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Abstract. Bound states and quasibound Rydberg states of NO are studied as a function of
internuclear distances in the range 1.6–3.024 a0. R-matrix calculations which include 12
configuration interaction target states in the close-coupling expansion are performed. Rydberg
states of up ton = 10 are studied for the26+, 25 and21 symmetries of NO. Intruder states, of
both valence and Rydberg character, are followed both above and below the ionization threshold.
Where possible these states are classified as Rydberg states of an excited state of the ion. Away
from avoided crossings, it is found that the quantum defects of the Rydberg series converging on
the X16+ state of NO+ show little sensitivity to bondlength but show considerable dependence
on the number of states included in the close-coupled expansion.

1. Introduction

Rydberg states in molecules are known to play a crucial role in the dissociative
recombination (DR) process (Tennyson 1996a). In the case of NO, DR is relevant,
for example, in the E and F region of the ionosphere, where NO+ is one of the most
abundant molecular ions (Wayne 1991) and the hot oxygen thus produced contributes to the
maintenance of the night-time ionosphere (Shematovich and Bisikalo 1994). Furthermore,
the bound Rydberg states of the NO molecule have attracted a good deal of attention for
many years (Huber and Herzberg 1979) due, in part, to the simplicity of its structure. This
simplicity is a consequence of the high first electronic excitation energy of NO+ (6.5 eV,
Albritton et al 1979), which means that the Rydberg series converging to the excited NO+

states do not mix with the ground-state series, and the high ionization energy of NO (9.6 eV,
Gilmore 1965), that facilitates the presence of low-n members of the Rydberg series.

Standardab initio calculations of the potential energy curves of NO have been limited to
the valence and low-lying Rydberg states (Vivie and Peyerimhoff 1988) due to the difficulty
in describing the Rydberg electron, which requires very diffuse functions. On the other
hand, ab initio scattering methods, such as theR-matrix method (Burke and Berrington
1993), are adept at describing a diffuse electron outside an ionic core but, traditionally,
have lacked the high-level description of the core found in standard (bound) methods. This
limitation has partially been removed with the development of new algorithms (Tennyson
1996b).

In a previous paper, henceforth known as I, Rabadán and Tennyson (1996) presented
calculations of the bound and continuum states of the e−–NO+ system using the UK
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R-matrix package (Gillanet al 1995). Those calculations were performed at the NO
equilibrium bondlength (2.175 a0) and, in the best model, four configuration interaction
(CI) target states were included in the close-coupling expansion.

In I, the bound states were parametrized using multichannel quantum defect theory
(Seaton 1983, Moores and Saraph 1983). Quantum defects were obtained forl 6 5,m 6 2
and up ton = 11. The results were in reasonable quantitative agreement with experiment
(Miescher and Huber 1976, Fredinet al 1987), although there was a systematic deviation
of about 0.06 for alll waves. This deviation was ascribed to the effects of nuclear motion,
which were omitted from the calculation, and/or insufficient correlation/polarization effects.
In this work we address this issue by enlarging the close-coupling expansion to include
up to 12 target states, improving the target representation and performing a series of fixed
nuclei calculations in the internuclear distance range 1.6–3.024 a0.

To extend the close-coupling expansion, we use the program SCATCI (Tennyson 1996b).
This allows an increase in the complete active space (CAS) used in I. Furthermore, we also
represent the target using natural orbitals instead of the SCF molecular orbitals of I. Both
the CAS enlargement and the use of natural orbitals (NOs) improves the description of the
target, especially the excited states. For theN +1 system, the best model we use has 12 CI
target states, orthogonality relaxing configurations and correlation configurations.

Section 2 gives details of the theoretical treatment: description of the NO+ target states,
target plus electron description and how we get bound states and resonances. Section 3
presents results obtained at one geometry using different theoretical models, and at several
geometries using a 12-state model. We conclude in section 4.

