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ABSTRACT

The photoabsorption and photoionization spectra of molecular nitrogen, N,, near the first ionisation
threshold display numerous intense resonances that have not been satisfactorily assigned to date.
Principal among these is a pair of broad resonances between 126,200 and 126,600 cm~' commonly
referred to as the “cathedral” bands. Here, we present new double-resonance photoionization spec-
tra in this region recorded via the a” ‘Z;, v/ = 0 intermediate state as well as new high-resolution,

vacuum-ultraviolet photoabsorption spectra of *N5,"*N'>N, and >N, to provide additional insight
into the assignment of these features. Progress towards a fully consistent interpretation of the exist-
ing data on these bands is discussed, and a route towards a comprehensive description of the N,
absorption spectrum up to the B ZZJ state of N;r is proposed.
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1. Introduction

Rovibronic interactions strongly influence a wide range
of excited state dynamics and chemistry [1,2]. Over the
years, considerable theoretical progress has been made
that allows the calculation and modelling of many excited
states and their interactions, providing confidence in
our understanding and methodologies [2]. It is there-
fore sobering to realise that despite many decades of
study [3-20], a comprehensive and consistent assignment
of the near-threshold photoabsorption and photoion-
ization spectra of molecular nitrogen, N, does not yet
exist [21-37]. In particular, the origin of many significant

features in these spectra is only tentatively understood.
While this situation may seem surprising for a molecule
as fundamental and simple as N, the complexity arises
through the interactions among a substantial number of
Rydberg series converging to rovibrational levels of the
X ?%F, A°M,, and B L} states of N, as well as high
vibrational levels of the ¥’ =¥ valence state. The com-
plexity is further enhanced by singlet-triplet interactions
[38-41].

The current understanding of the photoabsorption
spectrum of N, up to the ionisation threshold (viz.
125,667.028 £+ 0.015 cm™! [42]) has been developed
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over many years [6]. Below ~ 105,000 cm™!, the pho-
toabsorption spectrum is dominated by transitions to
Rydberg series converging to the NI X+ 2% g VP=0-
2 levels, and to a long vibrational progression of the
v 12;{ and b 1, valence states [4-10]. Strong interac-
tions between the Rydberg and valence states result in
substantial perturbations and irregularities in the spec-
trum. Levels above the adiabatic dissociation threshold
(78691.09 + 0.15 cm™!) [43] are also subject to predisso-
ciation [11,12]. Insight from Dressler [7] and Lefebvre-
Brion [8] provided the foundation for the analysis of
the long vibrational progressions of the valence states.
While the A*(0)3s6, (0 '1,,, v = 0) level at 105,710 cm™!
is the first one-photon excitation allowed Rydberg state
based on the NJ A 2TI,, state, at higher energies tran-
sitions to the A*(vT)4sog, AT (vT)3dog, AT (v1)3dny,
and A (v1)3dd,, Rydberg configurations become acces-
sible with one-photon excitation, adding complexity to
the spectrum. (Here we use the previously defined nota-
tion to define the Rydberg configuration, with A*(v*)
denoting the electronic and vibrational level of the ion
core and nflg providing the symmetry of the Rydberg
electron.) In a series of papers, Huber, Jungen, and col-
laborators [17-20], performed a detailed analysis of the
jet-cooled absorption spectrum up to ~ 125,000 cm™!.
The jet cooling provided substantial simplification of the
spectrum but retained sufficient rotational structure to
aid the analysis. Using multichannel quantum defect the-
ory, MQDT, to account for the multiple interacting states
[17-19], they provided an essentially complete account of
the spectrum, although the assignment of a few features
remained ambiguous [20].

At higher energies, the first BY (vT)nfl; Rydberg
configurations become accessible. Here, the additional
interactions, as well as the interplay between autoion-
isation and predissociation, make the region between
the X+ 22;,v+ =0 and ATI,, vt = 0 thresholds a
region of maximum complexity. Above the AT 41, v =
0 threshold at 134,683.9 cm™!, the spectra become sim-
pler again with the very regular pattern of the three Ryd-
berg series converging to the BT2LF, v+ = 0 threshold
[14,37].

One notable region within the zone of maximum com-
plexity lies between 126,200 cm™! and 126,600 cm™!.
Here, there are multiple bands displaying a large range
of linewidths and intensities, with the two dominant fea-
tures having the appearance of the two towers of a cathe-
dral [21,25,28-31]. Experimental attempts to unravel
this structure have included high-resolution, vacuum-
ultraviolet photoabsorption and photoionization spectra
from 10K to room temperature [17,28,31,36], hot-band
studies using a microwave discharge [21], isotopic stud-
ies using 14N,, N1>N, and '°N, [31,35], photoelectron

angular distribution measurements [36], and double-
resonance ionisation experiments via the a 1Hg, v=>5
vibronic state [25]. At the same time, theoretical attempts
have involved ab initio quantum chemistry, theoretical
spectroscopy, and analysis using MQDT [29,30].

Figure 1 shows a small section (~ 1200 cm™!) of the
VUV Fourier transform (FT) photoabsorption spectrum
of N at three different temperatures just above the ion-
isation threshold (this work, see below). Figure 2 shows
a schematic vibronic energy level diagram for N, over a
far larger energy range (~ 1eV) that puts the details of
the ‘tower region’ into a larger perspective. At the right
of the Figure, the VUV-FT spectrum from the SOLEIL
synchrotron [44-46] is drawn to scale. It may be seen
that the strong absorptions in the N, VUV absorption
spectrum up to the IP are dominated by absorption
to the AT (v*)nli Rydberg configurations. The assign-
ments of the bands come from a number of different
sources [17-20,25,26,28-31], most of which are reason-
ably secure. The first cathedral tower has been assigned
[25] to the lowest singlet Rydberg state associated with
the Bt 2%;F core, namely B*(0)3so,, 'E;f. The assign-
ment of the second tower at ~ 126,420 cm™!, however,
is still the subject of considerable disagreement, even
with respect to its assignment as a X or IT state. In
particular, McCormack et al. [25] and Lefebvre-Brion
[29,30] have assigned this feature as the A*(2)4so, T,
and AT (2)3do, T, state, respectively, while Sommavilla
and Merkt have reported simulations of their jet-cooled
absorption and ionisation spectra that suggest the state
has £ symmetry [31]. In their double-resonance exper-
iments, McCormack et al. [25] did not actually observe
the feature at 126,420 cm ™!, and made their assignment
based on the process of elimination and the positions of
lower energy states. Their assignment as a v = 2 band is
supported by the isotopic studies of Randazzo et al. [35].
Lefebvre-Brion [29,30] based her assignments on theo-
retical considerations and earlier spectroscopic studies.
Sommavilla and Merkt [31] actually identified two bands
contributing to the feature at 126,420 cm™ 1 However, the
simplification provided by the jet-cooled spectra limited
the rotational structure of the bands to ] <~ 3, and thus
the extent of their analysis.

