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Abstract

Using a narrow-band tunable XUV source, ultra-high resolution 1 XUV + 1 UV two-photon ionisation spectra were recorded of
transitions to several singlet ungerade states in '*N, and '*N, in the range 106000-109000 cm™". The natural linewidths of the individual
rotational spectral lines were determined and the resulting lifetimes were found to depend on vibrational level and for the ¢5'IT, (v = 1)
level also on isotope. Furthermore, accurate transition frequencies were determined and for several bands, lines near bandhead regions

were resolved for the first time.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The dipole-allowed transitions in molecular nitrogen
from the ground state X IZ;, accessing excited states of
singlet ungerade symmetry ('} p'EF ¢3!, 0 11,
and b'T1,), lie in the extreme ultraviolet (XUV) spectral
domain. Strong Rydberg—valence and rotational interac-
tions perturb the structure and intensity distribution
[1-3], while additional spin—orbit interactions with triplet
ungerade states cause predissociation of the singlet states.
A large number of linewidth and lifetime measurements
(see [4] and references cited therein) show a predissociation
rate strongly depending on vibrational level and isotope.
Lewis et al. [5] explained the predissociation for the
b'IT, (v = 0-6) and ¢;'T1, (v = 0) states, lying in the energet-
ic range 100000—106000 cm ™', in terms of interactions with
the C°I1, and C’*I1,, states. To extend their theoretical pre-
dissociation model to higher singlet states, more
information is required (and recently became available
[6,7]) on the F°II, and G°II, states, which are supposed
to play significant roles at higher energies [5]. Second, a

* Corresponding author. Fax: +31 205987999.
E-mail address: arjan@nat.vu.nl (J.P. Sprengers).

0022-2852/$ - see front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jms.2005.11.001

comprehensive set of linewidth and lifetime measurements
on singlet ungerade states at these higher energies is
required to give a detailed picture of the predissociation
behaviour and to explain the underlying mechanisms.
Recently, linewidth measurements of several singlet
ungerade states in the region 109000-112000 cm™' were
reported [8,9] and here we present new frequency domain
linewidth measurements on the singlet ungerade states
between 106000 and 109000 cm™'. The present ultra-high
resolution 1 XUV + 1 UV two-photon ionisation spectra
also yield accurate line positions and several lines near
bandhead regions are resolved for the first time.

2. Experiment

This paper reports on an extension of previous experi-
ments on linewidths in the N, spectra using the ultra-high
resolution XUV laser in Amsterdam [4]. Now the system
has been modified to produce XUV radiation at energies
exceeding 106000 cm . The extension has been document-
ed before [10] and will only be briefly described here. The
output of a narrow-band tunable cw ring dye laser, pumped
by a 532-nm Millennia-V laser, was amplified in a pulsed dye
amplifier (PDA), which was in turn pumped with the second
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harmonic of a pulsed Nd:YAG laser. The output of the
PDA was mixed with a ~100 mJ/pulse 532-nm green beam
(15% from the same narrow-band injection-seeded
Nd:YAG laser used to pump the PDA) in a KD*P crystal
to generate UV radiation with typical powers of
10-15 mJ/pulse. XUV radiation was produced by nonreso-
nant frequency tripling the UV in a xenon gas jet obeying the
fOHOWil’lg relation: axyuv = 3(UpDA + 3de:YAG- Absolute
frequency calibration of wppa was done by applying I, sat-
uration spectroscopy on the cw ring dye laser output, while
relative calibration was achieved with an étalon. Calibration
of wng-yag was performed with an ATOS wavemeter. The
XUV beam was perpendicularly crossed with a skimmed
N, supersonic jet and the N, ions formed in the 1
XUV +1 UV ionisation scheme were accelerated to a
electron-multiplier detector in a time-of-flight setup. A
99.40% isotopically enriched gas sample (Euriso-top) was
used for the !N, measurements.

