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Precision Rydberg spectroscopy in few‑particle atoms and molecules
+ +Precision measurements in H, 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He, 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...2 2 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electronic 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‑ 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‑ 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Theory
N‑particle system                                   (N‑1)‑particle system+H                                                            H  (proton radius r , Rydberg constant R )p ∞+He                                                          He  (electron binding energy, r , R )a ∞+H                                                            H  (molecular effects; m /m , r , R )2  2 p e p ∞

Rydberg‑series  extrapolation

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‑experimentExperimental result Theoretical resultAgreement?Check experiment Check theoryNo yes
Agreement persistsDisagreement persists ‑ Improve precision‑ Improve fundamental constants‑ Improve particle properties‑ Improve theory‑ Study different system‑ Identify new effect



Atomic and molecular Rydberg states
n = ¥

n=50  l=0‑49n=51  l=0‑50n=52  l=0‑51n=53  l=0‑52Energy
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n=51n=52n=53

+v =0+N =0 +v =0+N =2 +v =1+N =0

H‑Atom Other Atoms (He) Molecules (H )2

Ionisation‑continuum
~n = IP ‑  2(n ‑ d )lRRydberg formula



PropertyClassical radiusBinding energy
Radiative lifetimeMax. Induced dipole moment

n‑dependence
2a  n0 ‑2‑R n
2ea  n0

n=1000.5 mm1.3 meV‑1~11 cm
> 100 ms30’000 Debye

Ionisation field (V/cm) ‑4µ n 2.5 V/cm

Further properties꞉ 3Spacing between neighboring states of a series꞉ µ n  4Resonant dipole‑dipole interaction꞉ µ n7Polarisability꞉ µ n 11Van der Waals interaction꞉  µ n

Properties of Rydberg states
3µ n

Stark effect



G. Herzberg

+N =1 ‑  J''=1
+N =0 ‑  J''=0

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

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

Rydberg states꞉From atoms to molecules Atomic hydrogen
Molecular hydrogen



Ab initio calculations in two‑electron atoms

(precision about 50 kHz)

  2               4                  5                 6   a a a a             



            

Ab initio calculations in one‑electron molecules
 (2‑3 kHz)+H2



Generic experimental setup ‑ supersonic beams (cryogenic valves)‑ control of electric and magnetic fields‑ Doppler‑shift compensation‑ SI‑traceable frequency calibration



SI‑traceable frequency calibrationOutside commercial C‑Band (1530‑1565 nm)

L ‑Band



Tiesinga et al., J. Phys. Chem. Ref. Data 50, 033105 (2021)Eqs. (7) ‑ (41)                                 n ≤ 12

II. H‑atom Rydberg states, the Rydberg constant and the proton‑size puzzle



H‑atom Rydberg States and the Rydberg Constant
Rydberg constant from high‑n measurements using circular states (m=l=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  ≥ 1 Rydberg states (2 ≤ n ≤ ∞)           l   Sensitivity꞉ R /4∞                                   
      



Experimental approachSupersonic beam of metastable H (2s)Overcome the stray‑field problem꞉ Apply fields intentionally and resolve the Stark statesTransitions to high‑n Rydberg states with m  ≥ 1 (r  insensitive)l p

 

n = ¥Ionisation‑continuum

2s

n =20...

R/4

2p1/2 2s
n(R )≈R /4∞ ∞ n(R ,r )p∞Dm  = 1l(~365 nm)

                    n = 909.8717(32) MHz Bezginov et al., Science 365, 1007 (2019)         



T  ≈ 10 mK T



k = 0 Stark states꞉ field insensitive to first orderk = ± 2 Stark states꞉ field calibration Scheidegger et al., PRA 108, 042803 (2023)

0.8 V/cm

0.4 V/cm
0.8 V/cm

1.6 V/cm
1.2 V/cm



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

Doppler‑shift cancellation꞉ Retroreflection at ~365 nm



The Ionisation Energy of H(1s, f=0)
Rydberg constant꞉

n ꞉ This work1n ꞉ Bullis et al., PRL130, 203001(2023)2n ꞉ Bezginov et al., Science 365, 1007 (2019) 3n ꞉ Parthey et al., PRL 107, 203001 (2011) 4n ꞉ Essen et al., Nature 229, 110 (1971)5S. Scheidegger, FM, PRL 132, 113001 (2024)



550 measurements over 8 months, blindedThe Ionisation Energy of H(1s, f=0)

This work꞉CODATA2018꞉



The Rydberg constant and the proton radius

[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)
120 kHz S. Scheidegger, FM, PRL 132, 113001 (2024)



+v =0, n=70

+v =1, n=70
Exp.꞉    65 688 323.34(15) (36)  MHzstat syst ‑1             2 191.126 614(5) (12)  cmstat syst‑1             2191.2(2) cm  [2]Theor.꞉ 65 688 323.7101(5)(29) MHz [1]‑1             2191.126 626 344(17)(100) cm
             [1] V. I. Korobov et al., PRL 118, 233001 (2017)[2] G. Herzberg and C. Jungen, JMS 41, 425 (1972)Doran, Hölsch, Beyer, FM, PRL132, 073001 (2024)

