 m/s
i)
——— Decelerator on, v=200 Ill,«’[%
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™ !
E \ |
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= |
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= 0.2 :
0.04
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Transition frequency (MHz) +1.151523 % 10°

®  LKB Paris, BEC Subgroup
]. Simonet Optical traps for Ultracold Metastable Helium atoms, (2011}

B Zeilinger group, Vienna
M. Keller et al. PRA 90, 063607 (2014}

® M. D. Hoogerland et al. Appl. Phys. B 62,323 (1996)
®  Wallraff group ETH Ziirich (T. Thiele, A. Hambitzer, D. Friese, L. Gerster, M. Melchner)

Zeeman deceleration on Zeeman deceleration on Zeeman deceleration on
Laser cooling off Laser cooling on one direction Laser cooling on



Amsterdam experiment
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Altmann et al., PRL 120, 043204 (2018)



Result of Amsterdam experiment:

X(v=0,N=1) - GK(v=1,N=1): v = 3 348 281 018.35(49)._(43)... MHz

stat Sys

BBO 4
/ ’\ :Id— Pump pulse 5
Vacuum ] 358nm 716nm Ti: Sa (a) 2
1.0F S
P | %
P — = = L ump puise
1 lon optics | é v . = g
e _,l (Chirp analysis\ ﬁum Pump © i
P Ti:Sa | s N
. X e pulse PAES T %
s Pinhole| & — c 05F =
- N R \ Seeded 2 . I
= E \ — WV Wﬁ pulse c _ 0.5 _ 1.0
T E b Rl I, ; = normalized H, velocity
= % \ ool I e PZT A EOM ’% T T T T T T (Lg
= AN I . Segy M ®
:ﬂ J f-(ﬁj-k- —\ Function generator g g
eedbac O8O
N H, \_ Y, 0.0 ppo@oe 8
¥ 3 w } |--__.._.||__-____‘_-.“_- 8
7 ®© 0.05¢ 5
\ / £os : B 0.00 3
L CW Ti: Sa 716nm 5:3_0_05 . 2
633nm 4 \ . . : . . : ; — :
o HR M4 - T 60 40 20 0 20 40 60 1 2 3 4586 7 8 °
P | | requenc - Day-to-day measurements
lonization laser y " q YL___ Vo (MHZ) - 3 348 281 020.58 Yy y
| comb feedback

oV

C. Cheng, J. Hussels, M. Niu, H.L. Bethlem, K.S.E. Eikema, E. J. Salumbides and W. Ubachs, 2018



Zurich experiment
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Table I: Error budget for the determination of the 54pl; +
EF(0, 1) transition frequency

Transition
Measured frequency

Bdpl; « EF(0,1)
755 776 720.84(18) MHz

Correction Uncertainty

DC Stark shift 10 kHz
AC Stark shift 5 kHz
Zeeman shift 10 kHz
Pressure shift 1 kHz
lst-order Doppler shift 200 kHz
2nd-order Doppler shift +8 kHz 1 kHz
Line-shape model 100 kHz
Hfs of EF(0,1) 100 kHz *
Photon-recoil shift -634 kHz

Systematic uncertainty 250 kHz

755 776 720.21(18 125 (25)ays MHz

“Estimated by multichannel quantum-defect theory in calcula-
tions of the type described in Ref. [39)

Final frequency

Holsch et al., Phys. Rev. Lett. 122, 013001 (2019)



Current status

Experiment Theory
H,: 36'118.069 647(11) cm™ (1) 36'118.069 632(26) cm™ (2)
D, 36 748.362 282(26) cm™ (3) 36748.362 342(26) cm™ (4)
HD: 36 405.783 66(36) cm™' (5) 36405.782 477(26) cm™' (4)

2022: Discrepancy in HD is about to be resolved

(1) Hélsch et al., Phys. Rev. Lett. 122, 013002 (2019)
(2) Puchalski et al., Phys. Rev. Lett. 122, 103003 (2019)
(3) Hussels et al., Phys. Rev. A 105, 022820 (2022)
(4) Puchalski et al., Phys. Rev. A100, 020503(R) (2019)
(5) Sprecher et al., J. Chem. Phys. 133, 111102 (2010)
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