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Abstract 

The photoion excitation spectrum of NO has been measured in the 9.26-13.8 eV region using synchrotron light and the 
isotopic targets 14N160, 15N160 and 15N180. The resulting complex spectra have been interpreted using ab initio results 
based on many-body theory. The ab initio predictions suggest that the structure follows from autoionizations of four 
repulsive valence states of 2y~ symmetry and interactions between an attractive 2A valence state and Rydberg series 
converging to the NO + ground state. © 1997 Published by Elsevier Science B.V. 

I.  Introduct ion  

Because of  its interest in, for instance, upper 
atmosphere and pollution problems, photoionization 
and photodissociation in nitric oxide have been ex- 
tensively studied using a variety of  experimental 
techniques (cf. Ref. [1] and references therein). How- 
ever, the photoion excitation (PIE) spectrum as well 
as the photoabsorption spectrum of NO in the range 
hv = 10.5-13.6 eV shows a complex structure which 
has so far not been satisfactorily analyzed. Thus, the 
structure in the range h v =  9.26(I.P.)-10.5 eV is 
attributed to the Rydberg series R(X i E +, n = 3 -5 ,  
v = 1-4)  converging to the X l~  +, v = 1 -4  NO + 
ground-state levels, while the structure for hv > 13.5 
eV follows from Rydberg series converging to the 
upper NO + states a 3~+, b 31-I, w 3A . . . .  Actually, 

i Permanent address: Instytut Fizyki Mariana Smolu- 
chowskiego, Jagiellonian University, Reymonta 4, Krakrw, 
Poland. 

the first member (n = 3) of  the R(a 3•+) series 
appears already at h v =  12.6-12.9 eV, but this se- 
ries is barely visible in the PIE spectrum (see Fig. 1). 

A first attempt to analyze the region h v =  10.5-  
13.6 eV was made in the synchrotron radiation stud- 
ies [1] using isotopic targets 14N160 and 15N160. 

The analysis was inspired by calculations [2], which 
predict the presence of  valence-Rydberg mixings in 
the actual energy region caused primarily by a 'new'  
attractive valence state in NO. From the large isotope 
shifts in the PIE spectra from 14N160 and 15N160, it 
was concluded that the predicted valence-Rydberg 
mixing starts at v = 7 of  the 'new'  valence state for 
which to e (14N160) = 1610 ___ 100 cm -1 and 
To(14N160) = 77470 ___ 800 cm - l .  Thus, the 'new'  
valence state is only slightly above the NO + ground 
state but it is considerably shifted towards higher 
R-values. However, some of  the specified structure 
showed essentially no isotope shift. Thus, two strong 
and broad structures at around 13.17 and 13.40-13.43 
eV belong to this category and they should be asso- 
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Fig. 1. Photoion excitation spectra of 14NI60, 15N160 and 15N180 
in the region 900-980 A (12.65-13.78 eV). All the structures 
below 13.1 eV show large isotope shifts which indicate that high 
vibrational quantum numbers are involved. The three strong, 
broad features marked 2X(b), 2~(c) and 2X(d) show no isotope 
shifts and, following the calculations, they are attributed to three 
autoionizing repulsive 2~ valence states in NO. For the sake of 
clarity the weak Rydberg series R(X 1~+, n= 3-5) discussed in 
Ref. [1] are omitted in the figure. 

ciated with other ' new '  valence states in NO. 
The PIE measurements [1] were repeated using 

higher-order harmonic laser excitation with a band- 
width of  about 10 meV [3]. The measured natural 
widths in the PIE spectrum were found to correspond 
to lifetimes in the range 10-40  fs, which proves that 
the levels in the va lence -Rydberg  complex are sub- 
jected to strong electronic autoionizations. 

Recently the PIE measurements have been par- 
tially repeated in the same energy region [4] as well 
as supplementary measurements of  the 2D photo- 
electron spectrum. The authors [4] also predict the 
existence of  a ' new '  valence state in NO, but in the 
absence of  an isotope analysis, the first observed 
feature is attributed to v = 0 instead of  c = 7. The 
derived molecular  constants are therefore substan- 
tially different from those deduced from the experi- 
ments [1]. Also, no explanation is given for their 
strongest observed peak at 13.17 eV. 