Here we report new double-resonance spectra of 1N,
that use the X*(0) 3s0,,a” 12; intermediate state to
access the ungerade manifold in the threshold region.
These spectra were recorded for a broad range of inter-
mediate rotational levels to map out the rotational struc-
ture of the upper states.

We also present new high-resolution, room-tempera
ture photoabsorption data for *N'°N, and >N, from
the vacuum-ultraviolet Fourier transform spectrometer
at the SOLEIL Synchrotron [44-46], as well as analogous
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Figure 1. The high-resolution photoabsorption spectrum of N, between 125,600 and 126,800 cm™" (this work). (a) Supersonic jet
~ 18K, (b) 77K, (c) 298 K. Assignments for labelled peaks are from: (1) Ref. [42], (2) Ref. [18] (3) Ref. [25], (4) Ref. [29], (5) Ref. [26].
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Figure 2. Schematic energy level diagram using some of the energies and assignments from Ref. [18].
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data for *N, and '°N, in a cooled cell at 77K, and for
14N}, in a supersonically cooled molecular beam at ~ 18
K. The absorption spectra extend across a broad range
of nearly 5 eV of the nitrogen spectrum, from ~ 114,100
cm L, well below the first ionisation threshold, to 153,000
cm™!, just above the Bt 2L, v = 0 threshold.

Even with the new double-resonance and absorption
data, it will be clear from the discussion that there are still
a number of seemingly contradictory observations and
unresolved questions. We believe a more global analysis
of the spectra is necessary to resolve these issues, and that
the comprehensive absorption spectra presented here
will ultimately allow such an analysis. In particular, we
have initiated an effort to extend the multichannel quan-
tum defect theory (MQDT) analysis of Refs. [17-19],
which was largely confined to the region below the ionisa-
tion threshold, to the higher energies of the present study.
The initial stages of that effort are also described here.

2. Experimental and theoretical considerations
2.1. Double-resonance experiments

As described previously, the experiments were performed
by using a differentially pumped mass spectrometer
[47,48]. The “N, sample was introduced into the source
chamber through a pulsed valve, and the resulting beam
passed through a 1 mm skimmer into the interaction
chamber. The molecular beam was crossed by two laser
beams in the interaction region, resulting in N ions
that were detected by time-of-flight mass spectrometry.
There was a constant DC field in the interaction region of
~ 75-125V/cm™!. The resonances of interest here have
quite low n (typically 3-5), and this field is not expected
to modify the spectra significantly.

Light for the two-photon a” 12;,1/ =0« X 12;,
v/ = 0 transition was generated by frequency tripling the
output of a commercial Nd:YAG-pumped dye laser oper-
ating at about 607 nm, with a bandwidth at 202.3 nm of
~0.3 cm™!. The wavelength was calibrated by using a
commercial wavemeter. The probe beam was generated
by frequency doubling the output of a second Nd:YAG-
pumped dye laser, resulting in a bandwidth of the ultra-
violet probe light of ~0.2 cm™!. The uncertainty in the
overall transition energies is estimated to be +1 cm™!.
The two beams were combined by using a dichroic mirror
and the collinear beams were focussed into the interac-
tion region. The pulse energies of the pump and probe
beams were ~ 10-20 ] and 100-200 ], but because the
two beams were focussed through a fused silica lens, the
spot sizes differ in the interaction region, making it dif-
ficult to assess the relevant intensity of the two beams.
The linear polarizations of both the pump and probe laser

beams were parallel to each other and to the face of the
imaging detector. The probe beam was typically delayed
by ~100-200 ns from the pump beam to allow the sep-
aration of the signal generated by the pump beam alone,
but varying the delay had little effect on the signal.

In the present experiment, the pump laser was used to
excite the two-photon a” 12;, v=0,] <X 12;, V' =
0,]” transition, which has been characterised previously
[49-51]. Here the initial state quantum numbers are
labelled with a double prime, the intermediate a” 'Z .
state values with no prime, and the upper levels of the
probe transitions by a single prime. The dominant feature
of this two-photon band is a strong Q branch that creates
a bandhead at low J”. This bandhead is not resolved in
the present study. Specifically, two-photon Q(J”) pump
transitions with J” < 4 are overlapped, and the corre-
sponding double-resonance spectra include transitions
from two or more intermediate levels. For higher J” val-
ues, the pump transitions are well resolved. The pulsed
valve creates a low rotational temperature in the molec-
ular beam; thus, the valve was replaced by an effusive
source, and the molecular beam skimmer was removed
to record the spectra for high J” levels.

The probe laser was used to excite the single-photon
transitions from the a” ' g+ ,v = 0,] level into the spec-
tral region of interest. Spectra were recorded by pumping
the Q(J”) branch transitions for J” = 0 — 14. Since the
1N atom has nuclear spin, I = 1, the resulting bands
will have an intensity alteration of 2:1 with respect to
even:odd rotational levels excited by the pump laser [52].
For 1°N, the nuclear spin is I = 1/2, and the intensity
alteration is 1:3 with respect to even and odd rotational
levels of the ground state.

2.2. Vacuum-ultraviolet Fourier transform
spectroscopy

The Fourier Transform Spectrometer (FTS) on the
DESIRS undulator beamline of the Synchrotron SOLEIL
has been described in detail previously, de Oliveira et al.
[44-46] and here we describe only those aspects that are
relevant to the present measurements.