2. Calculation details

We use the molecularR-matrix method, details of which can be found in Huo and Gianturco
(1995). The wavefunction in the inner region defined by a sphere of 15a0 centred on the
centre of mass of the molecule is

9k = A
∑
i,j

ai,j,k8iFi,j +
∑
i

bi,kχi (1)

whereA is the antisymmetrization operator,8i areN -electron target wavefunctions,Fi,j
are continuum orbitals andχi areN+1-electron, two-centre,L2 functions constructed from
the target occupied and virtual molecular orbitals. In this work the target wavefunctions,
8i , are expressed as phase corrected (Tennyson 1997) CI expansions based on the use of
CAS wavefunctions.

2.1. NO+ target model

As in I, we start with a basis set of(10σ, 6π, 1δ, 1φ) STOs (Billingsley 1975) centred on
each nucleus. These orbitals are use to build a molecular basis of 16 orbitals, in which both
the8i andχi functions are expanded. As the molecular basis is smaller than the atomic
basis, and we are restricted to the use of a single orbital set to expand all8i target states,
the energies of these states depend on the choice of the molecular orbitals. In the present
work we employ NOs instead of the previous SCF ones.

To obtain the set of NOs, three SCF calculations were performed yielding a first
molecular basis of(20σ, 12π, 2δ, 2φ) SCF orbitals. From an SCF on NO+(X 16+) we
select the first fiveσ orbitals, from an SCF on NO+(a36+) the remainingσ orbitals and,
finally, an SCF on NO+(A 15) produces theπ , δ andφ orbitals. This SCF molecular basis
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Figure 1. Calculated potential energy curves for the 12 lowest states of NO+.

set is used in a CI calculation on NO+(X 16+) to get nineσ NOs and on NO+(A 15) to
obtain fiveπ , oneδ and oneφ NOs. In these CI calculations we used all configurations that
arise moving 10 electrons in the CAS(3σ, 4σ, 5σ, 6σ, 1π, 2π) and all single and double
excitations from this CAS to the virtual space (7–20σ , 3–12π , 1–2δ, 1–2φ). The NOs
calculations were performed using the ALCHEMY II programs (McLeanet al 1991).

The largest target model in the present work contains 12 target states. The energy of
these states as a function of the internuclear distance is shown in figure 1. Table 1 contains
a comparison of the excitation energies at the equilibrium bondlength of NO(2.175 a0)
with calculations of I, Stratmannet al (1996), Partridgeet al (1990) and experimental data
of Albritton et al (1979). Present excitation energies are similar to the other calculations
and within 5% of the experimental data.

2.2. NO system model

The continuum functions,Fi,j , that appear in equation (1) are partial wave expansions
truncated to six waves and three symmetries (m 6 2). Their radial part are the numerical
solutions for an electron in an isotropic Coulomb potential, with an energy under 5 Ryd.
With these conditions, we obtain 60σ , 57 π and 54 δ functions, that were Schmidt
orthogonalized to the set of NOs. Allowance is made for higher-energy solutions using
a Buttle (1967) correction.

TheL2 functions (χi) used in the second sum in equation (1) were constructed similarly
to the target wavefunctions (8i): four electrons were frozen in the orbitals 1σ and 2σ
giving a CAS of(3σ, 4σ, 5σ, 6σ, 1π, 2π). The CAS was augmented by the 7–9σ , 3–5π ,
1δ and 1φ virtual orbitals. All configurations arising from allocating: (i) 11 electrons in
the CAS (orthogonality relaxing configurations) and (ii) 10 electrons in the CAS and one
in the virtual space (correlation configurations) were included in the calculation.

In the outer region, defined by the sphere of 15a0, the scattered electron moves
in the potential produced by the target charge, dipole and quadrupole moments. This
potential included diagonal and off-diagonal terms between target states. The values of these
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Table 1. Absolute energy (Hartree) of the ground state of NO+ and vertical energy excitations
(eV) for its first 11 excited states atR = 2.175 a0.

