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Abstract

Excited state lifetimes of ¢,'EF, v = 0-2 states of molecular nitrogen have been determined in a laboratory inves-
tigation using a picosecond XUV laser in a pump-probe configuration. For ¢!}, v = 0 the lifetime is t = 740 + 50 ps,
for the lowest rotational states. For higher rotational states a gradual shift towards © = 495 ps is found in agreement
with previous findings that these states are subject to predissociation. For ¢,'=!, v = 1 no J-dependence is found and
values for two isotopomers are reported: T = 330 ps for N, and t = 240 ps for “N"’N. For ¢,'E!, v = 2 a lifetime for
the lowest rotational states (J = 0-3) was derived: T = 675 & 50 ps; for J = 11 a lifetime of < 120 ps is deduced. All
values for the lifetimes including the J-dependences are explained in a model based on Rydberg-valence interac-

tion. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

The lowest Rydberg states of 'E] symmetry of
molecular nitrogen are the prime extreme ultra-
violet (XUV) absorbers in the Earth’s atmosphere
[1]. From laboratory experiments it has been es-
tablished that specifically excitation to the ¢}'X/,
v = 0 state of N, also indicated as cj(0), carries
the largest absorption oscillator strength of all
dipole allowed transitions. Moreover upon elec-

tron-induced collisional excitation, occurring in

* Corresponding author. Fax: +31-20-4447999.
E-mail address: wimu@nat.vu.nl (W. Ubachs).

the upper layers of the atmosphere, the c,(0,0)
band has the largest fluorescence cross section [2].
This band was reported, in the Voyager-1 space
mission, as the strongest XUV-emission feature in
the atmosphere of Titan, predominantly consisting
of molecular nitrogen [3]. However, Stevens has
recently argued that this reported result of ¢} (0, 0)
as the strongest XUV-emission feature is based on
a misidentification and it is proposed that a variety
of features, including those from excited nitrogen
atoms, are responsible for the intense emission
peak near 95.8 nm [4]. The c(0,0) band as well
as the other prominent absorption and emission
bands pertaining to molecular nitrogen are all in
the spectroscopic window covered by the high
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resolution spectrometer aboard the new NASA
Far Ultraviolet Spectroscopic Explorer (FUSE)
satellite, in orbit since mid-1999. The presently re-
ported laboratory studies on the decay properties
of Rydberg states of N, bear relevance for this
FUSE project as well as for the Cassini Mission on
its way to Titan. The resolution of the spectro-
meter aboard Cassini is high enough to unravel the
atomic and molecular emission features near 96
nm.

The emission and dissociation properties of
the excited states of 'T} and 'TI, symmetry in N,
have been extensively discussed in the literature,
often in connection with phenomena occurring in
the Earth’s atmosphere, such as the dayglow, the
nightglow and the aurora processes. Key issue has
been to determine the relative rates of the com-
peting processes of emission and predissociation,
after photo-absorption or electron collisional ex-
citation; this is intimately connected with the rate
of production of N-atoms and the chemistry in the
upper layers in the atmosphere. In early experi-
ments by Zipf and McLaughlin [5] it was found
that the predissociation probability of the c,'Z}
Rydberg state, a crucial parameter for the model-
ing of atmospheres, was 15%, for the vibrational
levels v/ = 0—4 and over 95% for levels v = 5-7. In
later studies by Ajello et al. [2] the predissocia-
tion yield was found to be less than 10% for c|
vibrational levels. Additional rotationally resolved
measurements [6] gave a predissociation yield of
16.2%, specifically for the c)(0) state at tempera-
tures of 400 K. Moreover an increasing pre-
dissociation was obtained for higher rotational
quantum numbers. Such low predissociation yields
could however not be reconciled with observed
XUYV emissions of the Earth’s atmosphere; this led
to a problem referred to as the missing radiation
problem by Stevens et al. [7]. The authors were
able to resolve this issue by invoking a delicate
interference between emission in the c(0, 1) band
and reabsorption in the b'IT,—X(2,0) band. Since
the b'Il,, v =2 excited state was known to be
subject to rapid predissociation [8] multiple scat-
tering in an optically dense atmosphere could help
to explain the loss of XUV photons; equally im-
portant in the model of Stevens et al. was the
treatment of radiative trapping in the Earth’s

atmosphere. Slanger reanalyzed near ultraviolet
spectra of the Earth’s aurora and was able to
identify emission bands in the Gaydon-Herman
system originating from the c,(0) upper state, in
particular the ¢,'X'-a'Tl,(0,4) and (0,5) bands
[9]. Quantitative emission measurements have
yielded a branching ratio of only 1.1% for decay
into the a'Il, state [2].

