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Abstract 

The photoion excitation spectra of 14NO and 15NO have been studied in the 105-112 nm excitation region using 
high-order harmonic laser spectroscopy. Utilizing the small bandwidth offered by this technique, the natural widths of 
prominent lines in this region have been measured. These lines originate from interactions between high-lying Rydberg 
levels converging to the NO + electronic ground state and a 'new' NO valence state situated close to the latter state. The 
present measurements show broad resonances corresponding to a decay time of 20-50 fs. This supports the interpretation 
that the decay takes place via rapid electronic autoionization. 

1. Introduction 

The NO + molecular ion plays a crucial role in 
atmospheric chemistry at altitudes above 90 km. 
Since photoionization by solar EUV radiation is the 
main agency for ion formation at these altitudes, it is 
of interest to study the photoionization of NO in 
laboratory experiments. Many experiments have been 
performed in the past (see Ref. [1] and references 
therein) but, in view of the complexity due to the 
open-shell structure of NO, a number of points con- 
cerning the ionization mechanisms still remain un- 
clear. Thus, the photon excitation region 10.3-13.8 
eV close to the ionization limit (9.26 eV) shows a 
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complex ion spectrum which has hindered earlier 
classification attempts. Recent experiments [1] using 
synchrotron light and mass-resolved detection of 
14NO as well as 15NO suggest that the structure 
originates from a 'new'  valence state in NO which 
strongly interacts with high vibrational levels of the 
Rydberg series converging to the NO + ground state. 
The NO molecule shows similar Rydberg-valence- 
shell state interactions at lower energies (see Ref. 
[2]). 

The following molecular constants were measured 
[1] for the 'new'  NO valence state: T O = 77470 ___ 800 
c m  - 1 ,  toe(14NO) --  1610 + 100 cm -1, oje(15NO) = 
1 5 8 0 - t - 1 0 0  c m  -1 . The first observable transition 
appeared at A ( l a N O )  = 112.68 nm in t he  l aNO+/NO 
photoion excitation (PIE) spectrum and from the 
measured isotope shifts (15NO v e r s u s  14NO) it was 
concluded that this transition corresponds to v = 7. 
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The levels of the Rydberg series R(X 12~, n = 3-5,  
v >~ 8) converging to the NO + ground state X 12~ are 
close in energy to the v >~ 7 levels of this valence 
state. These Rydberg levels cannot be populated 
directly from the NO ground state in view of the 
zero Franck-Condon factors, but indirectly via Ryd- 
berg-valence-shell state interactions with the 'new'  
valence state. The analysis [1] of the IaNO+ and 
15NO+ spectra suggested that most of the spectral 
features can be explained in this way. As further 
support of the suggested autoionization mechanism, 
we decided to measure the widths of prominent 
transitions in the PIE spectra. For this purpose, a 
smaller instrumental width than that achieved in our 
synchrotron radiation measurements [1] is desirable. 
In the present work, we describe measurements of 
the ]4'15NO+/NO PIE spectra in the spectral region 
105-112 nm using high-resolution high-order har- 
monic laser spectroscopy. 

The high-order harmonics produced when an in- 
tense short-pulse laser is focused into a jet of rare 
gases have been extensively studied over the last few 
years [3]. The harmonic spectra are characterized by 
a plateau of nearly constant intensities and can ex- 
tend in energy up to 170 eV. The radiation is colli- 
mated, spatially coherent, with a high brightness and 
short-pulse duration. A tunable picosecond laser, 
such as the one used in the present work, generates 
tunable harmonic radiation of relatively narrow 
bandwidth. A few experiments have demonstrated 
the usefulness of this new source for applications in 
solid-state or atomic physics [4]. To our knowledge, 
this is the first time high-order harmonics have been 
used in molecular spectroscopy. Although the har- 
monic actually used in the present work (7th) re- 
mains of relatively low-order, the experimental tech- 
nique can be applied to much higher orders and 
energies. 

2. Experimental 

The experimental apparatus is shown schemati- 
cally in Fig. 1. It consists of three different parts: a 
tunable picosecond laser, a 'harmonic generator' 
where the short wavelength radiation is produced 
and a time-of-flight ion spectrometer where the NO 
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Fig. ]. Experimenta! apparatus for the photoionization of NO m 
the 105-]]2 nm region using higher-order harmonics generation 
and mass  selected ion detection. 