In view of  the remaining question marks concern- 
ing the photoionization processes in NO close to 
threshold, it was decided to repeat the measurements 
[ l]  including another isotopic combination of  NO. 
Meanwhile  a new computer  code for making ab 

initio predictions of  properties of  autoionizing states 
has been developed. This code, which is based on 
many-body theory for general model  spaces [5-12],  
yields excitation energies, electric dipole transition 
moments to singly and doubly excited states, and 
autoionization rates (lifetimes). 

From the 2II  ground state in NO, excited states of 
211 , 2~ and 2A symmetry are accessible through 
electric dipole transitions. In the threshold region of  
excitation energies there is a considerable number of  
excited states of  each of these symmetries.  The 
present ab initio predictions show that the transition 
moments to these various excited states vary by 
orders of  magnitude. However,  only a few states 
have transition moments large enough to lead to 
observable effects. Thus, with the help of  the present 
theoretical results, it seems possible to make rather 
unequivocal assignments of  the observed structures. 

2. E x p e r i m e n t a l  

The experiments were performed in much the 
same way as previously [1] at beamline 52 of  the 
MAX synchrotron radiation facility, except for the 
replacement of  a QMS mass analyzer with a time- 
of-flight (TOF) analyzer. In addition to the previ- 
ously used target gases 14N160 and 15N160, 15N180 
(99.5% purity) was used as well. Using these targets 
the first order change of  the 'natural '  vibrational 
energy G(v )  to the corresponding energy Gi(v)  in 
the isotope i is 

( ')  ai(v)-a(v/=-a oo 

where A = 0.0179 (t5N160) and 0.0448 (]SNt80).  

PIE spectra of  the three isotopic species from the 
excitation regions 900-980  A and 1050-1130 A are 
shown in Fig. 1 and F ig .  2, respectively. The strong 
line at A =  908.2 A (13.65 eV) is the Rydberg 
transition R(w 3A, n = 3, v = 1) which, as expected, 
only shows small isotope shifts. The same conditions 
are present for all the structures at higher energies 
which follows from known Rydberg series. The two 
strong and broad structures at h v =  13.17 and 
13.40-13.43 eV discussed in the introduction also 
show no isotope shifts. These facts suggest that these 
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Fig. 2. Photoion excitation spectra of 14N t60, 15NI60 and nSN 180 
in the region 1050-1130 A (10.97-11.81 eV). The structure 
follows from autoionization of the valence-Rydberg mixing com- 
plex of an attractive 2A valence state and the Rydberg series R(X 
hE+) converging to the NO + ground state. The feature marked 
25(a) is the only one in the actual region which does not show a 
large isotope shift and it is therefore attributed to the lowest of the 
calculated repulsive 2~ valence states. For the sake of clarity the 
weak Rydberg series R(X a]g+ n = 3) is omitted in the figure. 

two features originate from direct autoionization of 
three 'new'  repulsive valence states in NO. Our 
calculations suggest that these two features are the 
repulsive 2•(b), 2X(c) and 2S~(d) states given in 

Table 1. 
The remaining PIE spectra in Figs. 1 and 2 for 

hv<~ 13.15 eV are mutually very different, i.e., the 
isotope shifts are very large except possibly for the 
line marked 2~(a) at h v =  11.41 eV. This region 
contains the ' new '  valence state 2A discussed in 
Refs. [1-3]  and the Rydberg series R(X iX+, n = 3 -  

5) which are populated thanks to interactions with 
this state. As seen from the figures our earlier vibra- 
tional numbering [1] is supported by the additional 
15N180 spectrum. 

3. T h e o r y  

To gain further information about the photoioniza- 
tion processes, and to support the interpretation of 
the present experimental data, we have carried out a 
rather extensive ab initio study of excited valence 
states in NO. We are interested in autoionizing states 
in the energy region closely above the ionization 
threshold. Quantities we want to compute are vertical 
excitation energies from the NO 21-I ground state, 
potential curves, electric dipole transition moments, 
and autoionization rates (lifetimes). Our theoretical 
method will be many-body theory for general model 
spaces [5-11 ], and below we give a brief outline of 
this method. 