The spectra of N, were recorded using two differ-
ent experimental configurations: (1) a 100 mm window-
less flowing cell used to record high-resolution, room-
temperature and liquid-nitrogen-cooled (77 K) spectra;
and (2) a supersonic molecular beam produced using a
slit-jet expansion. The slit size is 5x 1000 zm? and the
photon beam propagates along the long axis of the slit to
provide a cold, collision-free and field-free environment.
The method to record and calibrate absolute absorption
cross sections in the flowing cell has also been described
previously [46]. For the present experiments, neat 14N,



was used directly from the cylinder for all of the mea-
surements. For N'°N, spectra were only recorded using
the flowing cell at room temperature, while for °N,
liquid-nitrogen-cooled (77 K) spectra were also taken.
The free molecular jet set-up chamber is pumped by
a 500 liters/s turbo pump and isolated from the main gas
sample chamber by two 20 mm long tubes to provide an
extra stage of differential pumping to the system. The
jet-cooled spectra were recorded with stagnation pres-
sures of 2 and 4 bar. Because the relative contribution of
absorption by the molecular beam and the background
gas is difficult to characterise, the absorption cross sec-
tions of the jet spectra are reported in arbitrary units,
rather than as absolute cross sections. The spectrometer
used the entire bandwidth of the undulator after the syn-
chrotron light had passed through a harmonic-removing
gas filter. The region of interest for the present study was
fully covered by using the continuum of light from a sin-
gle undulator setting. The resolution of ~0.33 cm™! is
confirmed from the narrowest lines in the spectrum.

2.3. MQDT analysis

In Refs. [17-19] multichannel quantum defect theory
(MQDT) has been used to interpret the various Ryd-
berg series and their mutual interactions. The analysis of
Ref. [19] included rotational, vibrational and electronic
channel couplings that correspond, in terms of the asso-
ciated ionisation processes, to rotational, vibrational and
electronic autoionisation. The theoretical approach of
Ref. [19] thus involved Rydberg electrons with £ = 0 — 3,
as well as the two electronic core states X* *ZF (Ryd-

berg electron with odd ¢ values) and A™ 21, (Rydberg
electron with even ¢ values). The channel couplings were
described in terms of the frame transformation theory
[53-55]. The parameters involved in the MQDT analysis
of the near-threshold absorption spectrum, 42 quantum
defects and 7 dipole transition moments, were deter-
mined purely empirically based on 597 observed rovi-
bronic levels and 22 oscillator strength values of the N,
absorption spectrum.

The analysis presented in Ref. [19] has perhaps been
one of the most extensive applications of this theory to
any molecule to date. However, spin effects were not con-
sidered at the time, and interactions of the Rydberg rovi-
bronic levels with valence states were also not included, as
well as Rydberg channels built on the BT 2L} core excited
state. Also, in that earlier work decay processes such as
predissociation or autoionisation were not considered.
Nevertheless, a logical initial step in order to apply the
MQDT approach to the new synchrotron VUV Fourier
Transform spectra, and eventually to extend this analy-
sis to higher excitation, consists in using the quantum
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defect parameters determined in Ref. [19] within the
same theoretical framework as previously.

3. Results: experiments
3.1. Double-resonance spectra of 1*N,

We have recorded double-resonance spectra by pumping
the rotationally resolved, two-photon Q(J”') transitions in
the a” '£F,v =0 < X '£F,v" = 0 band, and probing
in the region corresponding to a total energy of 126,250
cm ™! t0 126,750 cm ! relative to the X 1Zg+, V' =0,]" =
0 level. While transitions to high Rydberg states that are
described by Hund’s case d or e may not show both P and
R branches for each transition, the Rydberg states in the
present energy range with A 21, or BT %X cores have
low principal quantum numbers and can be described
by Hund’s case a. As a result, both P and R branches are
expected for '2} —' T} transitions (including those to
the b’ ', v valence levels of vibrational quantum num-
ber, v, notated here as b'v), and P, Q, and R branches are
expected for 'T ; — 1, transitions. In the latter case,
the P and R branches access the 'TI;7 component of the
upper state, and the Q branch accesses the 1}, com-
ponent. Comparing probe spectra for the Q(J — 1) and
Q(J + 1) pump transitions to the a” IZ; state allows the
identification of R(J — 1) and P(J + 1) probe transitions
to a common T} or T} upper state with total angu-
lar momentum J. Probe transitions that do not appear for
both the Q(J — 1) and Q(J + 1) pump transitions likely
correspond to a Q-branch.

Figure 3 shows four representative double-resonance
spectra in which rotational transitions have been deter-
mined through this process. Bands with unambiguous
vibronic assignments are labelled accordingly. Perhaps
the most striking observation in Figure 3 is the lack of
evidence for any Q branches, which are expected for
transitions from the a” ' ¢ >V = 0level to low-principal
quantum number A*(v)néi, ', and Bt (vF)ndr,
T, levels. Specifically, there does not appear to be any
evidence for a Q branch between the P and R transi-
tions for the upper tower of the cathedral bands. Thus,
the spectra confirm the earlier conclusion of Sommavilla
and Merkt [31] that the state responsible for the upper
tower behaves as a !X Rydberg state, in contrast with
the previous assignments of McCormack et al. [25] and
Lefebvre-Brion [29,30].

Sommavilla and Merkt [31] were careful to state, how-
ever, that, in principle, perturbations could cause a 'IT,,
state to look like a 'S} state. Thus, the absence of Q
branches could have several explanations. First, there
may be no TI, states in this energy region, that is, the
states are indeed all '} states. This conclusion appears
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Figure 3. Double-resonance spectra pumping selected rotational levels in the a”‘Z;, v’

0 state, and probing in the region of Figure

1. The x-axis corresponds to the total transition energy from the relevant rotational level of the ground state, so as to have the same

energy axis as Figure 1. ‘U.T. stands for ‘upper tower"

Table 1. Term energies and rotational constants from Figure 4.

Assignment T, (cm™") B, (cm~")?
B*(0)350, 'X;+P 126269.0 1.89
b'43 126325.4 0.87
upper tower 126412.2 1.83
b'44 126429.6 0.58
b'45 126498.8 0.57

Note: 2 The uncertainty in B, is estimated to be ~ 0.05 cm~" ® Assignment
according to Ref. [25]

to be most plausible, although some previous work sug-
gests that several 'I1,, bands are expected in this region.
Furthermore, there are a limited number of X states
to account for all of the observed transitions in this
region. Second, as considered by Sommavilla and Merkt
[31], the 'TT;, component of the 'IT,, state may be highly
perturbed, which could cause the Q-branch transitions
accessing it to be unrecognisable as such. If there is a Q

branch, the widths of these lines must either be consid-
erably smaller or considerably larger than those for the P
and R branches, and the position of the Q branch must
be considerably shifted from its expected position. This
explanation would require a heterogeneous perturbation
bya ! state or other state that only interacts with the
T;; component of the expected state.