The spectroscopy of the dipole accessible ex-
cited states of N, is complicated and was not un-
derstood for a long time. The ¢,'E! state is the
lowest member of the nps, Rydberg series, which
was investigated over the years [10-12]. The high-
est resolution study on some rotational lines in
the c(0,0) band was recently performed, using a
narrow-band XUYV laser, with a resolving power of
6.2 x 107 [13]. It was through the pivotal work of
Stahel et al. [14] that the spectrum of the excited
singlet states of N, became understood and set on
a firm quantitative basis. Strong homogeneous per-
turbations between the Rydberg manifolds of '}
and 'T1, symmetry and the b" X and b'II, valence
states could explain the large level shifts and the
absorption strengths deviating from the normal
Franck—Condon behavior. Later this picture was
filled in with details. The local perturbation be-
tween the ¢}'Z, v = 0 and b=}, v = 1 states was
analyzed by Yoshino and Tanaka [15] and later, in
higher resolution laser excitation, by Levelt and
Ubachs [16]. The effect of heterogeneous couplings
between states of different symmetry has to be
included as well as was shown by Yoshino and
Freeman [17] for a limited wavelength inter-
val. The interaction of states with nps, and npm,
Rydberg orbitals, resulting in ¢, ,'E! and c,'II,
states, was analyzed in terms of a p-complex by
Carroll and Yoshino [11]. Levelt and Ubachs [16]
had also included the interaction of the c;'II,,
v = 0 state on the ¢,'=, v = 0 state. An extended
analysis, including homogeneous and heteroge-
neous effects, between all Rydberg and valence
states of '= and 'TI, symmetry was performed by
Edwards et al. [18]; such a model should in prin-
ciple explain rotationally dependent effects in life-
times, oscillator strengths and predissociation yields.

Lifetime measurements on cj(0) were performed
by various groups using different techniques [13,
19]. Oertel et al. [20] have reported lifetimes for the
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c,(0) and c(2) levels, while Kam et al. [21] mea-
sured c,(3) lifetimes from line broadening. Helm
et al. [22] observed strong rotational effects on the
lifetimes of c;(4), also from line broadening. Ajello
et al. [23] included these data to derive the pre-
dissociation yield for both the c(3) and c}(4)
states, again with strong rotational state depen-
dences. In the present paper we report on the
application of an alternative technique for mea-
surement of excited state lifetimes. A two-laser
pump-probe experiment is performed to derive
lifetimes of the lowest three vibrational levels
v=0-2 of the ¢,'E Rydberg state.

2. Experimental method

Direct time-domain measurements of excited
state lifetimes are performed by 1XUV + 1UV
two-photon ionization. A tunable and pulsed co-
herent XUV laser system is used to resonantly
excite the state under investigation and a time-
delayed pulsed UV laser is used, in a pump—probe
configuration, to photoionize the excited mole-
cules. A description of the picosecond XUV source
of the Lund Laser Centre, including its temporal
and bandwidth characteristics, was described pre-
viously by Larsson et al. [24], while its application
to similar lifetime measurements on some excited
states of CO was reported by Cacciani et al. [25].
The XUV pulses are generated by a chain invol-
ving a distributed-feedback dye laser (DFDL), a
titanium—sapphire amplifier and harmonic gener-
ation, running at 10 Hz repetition rate. The am-
plified tunable IR pulses have a duration of x90
ps, as measured on a streak camera and a pulse
energy of up to 50 mJ. They are frequency doubled
in a KD*P crystal. The combined output of the
leftover IR and UV pulses are focused into a
pulsed krypton jet for harmonic generation. The
eighth harmonic of the IR input wavelength
is produced in a nonlinear mixing process, €.g.
through vxyv = 3vyv + 2vir, and is selected by a
spherical grating and refocused into the interac-
tion region. By tuning the DFDL, accomplished
by varying the temperature of the dye solution
inside the laser, the XUV radiation can be tuned
into resonance with an absorption of N,. A pulsed