Philip et al. [10] deduced a XUV source bandwidth of
300 MHz at full width at half maximum (FWHM) (all fur-
ther widths and bandwidths in this paper are FWHM) by
measuring a long-lived krypton resonance at a nozzle—
skimmer distance of 150 mm. This is the same bandwidth
determined from measurements applying the third harmon-
ic of the frequency-doubled output of the PDA corre-
sponding to wxyy = 6wppa [4]. For strong signal levels,
a nozzle-skimmer distance of 150 mm was used also for
the N, studies, but for weaker lines, this distance was
decreased resulting in extended Doppler broadening and
less accurate measurements. In worst cases, the nozzle
was located only a few millimeters before the skimmer to
obtain a sufficient signal-to-noise ratio. In the subsequent
data analysis, the same function of the instrument width
against nozzle—skimmer distance as given in [4] was used,
in which the XUV bandwidth is constant and the Doppler
width depends on the nozzle-skimmer geometry.

3. Results

With the present setup, 1 XUV +1 UV two-photon
ionisation  spectra  were recorded, probing the
', (v=10), &'M,(v=12), 'T(v=1,2), and
B'YF (v =4, 6) states in "*N, and the b'I1, (v="9), ¢;'II,
(v=1), o', (v=1), &'TF(w=1), and »'Z!(v=S35,6)
states in '°N,. Examples of spectra are shown in Figs. 1
and 2 for the ¢,'Y —X'T/ (2,0) and b'II, —X'Z]
(10,0) bands, respectively. In Fig. 2 and its caption, the
procedure is demonstrated to convert the online calibrated
frequency wppa (scanned) and wng.vag (fixed) into a scale
for the XUV frequencies. Not all levels in the energy range
106000-109000 cm ! are presented here because of several
reasons. Raw data were obtained for (9) and o(1) in '*N,,
but the strong mutual perturbation [11] requires further
analysis before the lines can be assigned unambiguously
and the predissociation behaviour presented. Also the
¢5(1) level in >N, has local interactions but in this case
with a triplet state [3] and here only a value of the lifetime
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Fig. 1. 1 XUV +1 UV ionisation spectrum for the "N, ¢}'Z; — X'/
(2,0) band. The R(0) and R(4) lines and the R(1-3) lines are resolved for
the first time. Left spectrum is recorded with a smaller nozzle-skimmer
distance than the spectrum at the right, i.e., the widths are slightly larger in
the left spectrum due to increased Doppler broadening.
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Fig. 2. Upper spectrum: 1 XUV + 1 UV ionisation spectrum for the '*N,
b'II, — X12; (10,0) band. Nozzle-skimmer distance = 40 mm. The lines
are lifetime broadened and clearly show a dominant Lorentzian contri-
bution. The R(0) and R(2) lines are resolved for the first time. Lower
spectrum: (A) Simultaneously recorded I, saturation spectrum. The line
marked with an asterisk is the ““#”” hyperfine component of the B — X (19—
2) P56 line of 1, at 17 336.22109 ecm™!, used for absolute calibration of
wppa- (B) Simultaneously recorded étalon markers for relative calibration
of wppa. Three photons of the green beam, with an energy of
Onavac = 18788.3766 cm ™', has to be added to obtain the frequency
wxuyv = 3wppa T 30Nd:yag shown in the upper curve.

is given, while a detailed analysis of the perturbations will
be presented elsewhere. No signal levels corresponding to
the transitions to »(8) in both '*N, and >N, and #’(4) in
5N, were detected, probably because of a lack of sufficient
XUV power. We note here that in the present XUV-pro-
duction scheme involving wxyv = 3wppa t 30Na-vaGs
the XUV intensity is less than in the sextupling



178 J.P. Sprengers, W. Ubachs | Journal of Molecular Spectroscopy 235 (2006) 176180

(wxuv = 6wppa) scheme [4]. Excited states b(10), c¢3(2),
and ¢(2) in >N, were not investigated because the energy
positions of the bandheads are not known to sufficient
accuracy to attempt an ultra-high resolution study; search-
ing for these lines would consume too much expensive '°N,
gas. Finally, #'(5) in '*N, was already presented in [10].