As a variation on this second possibility, a third pos-
sibility is that the 'TT;, component is strongly predissoci-
ated, thus eliminating the expected rotational structure.
Several 1 states in this energy region are thought to
contribute to the dissociative recombination of Ny + e~
[56,57], but predissociation of a IT1,, state by these states
is not expected to be selective for the I1;, component
relative to TI;". In principle, heterogeneous predissoci-
ation by a !X state could produce this selectivity. If
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the predissociation process is selective for the 'IT;, com-
ponent of the I, state, the photoionization spectrum
would not show any evidence of a Q branch, but the
photoabsorption spectrum would still be expected to
show a broad absorption feature corresponding to exci-
tation of the strongly predissociated component. It is
difficult to determine if there is a significant difference
between the jet-cooled photoionization and photoab-
sorption spectra of Sommavilla and Merkt [31]. However,
Shaw et al. [27] have performed a detailed analysis of their
room-temperature photoionization and photoabsorption
cross sections and extracted the wavelength dependent
quantum efficiency for ionisation. This efficiency varies
between about 0.5 and 0.7 across this region, with min-
ima of ~0.5 at the peaks of the two cathedral bands.
Thus, predissociation is clearly an important process for
these bands. (Fluorescence is not expected to be impor-
tant, as the ~5 cm™! linewidths of the band responsible
for the second tower implies a ps lifetime, while typical
fluorescence lifetimes are on the order of ns). Unfortu-
nately, while the extent of predissociation would certainly
be sufficient to eliminate the Q-branch transition, the
spectra of Shaw et al. [27] are not of sufficiently high
resolution to determine if there is preferential predisso-
ciation for 'TT;; levels. Thus, the assignment of the upper
cathedral tower as a TI, state still cannot be ruled out
entirely.

Figure 4 shows the rotational term energies from these
assignments for the upper states responsible for the two
towers and for the b'43, b'44, and b'45 levels, along
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with linear fits to the data. The rotational term ener-
gies, rotational constants, B,, and vibronic term energies,
T,, are given in Table 1. Differences between the present
data and previous determinations are relatively small
and primarily due to the different range of rotational
levels included in the fits. McCormack and coworkers
[25] fit only levels with J < 10, and Sommavilla et al.
[28,31] were constrained to low J levels by their low rota-
tional temperature. For example, a fit to only our lowest
five rotational levels of the B (0)3soy state yields To =
126,269 + 2cm™! and By = 1.70 & 0.05cm™!, in excel-
lent agreement with the earlier work. The uncertainties
in the data preclude the fitting of higher order rotational
constants, e.g. D,. The b'45 level has not been observed
previously, but the observed energy and rotational con-
stant are reasonably consistent with those of the 4’43 and
b'44 levels.

Figure 4 shows how the 0’43, b’'44, and b'45 valence
states cross the B*(0)3sa, and upper tower states over
a range of J levels. In particular, the b'44 state crosses
the upper tower state at low ], exactly the region
accessed in the jet-cooled spectra. At these intersec-
tions, the rotational energies of both states are affected.
In addition, both the intensities and the linewidths of
the b’ rotational levels appear to increase near these
intersections. Indeed, at first glance, the relatively large
intensities for transitions to such high vibrational lev-
els of the b’ 'TF state are surprising, but they can
be understood by intensity-borrowing from the Ryd-
berg states that do have large intensities. Away from the
crossings, the intensities of these transitions diminish
substantially.

The probe spectra for a small number of pump tran-
sitions show unexpected behaviour for the strong tran-
sitions to the upper tower. For example, in Figure 3,
the R(12) transition to the upper tower appears to be
split. The R(10) transition also shows signs of possible
splitting, though it is difficult to tell with the signal-to-
noise ratio of the data. Because these unexpected features
appear for the strongest transitions, it is possible that
they are produced by saturation effects resulting from the
excitation of a large fraction of the molecules in the inter-
mediate state. The present double-resonance linewidths
for the tower transitions are somewhat larger than pre-
viously reported, suggesting that saturation is important.
However, the same features are observed for the R(J — 1)
and P(J + 1) transitions, i.e. for different pump transi-
tions and different probe branches, and they are also
observed in multiple spectra under different conditions.
The most prominent examples of this behaviour occur
for the R(6) and P(8) and R(7) and P(9) transitions to
the upper tower. As seen in Figure 4, the upper states
(J = 7 and 8, respectively) occur at just the location that
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the b'45 state crosses the upper tower, again suggesting
that perturbations may be responsible for the unexpected
lineshapes.

3.2. Vacuum-ultraviolet Fourier transform spectra
from the synchrotron SOLEIL

The local analysis presented above does not provide suffi-
cient information to confirm the assignment, and a more
global approach to the spectrum and analysis may be
required for a definitive explanation. To this end, Figure 5
shows the high-resolution photoabsorption spectrum of
14N, between 113,000 cm™! and 152,000 cm™! taken
with the flowing cell at 77K and with a resolution of
0.33 cm™ L. The full spectrum contains over 700,000 data
points and, as seen in Figure 1 and in the next section,
many bands show extensive rotationally resolved struc-
ture. These data are available in digital form [58], as are
the analogous spectra recorded at room temperature in
the same cell, and at ~18K in a supersonic jet. The
77 K spectrum provides a compromise between simplifi-
cation and preservation of sufficient rotational structure
to allow analysis. These data have not yet been exploited
and analysed in detail so far, but they will constitute
the main input for a comprehensive quantitative analy-
sis, an extension of the type of treatment discussed in
Section 2.3.

4, Results: MQDT calculations

The previous MQDT treatment of the rovibronic dipole-
allowed '*N, absorption spectrum was limited to a
range lower than the X1 (0) level [19]. As previously, the
absorption transitions from the ground state are here
calculated as transitions between bound states, which
means, for instance, that electronic autoionisation of
Rydberg states associated with the A™ core above the IP is
disregarded at this point. Also, in this initial exploratory
stage, we consider only relative intensities, disregarding
the absolute cross section values that can be extracted
from the observed data.

Figure 6 shows a partial overview of the VUV FT
spectrum, extending from the Rydberg region below the
ionisation potential up to the AT2II, state, recorded
at a temperature of 77K and displayed alongside the
MQDT calculations carried out for this temperature with
the quantum defect parameters and theoretical frame-
work from Ref. [19]. The observed spectrum is plot-
ted upward whereas the calculated spectrum is plotted
downward.