We start with an effective Schr~dinger equation 

Heffq t °  = E , ~  ° ,  ( 1 ) 

where E, denotes an exact eigenvalue of the system, 
whereas the eigenfunction ~/so is restricted to a 
model space (P) of finite dimension. The effective 
Hamiltonian Her f which operates in this model space, 
is defined in terms of a perturbation expansion, i.e., 

~c 

n e f  f = n 0 -~- n '  q- E w(n)" ( 2 )  
n=2 

Here the terms W (") represent perturbation correc- 
tions from the second order (n  = 2) in the perturba- 
tion H' ,  and upwards. The perturbation terms in- 

Table 1 
Calculated 2y_, states with vertical excitation energies in the range 10-14 
11.42, 13.17, 13.40 and 13.44 eV, respectively 

State 

2XCa) 

2 ~(b) 
2 X(c) 
2 2 ( d )  

eV. The experiments suggest that the states 2 ~ ( a ) 2  E(d) occur at 

Excitation energy(eV) Electric dipole strength Irt012(au) Width F (eV) 

11.59 0.41 0.01 
11.97 0.0003 1.0 
12.38 0.15 0.10 
12.47 0.42 ~ 0.10 
12.57 0.54 0.05 
12.70 0.01 0.003 
13.79 0.16 0.05 
13.89 0.39 0.02 

Lifetime ~" (s) Dominant configuration 

6.5 × 10- a4 lrr327r6o. 
6.5× 10 -t6 4o- 27r 2 + 5o" l~'32rr 3 
6.5 X 10 -15 4o-2~-2 + 5o-2~-3~ - 
~7X 10 -15 5o" 2~'3rr 
1.3 × 10 -14 5o'2~'3~" 
1.9)< 10 -13 1~-327r 7o - 
l a x  10 -14 lrr327r6o - 
4.1 X 10 -14 lrr327r6o " 
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clude the complete interaction with states outside the 
model space in Eq. (1), thus ensuring that the eigen- 
values E k will be the exact ones. 

The unperturbed Hamiltonian H 0 of Eq. (2) is 
defined in the standard way as a sum over one-body 
terms, 

H0 = E [h ( i )  + u(/)]  (3) 
i 

and the perturbation H'  is consequently given by 

1 1 
H'  = -- E - -  - Y'- u ( i ) .  (4) 

2 i~ j  rij "7 

The solutions of the unperturbed problem 

form a complete set of Slater determinants, and a 
finite selected set of these determinants define our 
model space (cf. Eq. (1)), i.e. 

lI~? = E Cki~i" (6)  
i~P 

The energies E k of Eq. (1) and the coefficients C~g 
of Eq. (6) are obtained from Eq. (1) by diagonalizing 
a matrix with dimension equal to the size of the 
model space. Finally, it should be noted that there is 
an important operator /2 (wave operator) that trans- 
forms the eigenstates of Haf into the exact solutions 
of the stationary Schr~Jdinger equation 

Ha/t k = E k ~  k . (7) 

This transformation takes the form 

~'gk = ~ ' ~ ( 0 ) =  E Ckia(~); " (8)  
iEP 

We refrain from giving more technical details on the 
present method of computation and refer the reader 
the general references [5-11], and to references 
therein. 

Transition moments for an electric dipole compo- 
nent D u are obtained from (cf. Eq. (8)) 

<qttlD~]qtk> = E ct*jc , , , (~j[a+Dual@,)  • (9) 
i , j~P 

Thus, we have introduced an effective dipole 
operator J2+D~,/2 that includes the effects of elec- 
tron correlation, and is restricted to the model space. 

For an autoionizing state the terms W (") in the 
perturbation expansion of Eq. (2) will have singulari- 

ties (poles) that lead to a small imaginary contribu- 
tion to the energy eigenvalues, i.e., instead of the 
real eigenvalues E k we obtain complex ones Z k 
given by 

1 
Z k = E  k -  ~ i r  k. ( lO) 

An autoionizing state qs k will decay in time accord- 
ing to 

[q t ( t )  [ 2 = e-rkt/h,  (11) 

where F k obtained from Eq. (11) is the rate of 
autoionization. F k also gives the width of the au- 
toionizing state, and its lifetime is ~-= h / F  k. In the 
present investigation a special technique based on 
many-body theory and a dispersion relation (analytic 
continuation) will be used to compute the autoioniza- 
tion rate F k [6,12]. 