3.1. Line positions

The observed transition frequencies and assignments are
tabulated for '*N, and '°N, in Tables 1 and 2, respectively.
The absolute accuracy of the spectral measurements is esti-
mated at £0.01 cm ™' [10], significantly larger than the accu-
racy of £0.003 cm™ ! in our other studies on N, [3,4]. The
higher uncertainty is associated with the limited accuracy
of the ATOS wavemeter and small drifts of wng.yag during
the scans[10]. These estimates are for the narrower resonanc-
es, while for lines with a significant Doppler contribution or

Table 1
Observed transition frequencies (in cm™') in N,

Level J R(J) o) P(J)

b1, (v = 10) 108374.040
108374.911
108374.236
108372.003
108368.199
106531.442
106534.334

108370.063
108366.956

'L, (v=1)
106527.443
106526.323
108698.00

106371.966

108547.605

0
1
2
3
4
0
1
2
'L, (v=2) 0
0
0
1 108549.305
2
3
4
0
1
2
0
1
2
3
4

cQ]EI(U: 1)
Gz v=2)

108549.858
108549.264
108547.510
106649.145
106650.228
106649.903
108000.93"

YIZHv=4)

PIEH (v =6)
107994.49
108000.93" 107988.94
107998.65
107994.73

5 107989.23

Lines marked with * are blended lines in the spectrum. Lines given in less
significant digits have undergone lifetime and/or Doppler broadening.

Table 2
Observed transition frequencies (in cm ™) in '°N,
Level J R(J) o)
b, (v="9) 1 107446.97 107442.34
o', (v=1) 1 107582.40 107575.92
Alzrw=1) 1 106313.887
VT (v =15) 0 107229.574

1 107230.200

2 107229.284
Y'Er(v=6) 1 107877.81

Lines given in less significant digits have undergone lifetime and/or
Doppler broadening.

lifetime broadening, a lower accuracy of +0.02 cm ™' is esti-
mated. Note that the resolving power, i.e., bandwidth, of
the setups with wxyuv = 30)PDA + 30)Nd:YAG and
wxyv = 6bwppa are similar, notwithstanding the fact that
the accuracies are different.

For most nozzle-skimmer geometries, a low rotational
temperature in the gas expansion only allowed population
of low rotational levels with J < 5. Near the R-branch
bandheads regions, many individual lines were resolved
for the first time. For example, the R(0) and R(4) and
the R(1-3) of the ¢, — X (2,0) band in N, are clearly sep-
arated (see Fig. 1) and also the R(0) and R(2) lines of the
b — X (10,0) band in "*N, are resolved for the first time (see
Fig. 2). These levels have all been measured and analyzed
before with a lower resolution for '*N, [12-17] and '°N,
[3]. To identify the resolved lines, transition frequencies
were calculated from the known molecular constants. Since
only a limited amount of lines were measured, no attempts
were made to improve the molecular constants.

3.2. Linewidths

From the recorded 1 XUV + 1 UV ionisation spectra,
linewidths for the individual rotational lines of all bands
were determined using the same procedures and instrument
function as in [4] to deconvolve the instrument function
from the observed widths to obtain natural linewidths T".
Subsequently, lifetimes were derived using T = 1/2nI" and
the results for the various states investigated are tabulated
for both '*N, and "N, in Table 3. For the small range of
low J levels studied (J < 5) no evidences of J-dependences
were found. Also no differences in lifetime between IT" or e
parity levels (observed in R and P branches) and IT™ or f
parity levels (Q branches) were observed, in the case of
the 'T1, states.

3.2.1. 1, states

One vibrational level of the 'Il, state was investigated
in "*N,, namely b(10), providing the first reported lifetime
for this level of 100 + 15 ps. In N, the »(9) level was
studied, yielding a lifetime of 46 + 7 ps. This value is only
derived from several scans of the Q(1) line, corresponding
to f'symmetry levels. Because of a low signal-to-noise ratio,
no accurate linewidths of R (and P) lines were determined
and hence, the present lifetime of 5(9) in >N, applies to f
parity levels only.