In the region below the ionisation potential where
the quantum defects had originally been determined,
there is practically a one-to-one correspondence between
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Figure 5. The FT-VUV photoabsorption spectrum of '*N,
recorded in this work at 77 K in a flowing cell.

experiment and theory. This is true on the scale of
the Figure that does not show the details of the rovi-
bronic structure. As will become apparent below, on a yet
enlarged scale the agreement is not everywhere perfect
even below the IP. Above the IP, the observed and calcu-
lated spectra get gradually out of step and, as the A™ state
is approached, there is only a slight resemblance between
the two. Nevertheless it can also be seen that a number
of observed major peaks can be identified without prob-
lem in the calculated spectrum, while others, such as the
cathedral bands, are absent.

For a more detailed discussion, we choose here
the vibrational progression of the AT (v*)(4s+ 3d)o
(referred to as AT(v*)'3d’c in the previous papers
[19,20]), which produces a progression of prominent
peaks in the absorption spectrum.
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Figure 6. Expanded section of the spectrum of Figure 5. Top:
overview of the VUV FT synchrotron dipole absorption spectrum
from the X 12; ground state of N, from below the ionisation

potential X* £ up to the A1, threshold (plotted upward,
red online). The gas temperature is 77 K. Bottom: Calculated spec-
trum for the same region, based on the MQDT parameters taken
without change from the previous Ref. [19]. These parameters
had been determined based on the rotational analysis of the
transitions in the restricted region from 118000 to 125300 cm™"
(plotted downward, blue online).

4.1. The A*(v*)(4s + 3d)o progression

4.1.1. A*(0)(4s + 3d)o

On an expanded scale, Figure 7 displays the region from
120,900 to 121,380 cm™!, which had previously been
studied in detail in Ref.[19] where the two dominat-
ing bands had been assigned to the transition to the
A*(0)(4s + 3d)o, T, and the XT(0)5(1, 'A, (1=
0 — 3, A = 0 — 3) components. Overall, the Figure con-
firms the agreement to within &~ 1 cm™! between experi-
ment and theory achieved in the earlier Ref. [19]. Note
that the core excited vibronic state called A*(0)'d'c is
referred here as AT (0)(s + d)o, indicating the nearly
1:1 mixture of £ = 0 and 2 orbital components. Logi-
cally, the companion state AT (v*)'s'c will be referred
to below as A* (v1) (s — d)o. Two insets in Figure 7 dis-
play the experimental and theoretical spectra on a yet
expanded scale. In the case of AT (0)(4s + 3d)o thereisa
nearly one-to-one correspondence between experiment
and theory, whereas in the case of X (0)5f the agree-
ment is less good because the calculated Q)-branch
of the (nominal) 5f¢ component near 121,260 cm™! is
strong, but is not visible in the experimental spectrum.
This branch turns up however, in the FT spectra taken at
higher pressure (not shown). The calculated eigenvectors
indicate (as had been recognised already in Ref. [19]) that
AY(0)(s + d)o, 11, is strongly mixed with X*(0)5fx,
T, see Figure 7.
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Figure 7. Expanded section of the spectrum (77 K) of Figure 6
in the region of the A*(0)(4s + 3d)o, 'I1, core-excited vibronic
level. The calculated discrete spectrum has been convoluted with
a width corresponding to 0.3cm™". The calculated R(0) lines,
close to the vibronic band origins, are indicated at the bot-
tom and labelled according to the largest component of the
excited state eigenvector (green online). The regions where the
AT (0)(4s + 3d)o channel is dominant are indicated by double-
headed arrows. The nominal spectroscopic assignments are given
at the top. Two insets display enlarged views of selected intervals.

4.1.2. A*(1)(4s + 3d)o

Figure 8 (122,600-123,200 cm™!) shows a more com-
plicated situation involving the AT (1)(4s + 3d)o, I,
vibronic state that here interacts with the X*(0)6f,
X*(0)7p and X*(1)4f manifolds. The eigenvectors
obtained in the MQDT calculations indicate that the
AT (1)(4s + 3d)a, 11, component is strongly manifested
in a range spanning 250 cm™!, showing that the multi-
channel interactions here produce a so-called ‘complex’
resonance [59]. Nevertheless, the overall appearances of
the observed and calculated band structures are in rea-
sonably good agreement, particularly when the highly
perturbed nature of numerous Rydberg channels is kept
in mind (see the detailed discussion presented in section
V.C. of Ref. [19]).

The overall good agreement is confirmed by the insets
in the Figure that show the details of the rotational
fine structure for two selected portions of the energy
range shown in the full Figure. On the other hand, a
continuum-like hump appears in the observed spectrum
with additional overlapping rotational lines in the region
of the X (0)7pc component near 122947 cm™!, that
have no counterpart in the calculated spectrum. This
anomaly was already noted in Ref. [19] and was left
unexplained there.
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Figure 8. Expanded section of Figure 6 in the region of the
AT (1)(4s + 3d)o, 'T1,, core-excited vibronic level. The calculated
discrete spectrum has been convoluted with a width correspond-
ing to 1.0cm™". Labels as in Figure 6.

Finally, it must be mentioned that in 2009 Huber and
coworkers [20] proposed a partial reanalysis of the clus-
ter of vibronic states represented in Figure 8. This will be
discussed in detail in Section 4.2.

4.1.3. A*(2)(4s + 3d)o

Figure 9 displays the range 124,500-125,000 cm™!, cor-
responding to principal quantum numbers n &~ 11 — 13
for Rydberg series converging towards the X (0) thresh-
old. The X*(0)11pz and XT(0)16pz Rydberg absorp-
tions have indeed been assigned in Ref. [19], whereas
the strong broad feature covering a range of ~ 150 cm™!
around 124,750 cm™! constitutes the first major gap in
the otherwise rather complete analysis of Ref. [19].

The theoretical spectrum displayed in the Figure has
again been calculated for a temperature of 77K and is
compared with the corresponding VUV FT spectrum.
While the spectral resolution of the experimental spec-
trum nominally is 0.3 cm™!, Figure 9 shows that some
spectral lines, and in particular the Xt (0)11pz and
X*(0)13pz Rydbergband lines, indeed exhibit about this
width (see inset), whereas the broad unknown feature
appears to consist of far broader rovibronic lines, very
probably because of predissociation. For better compari-
son we have convolved the theoretical spectrum with an
ad hoc width of 1 cm™!, which is a compromise between
the various features appearing in the experimental spec-
trum.