ions are detected. The laser system [5] is based on a 
distributed feedback dye laser oscillator which pro- 
vides 80 ps pulses, tunable between 715 and 900 nm, 
using different dyes. In our experiment, a single laser 
dye was used, providing a tunability range of 736-  
783 nm. These pulses were amplified in two dye 
cells and in a titanium-sapphire crystal up to an 
energy of 50 mJ. The laser bandwidth was 0.08 nm 
and the repetition rate 10 Hz. In the second part of 
the experimental apparatus, high-order harmonics 
were generated by focusing the laser in a pulsed jet 
of rare gas and separated by a normal-incidence 
spherical grating. The odd harmonics of the funda- 
mental and those of the second harmonic generated 
in a doubling crystal together provide a continuously 
tunable narrow-band XUV light source from 200 to 
35 nm (21st harmonic), as described in Ref. [5]. 
Tuning the dye laser wavelength and selecting the 
7th harmonic allowed us to span the spectral region 
105-112 nm where new complex structures have 
been observed in NO spectra [1]. Owing to the 
discrete structure of harmonic spectra, a single wave- 
length could be isolated without contributions from 
higher orders which always occur when continuous 
light combined with grating monochromators are 
used. A 1 mm slit was installed about 9 cm from the 
focus to get rid of the scattered light from other 
harmonics. Note that the width of the slit was as 
wide as the beam mode and that the resolution was 
hence determined directly by the spectral width of 
the 7th harmonic which can be estimated to be 0.01 
nm (AA/A = 10 -4) [4]. 
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The 7th harmonic, focused into a pulsed gas jet 
placed inside the time-of-flight spectrometer, ionized 
the selected NO isotope. Isotopic gases (98%) from 
Euroisotop, France were used. The background pres- 
sure in the chamber was kept below 10 -5 mbar. The 
ions were extracted from the interaction region by a 
uniform electric field, separated according to their 
masses and charges in a 60 cm long field-free tube, 
and detected by dual microchannel plates (MCP). An 
electron multiplier tube (EMT) collected the har- 
monic photons immediately beyond the interaction. 
Our data acquisition technique consisted of recording 
and binning for each laser shot the number of ions 
produced with respect to the number of harmonic 
photons detected. The plot of the ion signal as a 
function of the transmitted radiation yields a straight 
line whose slope is proportional to the relative ab- 
sorption cross-section. We were therefore not limited 
by the intrinsic instability of the harmonic source 
due to the nonlinearity of the generating process. On 
the contrary, we took advantage of it by utilizing all 
the laser shots in the acquisition procedure. 
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Fig. 3. Scheme of interacting Rydberg and valence state levels in 
laNO and 15NO which are assumed to yield the observed pho- 
toion spectrum displayed in Fig. 2. Measured autoionization widths 
(cm- ] ) of prominent levels are given in italics. 

3. Results and discussion 

Fig. 2 shows the recorded PIE spectra of 14NO+ 
and 15NO+ in the 105-112 nm (11.07-11.81 eV) 
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Fig. 2. Photoion excitation spectrum of 14NO+ and ]sNO+ 
recorded using the apparatus displayed in Fig. 1. Since the 
bandwidth of the exciting laser pulses is only 0.01 nm, the 
observed linewidths are almost solely determined by the autoion- 
ization widths. 

region. Since the spectral width of the exciting har- 
monic pulse is around 0.01 nm in this region it is 
much smaller than the measured linewidths. The 
spectra in Fig. 2 are only slightly sharper than those 
obtained with synchrotron light [1] which were 
recorded using an order of magnitude larger photon 
bandwidth. This shows that the linewidths in Fig. 2 
are almost solely determined by the natural (auto- 
ionization) width. It should be noted that the three 
Rydberg series in Fig. 2 (and Fig. 3) are only 
described by the running quantum numbers n = 
3, 4, 5 (plus the vibrational quantum number v) 
without considering the fine structure ns, np, nd and 
nf. However, earlier recordings of the NO PIE spec- 
trum in the 119-134 nm range [6] show that the 
almost coinciding nd and nf series have dominating 
intensities for higher n values. Accordingly, we have 
made the simplifying assumption that Fig. 2 is solely 
made up of these series with quantum defects close 
to zero. Also, we assume that only one valence state 
participates in the interaction although the PIE spec- 
trum at higher energies indicates that two more 
valence states may have observable populations. In 
order to determine these autoionization widths, we 
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consider that the lineshape is not Lorentzian but 
should be described by the Beutler-Fano formula 
[7], 

o:~ = 0"d + ° ' i(q + E)2 / (  1 + , 2 ) ,  (1) 

where % is the absorption cross-section near an 
autoionization peak and o" d and 0.i are the cross-sec- 
tions for the portion of the ionization or dissociation 
continuum that does not interact, respectively does 
interact, with the autoionizing state, q is a shape 
parameter determined by the electronic transition 
moments while 

e= (E-Er)/½F, (2) 

where Er and F are the energy and the (full) width 
of the resonance, respectively. When there are sev- 
eral interacting resonances present, Eq. (1) must be 
replaced with the more general 'Mies formula' [8] 
where q/e and 1 /E are summed over all these 
resonances. 