laser spectrum analyzer is used on-line to measure
the absolute wavelength and the bandwidth of the
IR laser, which was determined at AAg = 0.10 nm
depending on wavelength and alignment of the
DFDL. From this and from previous measure-
ments on the He resonance line [24] we estimate a
bandwidth of Alxyv ~0.01 nm for the XUV
source. For the probe pulse in the 1XUV + 1UV
ionization scheme the 355 nm output of the same
mode-locked Nd:YAG laser is used, that pumps
the DFDL, so that no time jitter exists between the
pump and probe beams.

The XUV and UV beams are crossed in the
interaction region and intersected with a jet of
gaseous N,, obtained from a pulsed valve at a
distance of 7 cm. The temporal delay between the
XUV and UV pulses is controlled by spatially
delaying the UV pulse on an optical rail allowing
for 5.7 ns maximum delay. Lifetimes are derived
from measurements, whereby the intensity of the
laser-induced ion signal is integrated over 300
pulses (30 s measurement time) at each temporal
delay position. The ions were collected from the
interaction region by an electric field and mass
separated in a field-free time-of-flight drift tube
before detection. This allows for a simultaneous
on-line measurement of “N, and “N'N isoto-
pomers from a natural gas sample of molecular
nitrogen.

Before the actual lifetime measurements were
performed an excitation spectrum was recorded
for each band under investigation. In Fig. 1 such a
spectrum is presented for the ¢;(0,0) band. The
wavelength excitation spectra were taken at zero
time delay between the XUV and UV pulses. The
figure demonstrates several aspects of the present
method. The resolution of the laser system, indi-
cated in the inset of Fig. 1, is much lower than in
several other studies [13,15,16] and single rota-
tional levels are not resolved; however, the reso-
lution appears to be the same as in the study from
which Shemansky et al. [6] derived rotational state
dependent predissociation yields. The observed
band was compared to a calculated spectrum for
which rotational line strengths were used at a fit-
ted rotational temperature of 190 K. We corrected
calculated Honl-London factors by the recently
measured J-dependent oscillator strengths [26].
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Fig. 1. Excitation spectrum (full line) and model calcula-
tion (dashed line) of the ¢}(0,0) band of N, recorded with
1XUV + 1UV photoionization. The bandwidth profile of the
XUV laser is given with the dotted curve on the same horizontal
scale. The wavelengths at which lifetime measurements were
performed are indicated.

The vertical spikes represent the resulting line
strengths on a relative scale. By convolving with
the estimated source bandwidth of Alxyy = 0.01
nm, and fitting to a relative intensity scale, a model
spectrum is calculated as shown by the dashed line
in Fig. 1. Reasonable agreement with the observed
feature is found. It is noted that the gap in the R-
branch between R(9) and R(10) (cf. [16]) is com-
pletely washed out by the limited resolution of the
XUV laser. With respect to the relative underes-
timation of the P-branch signal it should be real-
ized that the intensities recorded by 1XUV + 1UV
photoionization are subject to the effect that the
XUV-photon flux upon eighth harmonic genera-
tion in krypton may be strongly 4 dependent. The
observed spectrum nevertheless allows to give an
assignment of states, or rather a distribution of
states, probed while setting the XUV laser at the
wavelengths marked by an arrow in Fig. 1.