The present calculations show the following: (i) the
strong observed X1 (0)npr series of bands is quite well
reproduced, although the assumed effective width of the
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Figure 9. Expanded section of Figure 6 in the region of the
At (2)(4s + 3d)o, 'TI, core-excited vibronic level. The calculated
discrete spectrum has been convoluted with a width correspond-
ing to 1.0cm™". Labels as in Figure 6.

calculation is too large (see the inset where the calcu-
lated rotational structure has been convoluted with a
width of 0.3 cm™1). (ii) The broad many-line peaks near
124,750 and 124,790 cm™! are, overall, reasonably well
reproduced, despite the fact that experimentally the rovi-
bronic structure is largely smeared out, which is not the
case with the ad hoc width chosen for the plot of the cal-
culated spectrum. (iii) The strong band observed near
124,860 cm~! and extending up to about 124,890 cm™!
may be identified in the calculated spectrum by assuming
that the calculation positions it about 20 cm™! too low.
The assumed effective width here is qualitatively correct.

The positions and intensities of the R(0) transitions
indicated at the bottom of Figure 9, show which vibronic
Rydberg states are expected to contribute to the spectrum
in the region shown according to the present calculation.
It is instructive to examine the eigenvectors of the calcu-
lated peaks obtained in the MQDT calculation. It turns
out that virtually all the calculated levels are predicted to
be subject to strong channel coupling, whereby each level
contains numerous significant components. The assign-
ments indicated in the Figure correspond for the most
part to just the largest components, and serve really only
for book keeping purposes. The calculation predicts that,
again, a single vibronic level, AT(2)(4s + 3d)o I1T,, dom-
inates the spectrum over as much as 200 cm™L, with
all levels containing 30% or more character of the cen-
tral component. This reveals the presence of another
‘complex resonance’. With this in mind, we see that the
broad observed feature centred at 124,760 cm™! must be
due largely to X (0) and X* (1) f channel components,



whereas the somewhat sharper peak near 124,790 cm™!

represents the X*(0) 12p channels - again reproduced by
the calculation only to within ~15cm™!.

An interesting feature in Figure 9 is the prediction
of a weak absorption feature near 124,562 cm™! corre-
sponding to the A*(1)(4s — 3d)o, 1, vibronic state.
The observed spectrum does indeed show a group of
weak lines that might represent transitions to thislevel. In
Ref. [19] this weak absorption is not mentioned, but two
absorption lines had been attributed to the vibrationless
companion, A* (0)(4s — 3d)o 1, near 122,600 cm™*, of
the feature discussed here. The corresponding energy is
marked in Figure 8, but it is not clear whether the pre-
dicted weak absorption structure has a counterpart in
the observed spectrum. The reassignment of A1 (0)(4s —
3d)o ', proposed in Ref. [20], is discussed in the
following Section 4.2.

4.2. The 2009 reassignments of Huber et al. [20]

In 2009, Huber and coworkers [20] revisited some of
the vibronic assignments made in the earlier 2003 paper
[19]. They did this based on new absolute band oscillator
strength measurements, as well as on isotope shift mea-
surements between the 14N, and °N, isomers that had
not been used in the earlier analysis of Ref. [19].

In their paper Huber and coworkers state that their
new f-value measurements ‘update and expand’ the
‘earlier survey of preliminary data published in 2003’
[19]. Further, ‘the most radical changes occur near
123,000 cm™ !, where ‘the photoelectric spectra reveal a
shoulder on the high energy side of X*(0)7pz which
can be viewed as the head, at 122,907 cm™!, of a red-
shaded diffuse band mostly hidden by X*(0)7px > This
shoulder occurs at the sharp drop of the cross section
visible in Figure 8 at 122,907 cm~L. Huber and cowork-
ers then assigned this additional band as the transition
to the AT (1)(4s + 3d)o 1, upper state, thus changing
the 2003 assignment where the band at 122,980 (R(0)
line at 122,991.26 cm™! [19], called there AT (1)3'd’s,
had been associated with this upper state. To complete
the assignments in this region these authors attributed
the 122,980 cm™! band (that now had become ‘free’) to
the AT (0)(4s — 3d)o vibronic upper state (called there
A1 (0)4's's, see Figure 3 of [20]).

Figure 10 illustrates the situation near the X*(0)7px
band head, as it appears in the new VUV FT spec-
trum. The Figure compares, on a yet expanded scale,
the observed and calculated R branch leading to the
XT(0)7px vibronic state. The differences observed - cal-
culated correspond exactly to those of Table I in the 2003
paper [19]. These differences evolve between R(0) and
R(6) from —1.1 to +1.3cm™!: clearly, the 2003 global
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fit placed the position of the vibronic upper state at the
correct position, but was unable to reproduce the rota-
tional spacings correctly. The position of the shoulder
observed in Ref. [20] is indicated in Figure 10. Visually,
the way the shoulder appears in the Figure tends to sug-
gest that it consists of higher members of the X (0)7px
R(0) branch. In the calculation, the shoulder is inade-
quately reproduced by the 2003 quantum defect param-
eters, which predict a band-head at 122,903 cm™!. Note
that the VUV FT spectrum shown here has a three-
fold increased spectral resolution as compared to the
spectrum reported in Ref. [20].

This argument appears to lead to the conclusion that
the reassignment made in Ref. [20] was not justified.
Indeed, it seems unlikely, in view of the strong and well-
documented channel interactions coupling the Rydberg
states of N, built on the X and A% cores, that two
vibronic origins could come as close as 6 cm ™! (see top of
the present Figure 10). Considering the quantum defects
determined in Ref. [19] we expect a '[1,, ~ I, interac-
tion between X" 7pz and A1 (4s + 3d)o that should be
an order of magnitude larger.

In their 2009 paper, Huber and coworkers [20]
strengthened their argument in favour of the reassign-
ment further, by considering isotope shifts. They state
that ‘unambiguous evidence that the 14N, absorption at
around 122,888 cm™! is due not to one, but two tran-
sitions comes from the spectrum of °N;’ Indeed, they
found (see Figure 3 and Ref. [32] of their paper) that
the strong band around 122,988 cm™! appears to split
into two strong peaks, one of which moves down to
122,839 cm™! indicating the presence of a quantum of
vibrational energy in the upper state responsible for
the shifted peak. This then points to the presence of
the A*(1)(4s + 3d)o I, vibronic state, and appears to
confirm the reassignment proposed in Ref. [20]. This
shift, down to 122,839 cm™!, is indeed visible also in the
present VUV FT spectrum as shown by Figure 11.