4. N u m e r i c a l  resu l t s  

The configuration of the 2II ground state in NO is 
lo-22o-23o.24o.25o'217r427r. The first step in our 
many-body approach is to carry out a Hartree-Fock 
calculation for the NO + ground state, i.e. with the 
27r electrons in NO removed. Our basis set consists 
of 22 Slater atomic orbitals of o. symmetry, 14 of 7r 
symmetry, and 9 of 6 symmetry. The present basis 
set includes several diffuse atomic orbitals to allow 
for an adequate representation of a few of the lowest 
Rydberg states. The molecular orbitals obtained from 
the Hartree-Fock calculation on NO + were used to 
construct the excited autoionizing states in NO. With 
our basis set we obtained three bound excited states 
of o. symmetry, i.e. 6o., 7o" and 8o-, two of 7r 
symmetry, i.e. 37r and 47r, and one of 6 symmetry. 

The present investigation will be concerned with 
excitation energies in the range 10-14 eV, rather 
closely above the ionization energy of 9.26 eV. 
Thus, our model space (cf. Eq. (6)) will be selected 
so that it gives an adequate description of this energy 
range. However, to improve the accuracy of the 
calculations, all excited states with lower energies 
that can be constructed from our bound excited 
orbitals, will also be included. The ground state will 
be included in the model space, as this seems to 



P. Erman et al. / Chemical Physics Letters 273 (1997) 239-246 243 

yield the best procedure for computing excitation 
energies. 

From the 21-1 ground state, excited states of 2 II ,  
2 E, and 2A symmetry can be reached through elec- 
tric dipole transitions. In all cases the appropriate 
model space is formed by single excitations from the 
occupied 50-, let, and 27r orbitals to the bound 
excited 60-, 7o-, 8o-, 37r, and 47r orbitals, and to the 
open 27r shell. Furthermore, double excitations from 
the 50- and lzr shells to the 27r shell are also 
included. The interaction with higher excited states is 
included via nef f of Eq. (2), where the perturbation 
expansion is terminated after n = 2 (second order). 
This means that the leading electron correlation cor- 
rection is included through W (2). 

First we consider excited states of 2H symmetry. 
The selected model space consists of 10 configura- 
tions, including that of the ground state. This leads to 
a total of 26 distinct 2I-I states whose energies were 
obtained by diagonalizing the 26 by 26 matrix con- 
structed from the effective Hamiltonian. The 
ground-state energy obtained in this way ( -  129.732 
au) was used as reference for all computed excitation 
energies, also those of 2~ and 2A states. Six 211 
states were located in the range 10-14 eV, however, 
all with uniquely small values (well below 0.1 au) of 
the electric dipole strength Irl012 defined by (cf. Eq. 
(9)) 

1 
[rl0l 2 = -~ [[(~tlxlqt0)[ 2 + [(~tl ylqr0)l 2 

+l(~lzl~0>12], (12) 
where ~0 refers to the NO ground state, and a/t t to 
the various excited states. Thus, excited 2II states 
are not expected to be observable with the present 
experimental technique. 

For the excited 2E states we used a model space 

consisting of 11 configurations, leading to 31 indi- 
vidual 2E states. Eight of these were found in the 
region 10-14 eV. Vertical excitation energies and 
electric dipole strengths are listed in Table 1. From 
Table 1 we see that there are six 2~ states in the 
actual region that have electric dipole strengths larger 
than 0.15 au. The computed properties for all the 
states included in Table 1 show rather irregular 
dependencies on the internuclear separation due to 
numerous avoided crossings of their potential curves. 
None of them seem to represent bound states. As 
discussed in Section 2, the experiments (Fig. 1) show 
the existence of at least three repulsive states with no 
isotope shifts centered around 13.17 and 13.40 eV. 
The calculated values in Table 1 suggest that these 
states are the states marked 2~(b), 2~(c) and 3]~(d),  

which then occur at 0.8-0.9 eV higher energies than 
the calculated values. State 2E(a) is most probably 
associated with the experimental feature at 11.42 eV 
(Fig. 2), which shows no isotope shift. Concerning 
the highest states at the calculated energies 13.79 and 
13.89 eV they occur in a spectral region where the 
PIE spectrum is well known (cf. Ref. [1]) and it is 
formed from known Rydberg series converging to 
the lowest states in NO + . All the transitions in the 
h u >  13.6 eV region which occur with appreciable 
intensities originate from Rydberg series converging 
to low vibrational levels and they show essentially 
no isotope shifts. Accordingly the two predicted NO 
2E states at 13.79 and 13.89 eV cannot be distin- 
guished from the remaining lines in this region from 
the isotope measurements. 