State CSFs This work Ia Calculatedb Calculatedc Experimentald

X 16+ 176 −129.1088 −129.0666
a36+ 184 6.86 6.73 6.91 6.9 6.5
b 35 328 7.27 7.00 7.46 7.3 6.9
w 31 170 8.29 7.97 8.23 8.2 7.6
b′ 36− 208 8.92 8.81 8.9 8.4
A 15 240 9.22 9.52 9.1 8.7
A′ 16− 120 9.48 9.34 9.3 8.7
W 11 142 9.76 9.57 9.7 8.9
c 35 328 12.54 12.59 12.5 12.1
B 15 240 14.42 14.42 14.1
B′ 16+ 176 15.62 15.36 14.7 13.4
(2) 31 170 16.87

a Rabad́an and Tennyson (1996).
b Stratmannet al (1996).
c Partridgeet al (1990); values obtained by using the experimental ionization energy of 9.62 eV
to fix the energy of the NO+(X 16+) state at this geometry.
d Albritton et al (1979).

multipoles for the ground state of NO+ in the range 1.5–3.0 a0 of internuclear distances
are in good agreement with Fehér and Martin (1993) CASSCF calculations. In particular,
at the NO+ equilibrium geometry, our results for the dipole and quadrupole moments are
0.178 and 0.737 au respectively, to compare with interpolated Fehér and Martin’s 0.15 and
0.74 au. Our dipole, none the less, does not decrease for bondlengths larger than 3a0 as
does Feh́er and Martin’s, but remains almost constant up to 4a0 (the largest distance we
have tried). This behaviour is probably a reflection of the quality of our target wavefunction
at large bondlength and, therefore, we restrict the calculations in this work to distances up
to 3 a0.

2.3. Bound states

In the R-matrix method, bound states are expanded in terms of the inner region
wavefunctions (1), which are used in the construction of theR-matrix. This matrix is
propagated in the outer region (Morgan 1984) to 40a0, where the inner wavefunctions are
matched with exponential decreasing functions obtained from a Gailitis expansion (Noble
and Nesbet 1984).

The matching between inner and outer functions requires a scan in energies that is
performed using the algorithm of Sarpalet al (1991) with the nonlinear grid in quantum
defect of I. This grid takes advantage of the clustering of the Rydberg states around integer
values of the effective quantum number due to the small quantum defect associated with
higher partial waves. We had no problem locating all the bound states (up to six) associated
with eachn for each symmetry at most geometries.

As will be seen below, our calculations also revealed the presence of a number of
intruder states perturbing the Rydberg series. These states are harder to find because their
location is less predictable. The grid used proved flexible enough to locate many of these
intruder states, particularly the important ones which lie in the lown region.
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2.4. Resonances

The same information used to constructR-matrices for the bound states calculations can
be employed to study continuum states of the system. In this case, theR-matrix was
propagated in the outer region to 150a0, where the inner solutions are matched to a Gailitis
expansion based on Coulomb functions (Noble and Nesbet 1984). The resonances detected
were fitted to a Breit–Wigner profile using the program RESON (Tennyson and Noble 1984)
to obtain their position (Er ) and width (0). In this work we concentrate on the lower-lying
resonances. These resonances are important both for characterizing the intruder states in
the bound Rydberg series and for dissociative recombination.

3. Results

3.1. Comparison between target models

In this work we introduce several improvements in the calculation compared with that
employed in I. It is, therefore, worthwhile to examine the effect of these changes. This is
done at the equilibrium distance of NO and for the total symmetry25.