By accounting for the known isotope shifts in the rovi-
brational levels of the X and A™ core states required in
the MQDT rovibronic calculations, but taking over the
quantum defects matrices unchanged from [19], we have
now calculated the !N, absorption spectrum shown in
the lower part of Figure 11 and compare it with the 14N,
spectrum shown in the upper part of the Figure. While
the agreement is far from perfect, we see that the MQDT
calculation correctly predicts the gross features in both
spectra and in particular, qualitatively, the magnitude of
the isotope shifts in the various bands. These exhibit a
variety of different rotational shapes that are difficult to
follow from one isotope to another. It becomes clear at
this stage that the usual isotope rules [52] are of no use in
highly perturbed situations such as encountered here.
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Figure 10. Expanded section of Figure 8 showing the R branch of the absorption transition to X*(0)7pz, 'I1, (77 K), as observed by
VUV FT spectroscopy (plotted upward) and calculated by MQDT with the 2003 quantum defect parameters [19] (plotted downward). The
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Figure 11. Observed (VUV FT, plotted upward, red online) and
calculated (MQDT, plotted downward, blue online) absorption
spectra of %N, (top) and "°N; (bottom) taken at 77 K in the region
of 122,900 cm~". The assignments indicated are based on the
eigenvectors of the calculated upper states of the R(0) transitions,
indicated by arrows (green online).

Based on this finding we abandon the reassignment
proposed in the 2009 paper [20]. The arguments put
forward in this older paper were correct as such, but
they were limited to a state-to-state analysis of the situ-
ation at hand, disregarding the strong channel mixings
active within the ‘complex’ resonance present here. It was

[19] are indicated in green and in yellow, respectively. The R(0) lines

thought at the time that the large isotope shift of the
Xt (0)7pr peak was due to an underlying second quan-
tum state, whereas in fact both these components co-exist
within the same state, see Figure 8.

To summarise, spectra of different isotopes, such as
14N,, 1¥NI°N and '°N, of interest here, are expected
to provide insight into the vibrational numbering of
observed bands [52]. However, the present example of the
group of vibronic states interacting with the core-excited
AT (1)(4s + 3d)o Rydberg state underlines the fact that
these rules may not be helpful in perturbed situations
involving states of different vibrational quantum num-
bers, and can lead to erroneous conclusions. This must
also be kept in mind in the discussion of the assignment
of the cathedral bands in the following Section 5.

5. Discussion: the assignment of the cathedral
bands

We return at this point to our point of departure, the dis-
cussion of the cathedral bands. Their definite assignment
must await the extended studies proposed here, but a few
remarks can already be made.

The large intensity of the bands contributing to the
two towers indicates that they almost certainly must be
associated with allowed transitions to A*(v*)nfi, and
B* (v*)nt i, Rydberg states. The Franck-Condon factors
from the a” 12;,1/ =0 levels to the XT (vt > 1)nfi,
Rydberg states are small, and thus not expected to pro-
duce such strong features. Similarly, while transitions to



3%F, 3, and ' Rydberg states and very high vibra-
tional levels of the b’ 'S} valence state have all been
discussed in the context of the N spectrum in this region,
such transitions are generally observed through intensity
borrowing from strong allowed transitions. It is unlikely
that any of these nominally forbidden states can produce
features with the observed intensities of the two towers
on their own.

In agreement with the previous work of Sommav-
illa et al. [28,31] our spectra demonstrate that the state
responsible for the higher energy tower manifests as a
IZJ state. Indeed, the experiments to date show that the
principal features of both towers of the cathedral have the
appearance of ' states. Strong perturbations or selec-
tive predissociation of the T, component of a 'TI, state
could give the appearance of a !} state, but we cannot
provide any definitive evidence for this possibility. The
isotopic data suggest that the states responsible for both
towers have vibrational quantum number v = 2, which
is not consistent with any of the current assignments of
these features, but, as stated above in Section 4.2, vibra-
tional isotope shifts can also be affected by perturbations.

Returning to the schematic energy level diagram of
Figure 2, in some cases, transitions to the AT (vF)nf i,
and Bt (v*)nl ], Rydberg states have been observed and
analysed, while in other cases the transition energies have
been estimated from the position of the corresponding
v = 0 bands and the vibrational energies of the corre-
sponding ion states. The only ' states in this plot
correspond to the AT (v+)3drg and BY (v1)3s0, configu-
rations. The expected energy for B* (0)3say is consistent
with its assignment to one of the towers. The v = 2 level
of the AT (vF)3dry 'S, progression is predicted to lie
closest to the region of interest, but at 127,030 cm™1, the
energy is still ~610 cm™! above the observed energy of
the higher energy tower. While this assignment would be
consistent with the observed vibrational isotope shifts,
it seems rather unlikely that the AT(2)3dr, 'S state
would be shifted so far from its expected position.

In contrast to the 'Z} states, there are at least two
configurations that are predicted to give 'TI, states in
the region of the second tower: A*(2)(4s — 3d)o, and
AT (3)(4s + 3d)ag (in our present notation). Both states
are expected within 250 cm™! of the observed transitions.
Lefebvre-Brion has presented an alternative assignment
for a number of the lower energy AT (vF)nli, levels,
and in her model, the A*(1)(4s + 3d)g, state occurs
at an energy consistent with the higher energy tower
[29,30]. The assignment to A™(2)(4s — 3d)og, which was
proposed by McCormack et al. [25], is the only one
consistent with the observed vibrational isotope shift.

As discussed above, the assignment of the upper tower
to a ', state would require a mechanism for the strong,
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selective predissociation of the 'I1;, component of this.
The most likely state producing such selective predisso-
ciation would then be a ! state; a > state could also
provide this selectivity, but the interaction is expected
to be considerably weaker. Electronic structure calcu-
lations have described two !X states that could pos-
sibly account for this predissociation. First, in an early
theoretical study, Michels [60] found a repulsive 'Z
state dissociating to N 2D + N 2D that crosses the
outer turning points of the X* 2" and A*2II, poten-

tials at ~ 145,200 cm™!. This energy is somewhat too
high to account for predissociation of a TI,, state near
126,420 cm™ !, but it would be interesting to see if this
X potential is significantly changed with the higher
accuracy methods now available. The second state cor-
responds to the bound @’ state, with a term energy
of 67,739.290 cm ™. This state also dissociates to N2D +
N2D at an energy of 117,163 cm™!, and thus provides an
open dissociation channel. The shape of this potential is
such that its crossing or near-crossing with the poten-
tial of the At (2)(4s — 3d)o (or other) TT,, Rydberg state
would occur near the inner turning point of the poten-
tial. Unfortunately, at this time neither of the potentials
is characterised well enough to assess this interaction
quantitatively.