Finally, for the 2A states we included 8 configura- 
tions in the model space, with a total of 14 distinct 
2A states. Of these four have vertical excitation 
energies in the range 10-14 eV, and computed re- 
sults are shown in Table 2. Two of the 2A states 

Table 2 
Calculated 2A states with vertical excitation energies in the range 10-14 eV 

Excitation energy (eV) Electric dipole strength Irt012(au) Width F (eV) Lifetime r (s) Dominant configuration 

11.44 0.020 0.47 
12.38 0.43 0.00 
12.88 1.37 0.010 
13.94 0.049 0.014 

1.4 × 10-15 
o o  

6.6 × 10 - 1 4  

4 . 6 ×  10 -14 

4o-27r 2 
5tr 2~'37r 
l~-327r6tr 
17r327r7tr 
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Table 3 
Computed properties of  the 2A state at 12.88 eV (cf. Table 2) as a function of the internuclear separation 

R (au) Excitation Electric dipole 
energy(eV) strength Irl012 

(au) 

Width F 
(eV) 

2.00 14.70 1.10 
2.10 13.59 0.87 
2.1747 a 12.88 1.37 
2.25 12.49 1.30 
2.35 12.01 0.45 
2.45 11.59 0.67 
2.50 11.43 0.68 
2.55 11.26 0.65 
2.60 11.39 0.042 
2.65 11.55 0.023 

a Equil ibriuminternuclearseparat ionofthe2ii  ground state 

0.040 
0.014 
0.010 
0.0080 

included in Table 2 have dipole strengths below 0.05 
au, and are not expected to lead to observable ef- 
fects. Of  the remaining two the one at 12.38 eV have 
a zero autoionization rate, and will not be observed 
by the present experimental  technique. Then there 
remains one interesting 2A state at 12.88 eV with a 
particularly large dipole strength and a lifetime of  
6.6 × 10-14 s, i.e. of  the same order as measured in 
Ref. [3]. The computed properties of  this state also 
turned out to be fairly stable with regard to variation 
of  the internuclear separation, as revealed by the 
results in Table 3. From Table 3 we see that a 
regular, attractive potential curve has been obtained 
for R-values in the range 2 .0-2.65 au, with a clear 
minimum at R e = 2.55 au. It has not been possible 
to follow this potential curve beyond R = 2.65 au 
due to numerous avoided crossings with other poten- 
tial curves that correspond to Rydberg states. This 
phenomenon has also been noticed in Ref. [4]. Such 
avoided crossings are also responsible for the irregu- 
lar computed values of  the dipole strength and au- 
toionization rate at higher R-values. 

The computed potential curve of  the present 2A 
state at 12.88 eV (vertical) is shown in Fig. 3. 
Assuming that this curve represents a bound state 
with a binding energy of  at least 3 - 4  eV, we can 
make reasonable extrapolations to R-values above 
2.65 au. Furthermore, this extrapolation can be ad- 
justed so that vibrational levels with spacings of  
approximately 1600 cm - I  are obtained, in accor- 
dance with the present and earlier observations [1]. It 
is then also possible to compute F ranck-Condon  

factors for transitions from the lowest (v  = 0) vibra- 
tional level of  the NO 211 ground state to various 
vibrational levels v of the present 2/X state. We then 
find that vibrational levels with v < 4 have vanish- 
ingly small F ranck-Condon  factors. A maximum 
occurs at v = 7 with a F ranck-Condon  factor of  
approximately 0.20. Now, the shape of  the potential 
curve for R-values above 2.65 au may be quite 