A convenient way to see these effects is by means of Edlén (1964) plots. For a particular
Rydberg series, these plots compare quantum defect as a function of the energyε, given as

εnlλ = − 1

(n− αnlλ)2 (2)

wheren is the principal quantum number andαnlλ is the quantum defect.
Figure 2(a) presents an Edlén plot for the pπ Rydberg series calculated with different

models: (i) the four-state calculation of I that used SCF orbitals and the ‘reduced’ CAS
(4σ5σ6σ1π2π)8; (ii) the same model but using the NOs described in the previous section;
(iii) a four-state model using the(3σ4σ5σ6σ1π2π)10 CAS and NOs; (iv) the same model
incorporating eight additional target states (see table 1) to give a 12-state model; (v) the
12-state model with only the four states of the previous calculations included explicitly
in the outer-region calculations. We note that model (v) is computationally significantly
cheaper than model (iv). The first three models are magnified in the inset. The models
are compared with the experimental results of Miescher and Huber (1976). Here, and
elsewhere, experimental quantum defects refer to the lowest vibrational level of the Rydberg
state concerned.

As in I, our quantum defects are systematically lower than the measured ones. It is
seen that the main improvement, i.e. increase in quantum defect, comes from enlarging the
close-coupling expansion. This improvement is retained when the eight higher target states
are not included explicitly in the outer-region calculation. The change in quantum defects
is small when NOs and/or the extended CAS (models in the inset) are used. These changes
are more important for improving the representation of the excited target states (see table 1),
which is crucial for obtaining intruder states in the correct position.

An important feature in figure 2(a) is a perturbation in the Rydberg series in the 12-state
model. It will be shown below that this is caused by the presence of an intruder state in
between then = 6 andn = 7 states. The interaction between the intruder state and the
Rydberg states stabilizes those states below the intruder, so increasing their quantum defect,
and destabilizes those above, decreasing their quantum defect. The energy of the intruder
state is strongly model dependent. In the four-state model, the intruder state appears above
all Rydberg states calculated and its presence can be seen in the increase in quantum defect
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Figure 2. Edlén plot of the NO (R = 2.175a0) Rydberg series of (a) pπ and (b) dπ symmetries
for different models:◦ , four-state model of I;M, four-state model with NOs and a ‘reduced’
CAS; ♦, four-state model;�, 12-state model;∗, four-state model reduced from the 12-state
model. Experiments: full triangle, Miescher and Huber (1976); full diamond, Fredinet al
(1987). The numbers in the panels indicate the principal quantum number,n, of the states.

that these series show asn→ 10. This is the reason for the quadratic behaviour observed
for this series in I.

The vertical ionization energies from the NO ground state (not included in figure 2(a))
and NO(C 25) to NO+(X 16+), in the 12-state model, are 9.18 and 3.63 eV, and can
be compared with experimental values 9.6 and 3.8 eV (Gilmore 1965). The NO ground
state remains the least accurate state calculated due to its valence character; however, the
corresponding figures in I were 8.71 and 3.56 eV, so the present calculation represents a
significant improvement.

The other Rydberg series investigated show a more conventional behaviour, since they
interact little with low intruder states (mainly of p character). As an example, we show the
dπ series in figure 2(b). Here, it can again be seen that the biggest improvement is obtained
by increasing the close-coupling expansion, and the results are not sensitive to including
the eight higher states in the outer region calculation. The intruder state that produces the
perturbation in series pπ seen in figure 2(a) shows no interaction with the series dπ .

Figure 3 contains Edlén plots for the series: sσ , pσ , dσ and dδ. Results with the 12-state
model are compared with the four-state model in I and experimental data of Miescher and
Huber (1976) and Fredinet al (1987). As in figures 2(a) and (b), the systematic difference
between experimental andR-matrix results is reduced with the larger close-coupling. None
the less, much of the difference still persists and, in the next subsection, we investigate the
possible role of nuclear motion in the origin of this discrepancy.
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Figure 3. Edlén plot of the Rydberg series of the NO molecule atR = 2.175 a0. The series
are indicated in each panel.R-matrix results:◦ , four-state model of I;�, 12-state model.
Experiments: full triangle, Miescher and Huber (1976); full diamond, Fredinet al (1987). The
numbers in the panels indicate the principal quantum number,n, of the states.

