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INTRODUCTION

Scope The results are tabulated for 13 internuclear separations
between 1 and 4 a0 .

Processes involving molecular hydrogen are of great
practical and fundamental importance. Superexcited Calculations
states, or resonances, of H2 play an important role in a

Calculations on electron collisions with H/
2 were per-number of these processes including dissociative recom-

formed using the R-matrix method. The wavefunctionsbination,1 photoionization,2 and dissociative photoioniza-
used were developed and tested by Branchett and Tenny-tion.3 There have been many studies of resonance posi-
son11 for studying transitions to Rydberg states of H2tions and widths for low-lying members of the resonance
and by Sarpal and Tennyson12 for calculating vibrationalseries which converge to the first excited, 2S/u state of
excitation cross sections.H/

2 (see Refs. 4–7 and references therein).
The present calculations improve on previous R-matrixDespite the importance of this system, only Tennyson

calculations of H**2 resonance widths4,6,7 in that the wave-and Noble4 have systematically studied the resonances of
function function expansion includes the lowest three states

all low-lying symmetries as a function of H–H in-
of the target H/

2 ion with 2S/g , 2S/u , and 2Pu symmetry.
ternuclear separation. These workers used a two-state R-

Furthermore, a more flexible representation of the target p
matrix model, which has been superseded by more recent

orbitals is used to represent not only the 2Pu target state
calculations, and did not consider internuclear separations

but also the P polarization effects. Further details of the
larger than 2.6 a0 , which is inadequate for modeling dis-

calculations can be found in Refs. 11 and 12.
sociative processes. A new feature of the present calculations is the pres-

A number of recent experiments1,8,9 have presented ence of resonance series converging to the 2Pu state of
challenges to the available theoretical data for this system. H/

2 . When such resonances lie above the 2S/u state, they
It would therefore appear timely to present a complete can autoionize to either the ground 2S/g or excited 2S/u
and systematic evaluation of the low-lying resonances of of H/

2 . Branching ratios for this were calculated using the
superexcited molecular hydrogen, H**2 . This has been time-delay matrix method of Smith.13,14

done in two ways: by explicitly fitting the eigenphase Resonances were located and fitted to a Breit–Wigner
sums for low-lying resonances in a series and by calculat- form using an automated search procedure.15 For all reso-
ing quantum defects for resonances series by considering nances the time-delay matrix was constructed and diago-
above threshold scattering. For resonances converging to nalized at the fitted resonance position, Er . The largest
the 2Pu state of H/

2 and lying above the 2S/u state, eigenvalue of this matrix yielded an alternative estimate
branching ratios for autoionization have also been calcu- of the resonance width, G, and, where appropriate, the
lated. These resonances, although observed experimen- corresponding eigenvector gives the branching ratio.13 In
tally,10 have not previously been considered. most cases the two methods of estimating the resonance

The present calculations have been performed using widths gave excellent agreement. Significant disagree-
the R-matrix method for the 1S/g , 1S/u , 1Pu , 1Pg , 1Dg , ments resulted only from poor initial fits. These cases

were refitted. Parameters obtained from these resonance1Du , 3S/g , 3S/u , 3Pu , 3Pg , 3Dg , and 3Du total symmetries.
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fits are tabulated in Tables I and II for resonances which until agreement was obtained between estimates obtained
from the fitting to the Breit–Wigner form and the time-converge to the 2S/u and 2Pu state of H/

2 , respectively.
delay method. In case of minor disagreements the nar-Complex quantum defects were obtained from the reso-
rower estimate was selected.nances using the formulae

It proved difficult to obtain reliable fits to resonances
which approached the H/

2 ground state, such as the lowestEr Å Et 0
1
n 2 , G Å 4B

n 3 , (1)
1S/g resonance at internuclear separation R Ç 2.6 a0 . This
problem has been well studied elsewhere,6 and no specialwhere energies are in rydberg (Ry). Et is the energy of
effort was made to obtain resonance parameters in thethe threshold with which the particular (resonance) state
crossing region.can be associated. The effective quantum number, n, is

For the quantum defect parameters, the crucial parame-related to the real part of the quantum defect by
ter is the energy, e, above threshold at which the S-matrix

n Å n 0 A, (2) is computed. A number of tests were performed before it
was decided that e Å 0.0008 Ry constituted a reliablewhere n is an integer. For bound states, such as the Ryd-
value. Again it was found that the real part of the complexberg states of H2 detailed in Table III, B Å 0. For reso-
defect, A, which corresponds to the position was muchnances, the complex quantum defect, m, is given by
more stable than the imaginary part, B, from which reso-

m Å A / 2iB. (3) nance widths can be estimated. A few B values were
found to vary quite strongly as a function of e.Estimates of A and B, which are assumed to vary

