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The gerade Rydberg states of hydrogen
Motivations

Test state-of-the-art MQDT calculations against ultrahigh resolution spectroscopy.

Success for the p and f (ungerade) states of H, at the level of 600 kHz
(Osterwalder et al., J. Chem. Phys. 121, 11810 (2004))

Global analysis of the gerade manifold of H, from n=2 to «o across all ionization thresholds
Complete understanding of spin-rovibronic interactions in a prototypical molecule.



The gerade Rydberg states of hydrogen
Motivations

A large body of spectroscopic data is available, but has never been analyzed:

1. Accurate positions of EF, GK, HH rovibronic levels (Herzberg, Jungen)
2. Rydberg spectra from n=10 to 50 converging on X 22;, v'=0,N=0,1,234:
Rottke, Welge (1992); Glab, Qin, Bistransin (1994); Osterwalder (2004);

3. Fine and hyperfine structure of triplet spin-rovibronic levels of the a,g,h,i,j states
Freund, Miller (1973-74); Ottinger, Rox (1994)

4. Fully resolved mmW spectra of n = 51 to 65 below N'=1 (ortho) Osterwalder (2004);
5. Hyperfine resolved laser spectra n = 35 to 65 below N'=1 (ortho) (tis work)



Doubly excited states and adiabatic potential curves

Singlet ungerade manifold

Singlet gerade manifold
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C.H. Greene and B. Yoo, J. Phys. Chem. 99, 1711 (1995)



(C. Greene and C. Jungen, Adv. At. Mol. Phys. 21, 51 (1985))

MQDT and scattering theory ‘@g

Scattering representation:
e-+H2+(i’)"> e-+H2+(i)

LPi' - Azq)i(w)vi_l/z |:f,+ (r)Sii' _fi_ (r)sii':|

Parametrization in terms of reaction matrix K(NxN):

¥, (E) = 4@, ) [£,(8, —&,(NK, ]

The representation that diagonalizes K is the basis of "eigenchannels”:

T
K =U tan(mrp)U
U transforms between eigen- and fragmentation channels:

(N7) A)(u)

U=("'|R)" "(N*




MQDT and scattering theory

The eigenchannel wavefunctions V. have a common phase shift Ty, in the fragmentation channels.
For R>R,:

v (E)= AZ O (0)U,, [f,(r)cosmy, —g,(r)sinny,, |

Large R boundary conditions:
Bound states: The wave functions must decay exponentially.

Continuum states: The wavefunctions must have a common eigenphase shift rt.

iFm (£)4,(E)=0

U, sm(B, +ru, ) (closed channels)

U, sinmt(—t +p, )  (openchannels)

Fl-a<E>={



L-uncoupling in d states
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The 'S, symmetry
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Derivation of quantum defect functions for the gerade states
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Derivation of quantum defect functions for the gerade states
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Rovibronic (-) levels with n=2,3,4 : comparison of experiment and MQDT calculations

triplet manifold singlet manifold

State v N 0BS CALC CALC-OBS State V N OBS CALC CALC-0OBS

I 0 1 112066.65 112065.62 -1.03 I 0 1 112072.89 112072.77 -0.12
2 112140.82 112140.02 -0.8 2 112147.64 112147.77 0.13
3 112264.88 112264.32 -0.56 3 112272.11 112272.46 0.35
4 112441.77 112441.38 -0.39 4 112449.12 112449.69 0.57

J 0 2 112513.95 112513.49 -0.46

I 0 5 112671.67 112671.55 -0.12 J 0 2 112525.97 112526.36 0.39

J 0 3 112732.18 112731.49 -0.69 I 0 5 112679.1 112679.88 0.78
4 113007.64  113006.63 -1.01 J 0 3 112743.57 112743.72 0.15

. L > T e Tlie 4 113018.39  113018.32  -0.07
2 114259.06 114257.96 -1.1 5 113346.57 113346.35 -0.22
3 114384.38 114383.58 -0.8 I 1 1 114172.13 114171.03 -1.1
4 114557.69  114557.13 -0.56 2 114252.86 114251.99 -0.87

J 1 2 114706.8 114706.09 -0.71 3 114379.11 114378.39 -0.72

I 1 5 114779.65 114779.39 -0.26

J 1 3 114904.61  114903.73 -0.88 4 114552.96 114552.4 -0.56
4 115158.2 115157.11  -1.09 J 1 2 114718.24 114717.7 -0.54
5 115463.46  115462.36 -1.1 I 1 5 114775.09 114774.79 -0.3