3.2. Geometry dependence

We have performed a series of fixed nuclei calculations (bondlengthsR = 1.606, 1.701,
1.795, 1.890, 2.003, 2.089, 2.175, 2.268, 2.350, 2.457, 2.500, 2.560, 2.646, 2.736, 2.835 and
3.024 a0) of the bound states of NO and lower resonances of e–NO+ for total symmetries
26+, 25 and 21 using the 12-state model. These results are presented as potential energy
curves, where the behaviour of the intruder states and their continuation into the continuum
is clearly seen; plots of the effective quantum numberv (= n − αnlγ ) calculated from the
NO+ ground state as a function ofR, which show the Rydberg structure and the interaction
between Rydberg and intruder states; and the parameters of a linear fit to the Edlén plots
for bondlengths betweenR = 1.701 and 2.457 a0, that give information on the Rydberg
behaviour of the series. The potential energy curve of the NO+ ground state has been
included in the figures displaying the potentials.

In a CI calculation, the states of the same symmetry do not cross. The avoided crossing
produces a characteristic pattern that is more or less evident depending on the coupling
between states and the coarseness of grid points calculated. Given that we use a fixed
grid in internuclear distances for all calculations, we have diabatized the crossings between
intruder and Rydberg states as well as those between resonances, when joining the energies
at different geometries.

Figure 4 contains the potential energy curves of the states of symmetry26+, three
intruder states are identified and their continuation in the continuum spectrum as resonances
can be clearly seen. In the discrete spectrum, some additional bound states have been
obtained but not assigned to any series. The plot clearly shows a triple crossing between
the two lower Rydberg states and the intruder state. We checked the valence origin of
this intruder state by performing calculations for the geometries betweenR = 2.457 and
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Figure 4. Potential energy curves of the26+ states of NO. Full light curves: Rydberg states.
The dots in the lowest state are the grid of geometries calculated. Only Rydberg states 3–6sσ

and 3–6pσ are plotted. Stars mark the positions of the intruder states; full/broken curves join
diabatically these states where bound/resonant.

3.024 a0 that only included the NO+ ground state in the close-coupling expansion. In that
calculation, the lowest intruder state still appears, although it is 1.65 eV higher in energy.

The resonances are labelled in the figure according to their Rydberg series. Resonances
with molecular characterσ belong to the series converging to NO+(a36+). The one
labelled 3pπ belongs to the series converging to NO+(b 35) and only appears in this figure
for internuclear distances smaller than 2.1 a0. The quantum defects,α, obtained for these
resonances are similar to those given in I atR = 2.175a0. For the resonance 2pσ , α ' 0.5
and its mean width,0, is 0.037 eV; the resonance 3sσ hasα ' 1.0 and0 ' 0.01 eV; 3pσ
hasα ' 0.62 and0 ' 0.01 eV; finally, the resonance 4sσ hasα ' 1.17 and0 ' 0.002 eV.

The 3sσ resonance is not detectable atR = 2.350 a0. To investigate the loss of this
resonance, calculations that included only the X16+ and a36+ NO+ states in the outer
region were performed at geometriesR = 2.268, 2.350 and 2.457 a0. The resonance was
found for all three geometries; atR = 2.268 and 2.457 a0 it was very close in energy to
the full calculation. Furthermore, in both calculations, the resonance undergoes a change in
shape from a window atR = 2.268 a0 to a spike atR = 2.457 a0. This suggests that the
loss of the resonance is not simply due to a change in the coupling between the discrete
state and the continuum, but that coupling to higher electronic states is involved in the
phenomenon.