It is also interesting to examine the isotope shifts of
the cathedral bands. Randazzo et al. [35] have previously
measured isotopes shifts in photoionization for the cathe-
dral bands for 14N, 14NN and °N,. From the observed
shifts, they concluded that the upper state responsible
for the higher energy tower has an A*(2) core, consis-
tent with the assignment of McCormack et al. [25] as
an AT (2)4so Rydberg state. Figure 12 shows portions of
the present high-resolution, room-temperature absorp-
tion spectra in this region for the three isotopologues.
The lower energy tower appears to be breaking up in
the >N, spectrum, and the assignment of the dominant
feature is somewhat ambiguous. The observed shifts of
the higher energy feature are consistent with those of
Randazzo et al. [35] and with their A*(2) assignment.
The results are summarised in Table 2, along with pre-
dicted shifts for different vibrational levels of the X+ (v1),
AT (v"),and BT (v") ions.

Randazzo et al. [35] did not discuss the isotope shifts
for the lower energy tower, but their spectra are consistent
with the present shifts for that feature. The shifts for this
tower are similar to those of the higher energy tower for
L4NI5N, but are even larger in the 5N, spectrum. This
larger shift is more consistent with a Rydberg state with
an X (2) or B*(2) ion core. The former is not expected
to have the large intensity observed for this feature, and,
as discussed next, the lowest energy Bt (2)n{ /4y Rydberg
state is expected to lie at significantly higher energy.
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Figure 12. Room temperature FT-VUV photoabsorption spec-
tra between 125,800 cm~" and 126,500 cm™" for: (a) "*N,, (b)
14N™5N, and (c) °N,.

Table 2. Isotope shifts forionisation thresholds fromX1E;,v” =
0.

Vibronic core level 4N, - N'5N (em™T) 14N, = BN, (em™)

X*(0) (calc) -13 -26
X*(1) (calc) 34.7 70.1
X+(2) (calc) 69.2 1403
A+ (0) (calc.) —38 -7.7
At (1) (calc) 272 54.8
A+ (2) (calc) 57.1 115.3
A+ (3) (calc) 86.1 173.9
B*(0) (calc) 0.4 0.9
B*(0)3so (obs.) 71 161

Upper Tower (obs.) 73 132

The allowed Rydberg series converging to the B
state of the ion correspond to Bt (v )nsag, BY (vF)ndoy,
Bt (vF)ndn,, and at higher energy these give rise to the
beautiful series of resonances known as the Hopfield
series [6]. The BT (v')4sog, Bt (vt)3dog, Bt (vt)3dn,

bands lie near 138900 cm™!, well above the present
energy range. From multiple scattering calculations, Kos-
man and Wallace [15] suggested that the B*(0)3so,
state should lie near ~ 123,270 cm™!, while the quan-
tum defect for the B*(0)nso, channel determined by
Raoult et al. [14] puts it at 123,140 cm~!. The assignment
of the lower energy tower to B*(0)3ss, by McCormack
et al. [25] is consistent with these estimates. If this state
were assigned to Bt (2)3s0y, it would place the B+ (0)3s0,
at ~ 121,580 cm™!. Given the existing analysis for that
region, the BT (2)3s0, assignment for the lower tower
appears to be untenable.

Perturbations in the spectra can certainly wreak havoc
on the expected isotope shifts, particularly for complex
resonances like the cathedral bands that involve inter-
actions among multiple electronic states with different
vibrational quantum numbers. We find that for iso-
lated, unperturbed transitions, the isotope shifts are well-
behaved and consistent with expected assignments, but
for perturbed states and complex resonances, the assign-
ments based on isotope shifts are inconsistent with expec-
tations. In such cases, which include the cathedral region
and the complex bands of Figure 11, the isotope shifts are
less helpful for aiding or confirming assignments.

Finally, as a new result, Figure 6 shows that the MQDT
absorption calculation carried out with the quantum
defect functions taken from the 2003 paper [19] does
not produce any intense structure in the region of either
tower of the cathedral bands. This result points to the ten-
tative conclusion that the cathedral bands would be due
to Rydberg structures, presumably a ‘complex’ resonance,
associated with the Bt 2X F core state, not included in the
2003 calculations.

6. Conclusion

A combination of three techniques: double-resonance
spectroscopy, high-resolution absorption spectroscopy,
and multichannel quantum defect theory (MQDT) has
been used to help understand the near-threshold pho-
toionization and photoabsorption spectrum of Nj. The
selectivity of the double-resonance process allows an
improved characterisation of the rotational structure of
the bands responsible for the cathedral features between
126,200 and 126,600cm™!. The 0’45 state has been
characterised for the first time, and the perturbations
between the b'43, b'44, and b'45 valence states and the
AT (vM)nsog and AT (v)ndigy Rydberg states are better
understood. Nevertheless, a definitive and self-consistent
set of assignments for the states responsible for the two
cathedral towers has not yet been achieved. Although a
local assignment of the spectrum appeared to be within
reach, the double-resonance spectra could not resolve a



number of the contradictory observations of the previous
work. This situation suggests that only a global approach
will be able to construct a convincing and comprehensive
assignment of the data.

The new photoabsorption data on three isotopologues
of N, (14N,, ¥N!°N, and °N,) span a range of nearly
5 eV with a spectral resolution of 0.3 cm™!, and appear to
be ideal input for the MQDT approach, which is global in
nature, but at the same time predicts the rotational struc-
ture of the individual bands. The detailed analysis of this
fine structure, to the extent that it is not washed out by
predissociation and autoionisation, will be necessary to
arrive at a definite interpretation of the full spectrum.
The calculations of A(v")(3d + 4s)o I, progression
presented in Section 4.1 not only demonstrate the capa-
bilities of the MQDT, but also render apparent the limi-
tations of the quantum defect matrices determined back
in 2003 [19].

The focus of the discussion here has been mainly
on the overall appearance and positions of the peaks
observed in the FT-VUV spectrum. Nevertheless, it has
already been possible to draw some conclusions from
those comparisons. In particular, the important role of
‘complex’ resonance features has been highlighted.
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