The tables of quantum defects label each column withsmoothly and usually slowly with n, can be obtained by
partial wave quantum numbers. Of course these quantumperforming scattering calculations above threshold.16,17

numbers are only approximate and were obtained by or-Such calculations were performed at 0.0008 Ry above
dering the quantum defects according to their dominanteach threshold. Table III presents estimates of the quan-
eigenvectors. In most cases the (l, m) values presented dotum defects of the high n Rydberg states of H2. Tables
indeed reflect the dominant characteristic of the quantumIV and V present complex quantum defects for the high
defects. However in some cases, particularly nearn resonances converging to the 2S/u and 2Pu states of
(avoided) crossings, this is not so. These instances areH/

2 respectively. It is possible to correlate the threshold
characterized by A values which either approach eachresonance parameters with those presented for the low n
other and move apart again or cross as a function ofmembers of the same series presented in Tables I and II.
internuclear separation, R.As parameters for only a few resonances are presented

The tabular material presented below may also be ob-in Tables I and II, these generally correlate with the lowest
tained in electronic form by anonymous ftp from jonny.partial waves, (l, m) values, given in Tables IV and V.
phys.ucl.ac.uk or via the author’s world wide web home
page at http://jonny.phys.ucl.ac.uk/home.html. The filesAccuracy
have been placed in directory pub/astrodata/H2**, where

There are two aspects which need to be considered the tables are given in both LATEX and simple text form.
when attempting to assess the accuracy of the data pre-
sented here: the accuracy of the model employed and any Acknowledgments
errors in the methods used to extract the parameters.
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obtain reliable resonance energies in a calculation: even
Referencespoor fits yield good estimates. Conversely resonance

widths can be very sensitive to the fitting procedure used. 1. C. Strömholm et al., Phys. Rev. A 52, R4320 (1995)
Usually poor fits were found to significantly overestimate
the resonance width. In this work resonances were refitted 2. G. Raseev, J. Phys. B: At. Mol. Phys. 18, 423 (1985)
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EXPLANATION OF TABLES

TABLE I. Resonances Converging to the 2S/u State of H/
2

TABLE II. Resonances Converging to the 2Pu State of H/
2

TABLE III. Quantum Defects for Rydberg States of H2

TABLE IV. Complex Quantum Defects at the 2S/u Threshold

TABLE V. Complex Quantum Defects at the 2Pu Threshold

The tables are subdivided according to the total symmetry of the H2 system.
The columns of quantum defect in Tables III–V are labeled by partial wave
parameters (l, m). As discussed in the introductory text, these designations
are only approximate. Other parameters are defined as:

R Internuclear separation in a0 , the Bohr radius
Er Resonance position in Ry; Eq. (1)
G Resonance width in Ry; Eq. (1)
n Effective quantum number; Eq. (2)
A Real part of the (complex) quantum defect; Eq. (3)
B Half the imaginary part of the complex quantum defect; Eq. (3)
b0 Branching ratio for autoionization to H/

2
2S/g

b1 Branching ratio for autoionization to H/
2

2S/u
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TABLE I. Resonances Converging to the 2S/u State of H/
2

See page 257 for Explanation of Tables
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TABLE I. Resonances Converging to the 2S/u State of H/
2

See page 257 for Explanation of Tables
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TABLE I. Resonances Converging to the 2S/u State of H/
2

See page 257 for Explanation of Tables
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TABLE I. Resonances Converging to the 2S/u State of H/
2

See page 257 for Explanation of Tables
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TABLE I. Resonances Converging to the 2S/u State of H/
2

See page 257 for Explanation of Tables
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TABLE II. Resonances Converging to the 2Pu State of H/
2

See page 257 for Explanation of Tables
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TABLE II. Resonances Converging to the 2Pu State of H/
2

See page 257 for Explanation of Tables
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TABLE II. Resonances Converging to the 2Pu State of H/
2

See page 257 for Explanation of Tables
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TABLE II. Resonances Converging to the 2Pu State of H/
2

See page 257 for Explanation of Tables
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TABLE II. Resonances Converging to the 2Pu State of H/
2

See page 257 for Explanation of Tables
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TABLE III. Quantum Defects for Rydberg States of H2

See page 257 for Explanation of Tables
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TABLE III. Quantum Defects for Rydberg States of H2

See page 257 for Explanation of Tables
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TABLE IV. Complex Quantum Defects at the 2S/u Threshold
See page 257 for Explanation of Tables
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TABLE IV. Complex Quantum Defects at the 2S/u Threshold
See page 257 for Explanation of Tables
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TABLE IV. Complex Quantum Defects at the 2S/u Threshold
See page 257 for Explanation of Tables
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TABLE IV. Complex Quantum Defects at the 2S/u Threshold
See page 257 for Explanation of Tables
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TABLE V. Complex Quantum Defects at the 2Pu Threshold
See page 257 for Explanation of Tables
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TABLE V. Complex Quantum Defects at the 2Pu Threshold
See page 257 for Explanation of Tables
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TABLE V. Complex Quantum Defects at the 2Pu Threshold
See page 257 for Explanation of Tables
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TABLE V. Complex Quantum Defects at the 2Pu Threshold
See page 257 for Explanation of Tables
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