A similar spectral recording was performed in
the wavelength range Axyy = 93.8-94.2 nm, for the
c;(1,0) band. Here the feature for the main isotope
14N, at 94.02 nm and the one for “N*N at 93.90
nm were well resolved. The latter feature was
overlapped by the wing of the weak c;(1,0) band

~
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Fig. 2. Excitation spectrum (full line) and model calculation
(dashed line) of the ¢}(2,0) band of N,.

of N, at A =93.87 nm for which an indicative
lifetime of 7 = 100 ps was determined, and which
will not be considered in this study. A spectral
recording for the ¢}(2,0) band is reproduced in
Fig. 2. For the subsequent analysis it is important
to realize that at the bandhead, at the blue side
(4 =92.125 nm), the R(0)-R(5) line overlap and in
the red-shifted part of the spectrum R(J + 6) lines
overlap with P(J) lines. At the wavelength position
of 92.15 nm the P(4) and P(5) lines are overlapped
by R(10) and R(11).

3. Results and interpretation

Lifetime measurements were performed for four
settings in the ¢} (0,0) band: (I) at P(4)-P(8) lines;
(IT1) at R(0)-R(5) lines; (IIT) and (IV) beyond the
gap in the R-branch for J > 10 with the last
measurement at the very end of the R-bandhead.
As an example a time delay scan is plotted in Fig. 3
with the laser set at Axyv = 95.845 nm corre-
sponding to position (II).

Lifetimes were derived from fitting procedures,
which are described here in some detail. We cal-
culate the signal in the two photon pump-probe
experiment by first calculating the population n(¢)
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Fig. 3. Lifetime measurement with pump and variably delayed
probe lasers recorded at Axyy = 95.845 nm, covering rotational
lines R(2)-R(4) in the ¢(0,0) band of N,. Note the linear
vertical scale.

of the state, excited by the pump laser and de-
caying with time constant t:

t

o0

where k is a normalization constant. The final
measured signal is proportional to the total num-
ber of ions created by the second laser pulse:

+00 t
(t) = ¥ / { / e (-9/te-al () g | -1 gy
(2)

with factors a; = 2\/@/ 1;, T; being the durations
(i =1,2) of the laser pulses (FWHM) and ¢, the
delay time of the ionizing pulse. In the fitting
procedure all measurement points of one time
delay scan are fitted simultaneously using a robust
non-linear large-scale trust-region optimization
method [27]. The fitting parameters are the lifetime
7, the center-time position of the pump-pulse ¢
and the scaling constant &. The error on each
measurement point consists of an error due to
background and read-out noise, the fluctuations in
the number of excited molecules per pulse, the
error in the measurement of time delay and the
statistical noise of the measurement. The resulting
values for the errors are plotted as well in Fig. 3.
For each scan a Monte-Carlo simulation is per-

Table 1

Lifetimes of the ¢,'X, v states of N,
v 7 (ps) lines probed A (nm)
0 740 + 50 R(0-5) 95.845
0 650 + 50 P(4-8) 95.88
0 545+ 40 R(11-13) 95.818
0 495 + 50 R(13-16) 95.820
1 330 £35 P,R(J <7) 94.02
1 240 + 35 P,R(J <7) 93.90°
2 675+ 50 R(0-5) 92.12
2 680 + 70 P(4-5) 92.15°
2 <120 R(10-11) 92.15¢

a 14N15N.

® Bi-exponential decay, slow component.
¢ Bi-exponential decay, fast component.

formed by varying one third of the measured
points, randomly chosen, within their 2¢-error
range assuming normally distributed errors. This is
done for 100 modifications of the same scan. The
distribution of the fit results for each of these scans
gives an error in the range 15-50 ps, which is
augmented by 20 ps to account for possible sys-
tematic effects in the lifetime measurements. The
resulting uncertainties are listed in Table 1.
Specifically for the c(0,0) band the issue of
radiation trapping in the interaction zone was
addressed. This phenomenon could play a role in
the determination of the lifetime of the c(0) state
because (i) the oscillator strength of this band is
the strongest of all in N,, (ii) this state is the least
subject to predissociation, and (iii)) 90% of the
emitted radiation repopulates the X'X;, v=0
ground state. By recording lifetime decays as a
function of pressure no effects were observed that
could be ascribed to radiation trapping. This im-
plies that for all other states investigated the ra-
diation trapping can be excluded as well. However,
at high pressure settings on the N, gas pulses an
increased spike of coherent two-photon ionization
was observed at zero time delays. Off-resonant
non-absorbing XUV can give rise to IXUV 4+ 1UV
photoionization; at higher pressure settings the
resonant XUV is absorbed already outside the
interaction region along the XUV beam path, thus
enhancing on a relative scale the coherent off-
resonant signal. This phenomenon has recently
been investigated in detail on a resonance in the
helium atom [34]. Although this coherent spike at
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zero time delay can be deconvoluted from the
observed decay functions, our measurements were
preferably performed at lower pressure settings.