+III. The fundamental vibrational interval of H2



IV. The ionization energy of triplet metastable He



4 1Ionization energy of  He (1s2s  S )0

[3] t = 7870 s t = 20 ms 

1 11s2s  S        1s50p  P  0 1         

7s

FWHM = 4 MHz





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

Imaging‑assisted sub‑Doppler single‑photon spectroscopy



Image acquisition with microchannel‑plate detector and CCD camera3 31s2s  S          1s33p  P1 0‑2



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



( )
Autocorrelation



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

cross‑correlation spectra3 32  S           33  P   (J = 0‑2)1 J
Doppler‑free single‑photon spectroscopy

FWHM < 1 MHzJ=1,2 J=0



Interferometric retroreflection alignment at 261 nm

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



MHz



4 3Ionization energy of  He 2  S  state 1

5

1 152 842 742.7082(55) (25)stat sys 9sDeviation (exp ‑ calc)꞉  477(52) kHzG. Clausen et al., PRA 111, 012817 (2025) 



np Rydberg series and3ionization energy of  He
n=27 n=51

Gloria Clausen, J. A. Agner, April 2024

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



a) Hyperfine structure too weak to affect close‑coupling quantum defectsb) Hyperfine structure splits the ionic levels꞉ more channelsc) Use Fano´s angular‑momentum frame‑transformation method (MQDT)

Four series‑ One series limit‑ Four quantum defectsd0,1                  d d d1,0          1,1          1,2

np1 np0 np1 np2F1/23/2 F1/2 1/23/21/2 3/25/2F F F LSJ(I)F
+ +(S I)F (ls)jF

np1 np0 np1 np2

S=0 S=1

np1 np0 np1 np2np1 np0 np1 np2
LS

+He (1s)4He (1s)(np) 3He (1s)(np)
3He꞉ Rydberg‑series extrapolation with hyperfine‑split ionic levels (1)‑(6)꞉

Seven series‑ Two series limits‑ Four quantum defectsd0,1                  d d d1,0          1,1          1,2(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)꞉ 3He (1s)(np)(3) H. J. Wörner, U. Hollenstein, F. Merkt, Phys. Rev. A 68, 032510 (2003)꞉ 83 5Kr (4p) (nl)(4) A. Osterwalder, A. Wüest, F. Merkt and  , J. Chem. Phys. 121, 11810 (2004)꞉ Ch. Jungen H  (1ss )(nl)2 g(5)  105, 052438 (2022), N. Chen, L. Li,1, W. Huie, M. Zhao, I. Vetter, C. H. Greene, and J. P. Covey꞉ Phys. Rev. A  171Yb (1s)(nl)Ca ‑ Ba (ns)(n´l)Early important contribution꞉ (6) M. Aymar,  Phys. Rep. 110, 163 (1984) 

For He꞉



Ionization frequencies, isotope shift and nuclear square radii1 152 842 742.7082(55) (25)  kHzstat sys1 152 788 844.6154(77) (25)  kHzstat sys53 898.093(9)  kHzstat2 2Dr  = 1.060(10) fm

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



Ionization energies of He (1s)(2s) and (1s)(2p) states

Dn = 477(54) kHz         (9s) Dn = 482(54) kHz           (9s) Dn = 444(17) kHz           (26s) 
3 3Agreement between experiment and theory for the (1s)(2s)  S      (1s)(2p)  P  transitions is accidental1        JA possible error in the calculations cannot be from a mass‑dependent term nor from a finite‑nuclear‑size effect   

Theory Experiment

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



2 2DE  ‑ DE  (point charge)= C(r  ‑ r )iso iso.  h atheor.

Nuclear radiiDE /h = 53 898.084(8)  kHzI stat2 3 2 4 2r ( He) ‑ r ( He) = 1.060(10) fm



Conclusions꞉H atom꞉ ‑ Method to determine the Rydberg constant independently of rp‑ Proton puzzle꞉ New value in favor of the r  value from muonic hydrogenp
+H  ion꞉2‑ 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 3 3   ionization energies of 2  S  and 2  P  states. Agreement with the nuclear 1 J   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=l=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  ≥ 1 Rydberg states (2 ≤ n ≤ ∞)           l     Sensitivity꞉ R /4∞                                   
      



The Rydberg constant and the proton radius

[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)
120 kHz S. Scheidegger, FM, PRL 132, 113001 (2024)



Scheidegger et al., 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042803 (2023)



4Theoretical contributions to the ionization energies of  He



The Rydberg Constant and the Proton Radius
[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)r  from [26]  pn  from [27]  1S‑2S S. Scheidegger, FM, PRL 132, 113001 (2024)

with r  from mH [276 ꞉         3 289 841 960 214(22) kHzpwth 1s‑2s frequency [27] ꞉ 3 289 841 960 194(40) kHz 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Scheidegger et al., PRA 108, 042803 (2023)

2s Hyperfine Splitting

f =1f =0



+Precision spectroscopy in H2

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

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

Exp.꞉    65 688 323.3(5) MHzTh.꞉      65 688 323.7101(5)(29) MHz(Korobov et al., PRL 118, 233001 (2017)) 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