12 

theory 
2A s t a t e  

dominating 
configuration 

1~32~ 6~ 

A 

2'.2 a ( a . u . )  2'.6 

Fig. 3. Calculated energies of the 17r327r6tr2A valence state in 
NO at 12.88 eV vertical excitation energy. The calculations show 
that this state is attractive and displaced 0.38 au with respect to 
the ground-state equilibrium internuclear separation. The two 
vertical solid lines indicate the Franck-Condon region of the 
ground state. 
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irregular due to the numerous avoided crossings. 
This will lead to irregular spacings of  the vibrational 
levels that complicate the analysis of  the experimen- 
tal results and render the present Franck-Condon 
analysis somewhat  uncertain. The computed  
Franck-Condon factors are, however, rather more 
sensitive to the equilibrium internuclear separation. 
Increasing that by 0.1 au leads to a more flat distri- 
bution of  Franck-Condon factors, with maximum at 
v = l l .  

5. C o n c l u s i o n s  

The present theoretical predictions are based on a 
rather general many-body approach, which is a com- 
bination of  a limited configuration interaction calcu- 
lation and a perturbation expansion. The limited 
configuration interaction allows for an exact interac- 
tion of  the configurations that are dominant in the 
energy region of  interest, whereas the perturbation 
expansion includes the dominant correlation correc- 
tions. Obviously, a crucial point will be the accuracy 
of  the computed results. The perturbation expansion 
can in practice for a problem like the present one, 
only be carried out through second order. This is 
expected to include the leading correlation correc- 
tions, but yields little room for judging the accuracy 
from the convergency properties of  the expansion. 
Being obtained as small differences between the 
computed total energies, the excitation energies are 
probably the quantities that are most sensitive to 
errors. Based on previous experience as well as 
different choices of  model space dimensions, we 
anticipate uncertainties in excitation energies that are 
of  the order of  1 eV. The computed transition mo- 
ments and autoionization rates are often sensitive to 
small changes in the internuclear separation due to 
strong configuration interactions and avoided cross- 
ings of  potential curves. It is, however, believed that 
the computed values generally should be a reliable 
aid in identifying those excited states that account 
for observed structures. 

The results of  an adjustment of  the theoretical 
results to our experiments are shown in Fig. 4. Thus, 
the experimental observation of  a valence-Rydberg 
complex is well confirmed by our calculations, which 
suggest that the attractive 2A state (17r32~'6o ") is 
responsible for this interaction. Its displacement with 

i i i 

I 5\-t2 (d) 
! ~ 1 5  [ 2 E ( b )  

12 " ' g \\,o 
2 Z ( a ) ~ s  

10 • 2 ~ 0  

. . . .  ---+ I.P. 

i.2 R (a~u.) 2'.6 

Fig. 4. Calculated valence states which are suggested to be 
responsible for the photoionization of NO in the 10.5-13.5 eV 
region. The excitation energies are normalized to the present 
experimental data. The calculated position of the attractive 2A 
state explains why low-lying vibrational levels are not populated, 
resulting in the observed large isotope shifts. 

respect to the Franck-Condon region readily ex- 
plains why lower vibrational levels (v < 7) are not 
populated, as revealed by our isotope shift measure- 
ments. The fact that the experimental potential curve 
lies about 1.7 eV lower than the theoretical one is 
not too alarming in view of  the uncertainties in the 
theory and the experimental z-numbering. 

We attribute the four strong features 2 E(a)_2 E(d) 
in the spectrum (Fig. 1) to the corresponding calcu- 
lated repulsive 2E valence states (Table 1) because 
of  their widths and transition moments and their 
absence of  isotope shifts. In this case the agreement 
between the experimental and theoretical energies is 
better than 1 eV. 

In summary, we suggest that the discrete struc- 
tures in the photoionization of  NO in the region 
10.5-13.6 eV are described by the five NO valence 
states shown in Fig. 4. Thus, the attractive 2A state is 
populated in the 11.0-13.2 eV region and autoion- 
izes either directly or via interaction with the n = 3 -5  
Rydberg series converging to the NO + ground state. 
The four repulsive 2E states (a)-(d)  are populated at 
11.41, 13.17, 13.40 and 13.43 eV and give rise to 
strong and broad features in the photoionization 
spectrum at these energies. 
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