The ¢;'TT, Rydberg state was studied for vibrational lev-
elsv=1,21in "N, and v = 1 in '°N,. A significant isotope
dependence is found for c3(1), as shown in Fig. 3. Clearly
lifetime broadened lines were observed in '*N, giving a life-
time of 155 4 30 ps, while in the heavier isotopomer, nearly
instrument limited widths were found. This gives only a
lower limit of = > 800 ps for ¢3(1) in '°N,. Previous time—
domain lifetime measurements [18] give similar results:
170 + 30 and 1000 4 100 ps for "N, and '°N,, respective-
ly, showing that this level in >N is indeed one of the lon-
gest lived singlet ungerade states in N, in the region below
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Table 3
Experimentally observed lifetimes 7 in the isotopomers "N, and °N,

Level 4N,

14N15N ISNZ

T (ps) obs. 7 (ps) previous 7 (ps) previous 7 (ps) obs. T (ps) previous
b, (v="9) <50-110 [18] 46 £7
b1, (v = 10) 100 + 15
'L (v=1) 155 +30 170 £ 30 [18] >800 1000 + 100 [18]
230% [16]
', (v=2) 62+ 10
o', (v=1) <50—110 [18] 2746
G'ziw=1) 270 £ 70 330 + 35 [19] 240 £ 35 [19] 310 + 80 530 + 50 [18]
A=t =2) 530 + 150 675 £ 50 [19]
650 [20]
p'Zi(v=4) 160 + 70
Y'Ei(v=5) 210 £25[10] 250 + 80
280 [20]
Y'Ei(v=6) 60+ 10 55+10

The lifetimes are compared with literature data. All data typically pertain to rotational levels J < 5.

@ Lifetime for J = 1, see [18] for more information.
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Fig. 3. Isotope dependent width of the ¢3'IT, — XIZ; (1,0) R(0) line. Left
spectrum: "N line is lifetime broadened. Right spectrum: '*N»: width is
nearly instrument limited.

112000 cm ™', Obviously, high-n Rydberg states, used in
zero-kinetic energy experiments, have much longer life-
times even into the us range [21,22].

Although in a previous direct time-domain pump-
probe lifetime study [18] individual rotational lines were
unresolved, some evidence of a J-dependence was found
for the lifetime of cs(1) in '*N,. At higher J levels a
shorter lifetime was observed but no accurate lifetime
determination could be performed. Kawamoto et al.
[16] also investigated this level in '*N, by measuring line-
widths in the ¢ — a”(1,0) band and found a decrease in
the lifetime with J: 230 ps at J=1 and 37 ps at J=38
(see for more information [18]).

The ¢5(2) level was measured for '*N, yielding a lifetime
of 62 £ 10 ps, about two times smaller than that of ¢3(1) in
N,. The o'II,(v = 1) Rydberg level was studied in '°N,
resulting in a lifetime of 27 + 6 ps. For the latter two states
no previous results have been reported.

3.2.2. 'TF states

Two states of '} symmetry were investigated, the ¢,'=*
Rydberg state and the »"'X} valence state. For ¢j(1), life-
times of 270 + 70 and 310 + 80 ps were derived for "N,
and '°N,, respectively, showing no significant isotope
dependence at the present level of accuracy. Time—-domain
pump-probe lifetime measurements give lifetimes of
330 4+ 35 ps [19] and 530 + 50 ps [18] for N, and '°N,,
respectively. The '*N results agree well, while for '°N, dif-
fering results are found from line-broadening and pump-
probe techniques. We cannot provide a definite explana-
tion for this discrepancy. However, in the pump-probe
experiment the bandwidth of the laser is rather limited,
to an effect that for "N, some high J lines in the
c3 — X(1,0) band are excited when probing cj(1). Mean-
while, it has been established that the lifetime for ¢3(1) in
5N, is as long as 1000 + 100 ps [18], hence even a small
signal admixture from these longer-lived states could affect
the lifetime observed for (1) in '*N,. In the present line-
broadening study singly-resolved rotational levels are stud-
ied. In addition, we note that in the current study similar
lifetimes were observed for ¢(1) in N, and "PN,. Since
the lifetime of ¢j(1) in N'°N is in the same range
(240 + 35 ps [19]), it may be deduced that for this particu-
lar state there is no isotope dependence.