The Rydberg structure of the26+ series is displayed better in figure 5. Only Rydberg
states withl 6 3 are included in the plot because higher ones have very small quantum
defects and do not show any visible features in this kind of graph. Intruder states have
also been included. In this figure, the effect of the intruder states on the Rydberg series
and the pattern of avoided crossing between Rydberg states are clear. These crossings are
produced by the stabilization of the p wave; the crossings also mix the character of the
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Figure 5. Effective quantum number,v (see text), of the NO(26+) bound states as a function
of geometry. Included are the Rydberg states ofl 6 3. Thel character of the states is indicated
in the extremes.×, s;◦ , p; M, d; �, f. Stars mark the position of the intruder states.

waves. Thel character of the states is specified at the extremes of the curves and have been
obtained by diagonalizing the matrixS at 0.3 eV above threshold (Seaton 1983, Tennyson
1988). An analysis of the figure shows that the presence of Rydberg states correlating with
excited target states produce perturbations in the energy of the nearby Rydberg states. This
interaction is, not surprisingly, larger when the states have the samel character.

The crossing between the lower two Rydberg states and the valence state in figures 4 and
5 has been analysed by Vivie and Peyerimhoff (1988). Even in their simplified model, their
figure 2 demonstrates that this triple crossing is complicated. After exploring the variation
with R of the NOs involved in these states, Vivie and Peyerimhoff (1988) conclude that
the quasihomonuclear symmetry of the orbitals is lost asR increases. This facilitates the
interaction between these Rydberg states, which is forbidden in homonuclear molecules.

Figure 5 shows a number of isolated intruder states. The effect of these states, as well
as the intruder states for which we give curves, can be clearly seen on the Rydberg series.
Of course the isolated intruder states should also lie on curves but these are difficult to
construct with the limited bondlength-dependent information obtained here. A full study
would require calculations at significantly more internuclear separations and was considered
to be beyond the scope of this work.

Figure 6 gives the potential energy curves of the Rydberg, intruder and resonance states
of total symmetry25. The lower two intruder states also appear in a one-state calculation,
but displaced towards higher energies 2.2 and 1.4 eV respectively. These displacements are
large compared to the 0.02 eV of increase in the lower Rydberg states.

The lowest three intruder states, and their continuation as resonances, do not track
any of the excited ionic-state curves, thus no labels have been assigned to them. This
indicates that these states have a high ‘valence’ character. The resonance labelled 3sσ is
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Figure 6. Potential energy curves of the25 states of NO. Full light curves: Rydberg states.
The dots in the C25 state are the grid of geometries calculated. Only Rydberg states 3–7pπ are
plotted. Stars mark the position of the intruder states; heavy full/broken curves join diabatically
these states where bound/resonant.

from the series converging to NO+(b 35); its quantum defect is' 1.0 and its width is about
0.06 eV. The 3pπ resonance is from the series converging to NO+(a36+) and hasα ' 0.6
and0 ' 0.02 eV. The three lowest intruder states have widths above threshold, from the
lowest upwards, of about 0.07, 0.008 and 0.16 eV.

The coupling between the intruder states and the lowest Rydberg state, NO(C 25),
appears strong and large interactions occur in the crossings.

Figure 7 gives the Rydberg states of symmetry25 and their interactions with the valence
states discussed above. Again, only Rydberg states withl 6 3 are plotted. The three lowest
intruder states produce mainly p-wave perturbations. The lowest (only) intruder state at
R = 2.175 a0 appears atv = 5.9; it is the one that produce the perturbation in the p series
seen in figure 2(a). Similar effects can be found at other geometries where intruder states
appear. Indeed, this perturbation in the Edlén plots of a Rydberg series can be used to
check that no intruder state has been missed in the energy span of the Rydberg series. This
appears to be the case in the25 symmetry where we appear to have isolated all the curves
of the significant intruder states.

Figure 8 gives the potential curves of the Rydberg states and resonances of symmetry
21. Only one intruder state is found with this symmetry. It can be assigned to the first state
of the Rydberg series sσ converging to NO+(w 31), with a quantum defect of about 0.68
and, above threshold, a width of 0.07 eV.

Unlike the lower symmetries, we do not give a figure of effective quantum number as
a function of geometry for the21 symmetry. The quantum defects of all Rydberg states
are small, there are no s and p waves in this symmetry, and show little dependence onR.
Furthermore, they do not show any perturbations visible on the scale of the plot.