The widths F obtained by applying Eq. (1) to 
some of the strongest resonances in Fig. 2 are dis- 
played in Fig. 3. None of the lines show a clear 
'window'  profile and the Fano profile is revealed 
only by the presence of a right-hand side ' tail '  
indicating positive q-values larger than three. The 
Mies parametrization [8] has been derived for the 
case in which the overlap of wavefunctions of the 
close-lying resonances is strong. Our attempt to fit 
Mies formula to the data has clearly failed which 
indicates a relatively small overlap value. 

Fig. 3 also shows the measured positions of the 
interacting Rydberg-valence states and their calcu- 
lated positions. The positions of the valence state 
levels were calculated from the measured constants 
[1] obtained from a fit to the whole observed vibra- 
tional progression L, = 7-17. The Rydberg levels 
were calculated assuming the quantum defects found 
in the experiments [1] as a 'best-fit '  i.e. 6 = -0 .02 ,  
- 0 . 0 4  and - 0 . 0 6  for n---3, 4, 5, respectively 
(14NO) and 6 = -0 .05 ,  - 0 . 0 9  and - 0 . 1 0  (15NO). 
The magnitude of the population of a certain level 
(measured from the intensities of the transition origi- 
nating from the level is also indicated in Fig. 3 as 
'strong',  'weak '  or 'very weak'. It is impossible to 
explain these intensities without elaborate calcula- 
tions of the Rydberg-valence state interactions. Cal- 
culations of this kind in the present NO case have 
been performed using the Feshbach projection opera- 

tor formalism and scattering theory [9]. These calcu- 
lations show a strong dependence of the spectral 
pattern upon parameters such as the dipole matrix 
element of the valence state and its phase relative to 
the ionization continuum. It is our hope that new 
calculations of this kind may reproduce the obtained 
PIE spectra. 

The measured level widths (Fig. 3) range from 
130-340 cm -1. These values may be compared, for 
instance, to other NO Rydberg levels above the 
ionization limit. Thus, we deduce from our earlier 
measurements [1] that the R(b 3H, n, v = 0) series 
(converging to the NO + b 317 state) have widths 
ranging from = 300 cm-1 (n = 4) continuously de- 
creasing to = 40 cm -1 (n = 8) roughly following 
the expected 1/ (n-  6) 3 dependence in electronic 
autoionization. For the electronic autoionization 
R(AI I I ,  n, v = 0 )  we also find similar values 
(F[R(A, 6, 0)] = 400 c m - ' ,  F[R(A, 7, 0)] = 250 
cm-  1 etc.). 

In contrast to this, vibrational autoionization is a 
considerably slower process. The lower ~: levels of 
the NO Rydberg series R(X, n, t, >~ 1), which may 
be populated directly from the NO ground state, may 
(in the absence of Rydberg-valence state interac- 
tions) only be subject to vibrational autoionization to 
lower v-levels of the core ion, i.e. NO + in the 
ground state. The associated PIE spectrum in the 
region 119-134 nm was studied in high-resolution 
measurements [6] using an H 2 discharge lamp as a 
light source. The measured natural widths of promi- 
nent lines are of the order of 10 cm 1, a typical 
width for vibrational autoionization (see Ref. [10]). 
Our measured autoionization widths of the R(X, n, 
v >/9) levels (Fig. 3) are 10-35 times larger which 
readily by itself demands that these levels are sub- 
jected to strong electronic autoionization following 
Rydberg-valence state mixings. Such effects have 
been discussed [2] in the case of mixing of lower 
Rydberg states and the B 2[I and L 21J NO valence 
states. The discussed 'new'  valence state could be 
formed by promoting one of the 40. electrons to the 
outermost 2-rr orbit, i.e. it could have the configura- 
tion 40.50.21'n'42'rr 2, 2~:1: or 2A. Thus, the configu- 
ration may undergo a fast electronic autoionization 
to the NO + ground state when one of the 2"rr 
electrons returns to the 40" vacancy and the released 
energy is used for expelling the other 2'rr electron. 
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4. Conclusions 

The present measurements of the PIE spectra of 
14NO and 15NO in the 105-112 nm region have 
shown that high-order harmonic laser spectroscopy is 
a useful technique for molecular studies in the VUV 
region. The small bandwidth has made possible mea- 
surements of the linewidths of the Rydberg-valence 
state complex which occurs in this region. The mea- 
surements of these autoionization widths support the 
earlier assumption that the decay of these Rydberg 
resonances is a direct consequence of interactions 
with a 'new' valence state in NO. 
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