A value of 530 + 150 ps was determined for the lifetime
of the ¢}(2) level in “N,. Only a small broadening was
observed compared to the instrument width, causing a
large uncertainty in the lifetime determination. The present
technique is applicable for lifetimes lower than ~800 ps,
but lifetimes longer than 400 ps are determined more accu-
rately using time-domain pump-probe experiments as have
been performed in Lund [18,19,23]. In view of the relatively
high uncertainty in the present lifetime of ¢} (2), there is still
reasonable agreement with previous data: 675 4 50 [19]
and 650 ps [20].

For the b''E state, lifetimes of the v = 4-6 vibrational
levels were determined. For the b’ (4) level, here only studied
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in "N, a lifetime of 160 + 70 ps was obtained. Ubachs
et al. [19] assumed a lifetime of 60-80 ps for »’(4) to explain
the lifetime of ¢ (1) in a Rydberg-valence mixing perturba-
tion model, which seems to be a reasonable estimate. The
lifetime of &’ (5) in '*N, was already measured with the same
setup [10], giving a value of 210 + 25 ps, not too far off from
a value of 280 ps measured by Oertel et al. [20]. In the pres-
ent study, a lifetime of this level in '°N, of 250 + 80 ps was
obtained, hence showing no isotope dependence. Similarly
for '(6), no difference in lifetime of the isotopomers was
found, with lifetimes of 60 + 10 and 55+ 10 ps in "N,
and '°N,, respectively. The lifetime of »'(6) is certainly
shorter than those of 4’(4) and b'(5).

4. Discussion and conclusions

Lifetimes of singlet ungerade states between 106000-
109000 cm™! in N, and '°N, have been determined
experimentally from linewidth measurements in the fre-
quency domain. The lifetimes provide information about
the predissociation rates and for virtually all excited states
in N, in the region below 112000 cm ™', predissociation
dominates radiative decay; for high-n Rydberg states the
situation is known to be different [21,22]. In the present
study, lifetimes are found to depend on vibrational level
and for the ¢3'II,,(v = 1) level also on isotope. Using the
coupled-channel Schrodinger equation (CSE) technique,
Lewis et al. [5] combined the (b,c3,0)'T1, and (C,C’)°Il,
states in a five-channel CSE model, including all the elec-
trostatic and spin—orbit interactions, to explain the predis-
sociation of the 5'TT, (v = 0-6) and ;'L (v = 0) states. For
these 'II, states the predissociation is governed by the
(C,C")’T,, states. To extend their model on the T, states
to higher energies, i.e., to the region of the states studied
here, more information on the °IT, manifold is necessary.
Recent rotationally resolved experiments on the F°II,, [6]
and G°Il,, [7] states are valuable since the F and G states
play a significant role at these energies.

A comprehensive predissociation model including sin-
glets and triplets, as was reported for the states of 'II,,
symmetry [5], is not yet developed for the '=' states.
However, Ubachs et al. [19] explained lifetimes of
¢'ZH(v=0-2) in "N, from a perspective of Rydberg-
valence mixing in the '¥" manifold. The pure )
Rydberg state is assumed to be unpredissociated, while
Rydberg-valence mixing with the predissociating o’ valence
state (possibly by coupling with triplet states) shortens
the lifetimes of the Rydberg state levels. For example for
the specific level ¢;(1), Ubachs et al. showed that this
level is strongly mixed with the 5’ state with a dominant
b'(4) admixture and assuming a lifetime of 60-80 ps for
b’(4), they explained the shortening of an estimated radia-
tive lifetime of 740 ps to their observed c(1) lifetime of
330 ps. Their assumed b’(4) lifetime is not that far off from
the present b’ (4) result of 160 + 70 ps.

In general, the dependence of the lifetime behaves in a
seemingly erratic way for the manifolds of 'E) and 1,

symmetry. However, comprehensive perturbation models
involving singlet and triplet states are able to explain the
lifetimes, as was demonstrated by Lewis et al. [5] for a num-
ber of 'TI, states in the limited energetic range below
106000 cm~'. Such models should be extended now to
include 'IT,, states at higher energies and 3" states. The
presently obtained lifetimes can be used as key inputs for
these levels.
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