More detailed information on the quantum defects of the Rydberg series, including
the high-l waves, is presented in figure 9. This displays the parameters used to fit the
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Figure 7. Effective quantum number,v (see text), of the NO(25) bound states as a function of
geometry. Symbols are the same as figure 5.

Figure 8. Energy diagram of the21 states of NO. Full light curves: Rydberg states. Only
Rydberg states 3–8dδ are plotted. Stars mark the position of the intruder state; heavy full/broken
curves join diabatically this state where bound/resonant.

linear equation

α = −aε + b (3)

to the Edĺen plots of the Rydberg series s–h for geometries betweenR = 1.701 and 2.457a0.
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Figure 9. Edlén parametersa(R) (left column) andb(R) (right column) obtained from linear
fits to equation (3). Thel-character of the Rydberg series is indicated in the panels.�, Rydberg
series of symmetry26+; M, 25; ◦ , 21. Full symbols are estimates from the experimental
results shown in figures 2 and 3.

At R = 2.175 a0, estimates ofb from the experimental data shown in figures 2 and 3 are
included as full symbols. For larger values ofR, the presence of intruder states produces
perturbations in the Rydberg series (especially of the26+ symmetry) and fitting to (3) is
unphysical.

The actual quantum defects, as a function ofn, are obtained from equations (2) and (3),
at first order, as

αn = na + n3b

n3− 2a
. (4)

Figure 9 shows that the quantum defects become symmetry independent asl increases,
especially at short bondlengths. Geometry dependence in the s wave is smaller than in
the p wave (note the different scales). The largest changes, both ina and b, appear at
R = 2.457 a0 in the p wave for the26+ symmetry. This corresponds to the stabilization
seen in figure 5 for this wave. The decrease inb asR increases for the p wave and25

symmetry reflects the destabilization of the p wave in figure 7. We note a jump in the g
wave and, to a lesser extent, the f and h waves betweenR = 1.795 and 1.890 a0. This
coincides with the quadrupole moment of NO+(X 16+) going through zero between these
two geometries.

In figures 5, 7 and especially 9, it can be seen that our quantum defects are lower
than the experimental ones, at least for geometries in the vicinity of the NO and NO+

equilibrium. Furthermore, the quantum defects do not change withR in a way that would
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suggest that the inclusion of nuclear motion in our calculation would significantly reduce
the difference found between experimental and the theoretical quantum defects presented
here and in I.

4. Conclusion

Using theR-matrix method,ab initio adiabatic curves for the NO Rydberg states of
symmetries26+, 25 and 21 have been calculated for a range of geometries extending
well outside the NO and NO+ equilibrium separations. Other bound states have been found
and followed into the continuum spectrum as resonances. Some of these intruder states are
clearly Rydberg states of an excited ionic state. In that case, the Rydberg character has
been specified and a mean quantum defect given. For all resonances, the mean width has
also been given. Tabulations of our data as a function of geometry are available from the
authors†.

A comparison of models differing in the target representation and close-coupling
expansion employed has been made. The calculated quantum defects proved sensitive to
enlarging the close-coupling expansion. Conversely, the representation of individual target
states proved more important for absolute energies, representing excited target states and,
hence, for correctly positioning the crossings between the Rydberg series of the NO+ ground
estate and excited states. The large close-coupling was also important for the description of
intruder states of valence character, which are to be important in dissociative recombination
processes. For this mechanism, valuable information can be obtained from the valence–
Rydberg interactions shown.

In I, we raised the possibility that the systematic differences between our calculated and
the observed quantum defects might be due to our neglect of nuclear motion. This work
shows that, away from avoided crossings, the quantum defects are hardly sensitive to the
geometry. What is required is a better treatment of the polarization interactions via the
close-coupling expansion and/or the CI expansion. In particular, one could include single
and double excitations from the CAS (or a reduced version of it) to the virtual space. This
possibility has been explored for Rydberg states of CO (Tennyson 1996c) with encouraging
results.
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