I 2 1 116145.57 116144.34 -1.23 _
2 116227 95 116226 68 -1 27 J 1 3 114914.55 114913.75 0.8
3 116353.23  116352.32 -0.91 4 115166.62  115165.56  -1.06
4 116523.39 116522.42 -0.97 5 115470.26 115469.22 -1.04
5 116737.95  116737.5 -0.45 I 2 1 116114.42 116111.88 -2.54

J 2 2 116776.23 116775.6 -0.63 2 116197.52 116195.23 -2.29
3 116954.76 116954.01 -0.75
4 117186.46  117185.31 -1.15 3 116324.01 116321.86 -2.15
5 117467.14 117466.08 -1.06 4 116494.72 116492.66 -2.06

R 0 1 117587.66 117587.08 -0.58 5 116709.73 116708.02 -1.71
2 1iIo00a Qianed.2t ~0-23 J 2 2 116787.2 116786.59 -0.61

s 0 2 117830.35 117829.88  -0.47 3 116963.16  116962.29  -0.87

R 0 4 117874.13 117874.05 -0.08 4 117191.62 117190.48 -1.14

I 3 1 117958.86 117956.2 -2.66
2 118041.08 118038.55 -2.53

s 0 3 118067.15 118066.58 -0.57 R 0 1 117589.25 117589.51 0.26

R 0 5 118099.26 118099.27 0.01 2 117603.37 117603.77 0.4

I 3 3 118164.91 118162.62 -2.29 3 117710.18 117710.6 0.42
4 118330.71  118328.64 -2.07 S 0 2 117834.75 117834.88 0.13

s 0 5 118352.97 118352.28 -0.69 R 0 4 117878.14 117878.66 0.52

I 3 5 118539.02 118536.72 -2.3

7 3 2 118687.78 I 3 1 117881.49 117879.54 -1.95
3 118725.16 118724.66 -0.5 2 117964.15 117962.31 -1.84
4 118885.31  118884.75  -0.56 S 0 3 118071.35 118071.36 0.01
5 119094.2 119093.57 -0.63 _

I 4 1 119348.28 119348.21 -0.07 I 3 3 118088.35 118086.67 1.68

R 1 1 119675 .7 119699 .9 R 0 5 118103.25 118103.81 0.56
2 119739.35 119737.25 -2.1 I 3 4 118254.04 118252.61 -1.43

I 4 3 119770.24 119768.88 -1.36 S 0 4 118356.84 118356.87 0.03

s 0 2 119873.14  119872.05 -1.09



Rovibronic (+) levels : the triplet manifold
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Rovibronic (+) levels : the singlet manifold
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H. Rottke and K. Welge, J. Chem. Phys. 97, 908 (1992)
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Photoionization spectra of ortho-H,: excitation X(0,1) --> B(0,0) --> ns,nd (N=1)
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After a slight adjustment of the quantum defect curves...(nx -0.004, nI1+0.005, nA unch.)
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Intensities, line shapes and autoionization

Intensity (arb. Units)

Transition moments from Jungen, Ross 1993
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Hyperfine structure in the gerade states | ’1 '045d13 U 45d1,  45s], A‘
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Summary

1. Pure ab initio quantum defect curves have been obtained for H,that predict both the rovibronic structure of the low n
excited gerade Rydberg states and the high n Rydberg states around the ionization thresholds to near
spectroscopic accuracy.

2. The quantum defect curves can be adjusted to yield a quantitative agreement with experimental spectra.

3. Autoionization lineshapes and linewidths are in qualitative agreement with the experiment.

4. The hyperfine structure of the Rydberg states and the recoupling of electronic and nuclear spins are

described accurately.

The present quantum defect curves provide a complete description of the spin-rovibronic interactions in the gerade
states and the (autoionization) dynamics induced by these interactions.

Outlook

1. Study the hyperfine structure of autoionizing levels and the role
of nuclear spin in photoionization.

2. Incorporate predissociation in MQDT model of gerade states. 0.0007 cm’’

3. Improve hyperfine structure parameters for H,".

114503 114504 114505  11450.6 114507
wavenumber relative to H(v=0,N=3) / cm
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