The results for the lifetime measurements on the
lowest vibrational levels v =0-2 of the c,'Z!
Rydberg state are listed in Table 1. Indicated are
the wavelength settings of the XUV laser and the
rotational lines covered by the bandwidth of
the XUV source. Uncertainties are derived from
the method discussed above. For the c}(0) state a
significant variation in lifetime is found over the
rotational states. For the cj(1) state lifetime mea-
surements were only performed at the peak of the
resonance feature; in this band the rotational
structure is very congested. A lifetime for the
“NSN isotopomer, being present only at an
abundance of 0.8% in the natural nitrogen sample,
could also be measured, thus demonstrating the
good signal-to-noise ratio in the experiments. A
clearly differing value for the lifetime of cj(1) is
obtained.

For the c(2) state lifetime measurements were
performed for two different settings of the XUV
laser. A first wavelength setting is chosen at the
bandhead of the red-degraded band with the
source bandwidth covering R(0)-R(5) lines. Then
single exponential decay is observed yielding 7 =
675 + 50 ps. At the second setting of Ixyy = 92.15
nm four rotational lines are covered by the band-
width profile: R(10) and R(11), and P(4) and P(5)
lines. The observed signal vs. pump-probe time
delays at this wavelength is plotted in Fig. 4. The
figure shows a clear signature of bi-exponential
decay, which is indicative of contributions by ex-
cited states decaying at different rates. Analysis of
the decay function yields two lifetime values, for
which the slow component is assigned to the low J
values, and the fast component to the higher J
values (J = 11,12).

4. Discussion
4.1. Rydberg-valence interaction

The observed lifetimes and the J-dependences
will be treated in a model based on Rydberg-

Signal Intensity

. . ‘ . ‘
0 500 1000 1500
t (ps)

Fig. 4. Lifetime measurement for c,(2) at ixyv = 92.15 nm.
Note the bi-exponential decay on a logarithmic vertical scale.

valence state mixing. It has been applied by several
authors [21-23,28,29] to explain lifetimes and
predissociation yields in cj(3) and c(4). Basis of
the model is the assumption that the 3po and 3p=n
Rydberg states (both ¢;'I1, and ¢,'X) only decay
radiatively, and that their predissociation behavior
is induced by homogeneous and heterogeneous
couplings to predissociated valence states.

Stahel et al. [14], in their seminal paper, gave
a quantitative explanation of the perturbations
in the dipole-allowed spectrum of N, by relat-
ing them to Rydberg-valence state mixing. Vi-
bronic matrix diagonalization and close-coupling
methods were applied separately to three '=; (b,
¢, c) and three 'TI,(b,cs, 03) states in a diabatic
representation. The vibronic matrix diagonaliza-
tion method was used in a first step to optimize
potentials and interaction strengths but its results
were affected by the limited number of vibrational
levels that were considered. Then the close-cou-
pling method was applied as a second step taking
into account the effect of a complete set of vibra-
tional states including the vibrational continuum.
The wave function of the c;(0) state was shown
by the authors to have only 34% pure c;(0)
Rydberg character, while 30% and 24% fractions
of b(4) and b(5) were mixed in, b(v) denoting the
v vibrational state of the b'II, valence state.

Edwards et al. [18] have extended the model of
Stahel et al. [14] by including the heterogeneous
interaction between the ¢,'X’ and c;'TI} Rydberg
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states which form the 3p complex. Such an ex-
tension to rotational coupling between Rydberg
states of ' and 'IT} symmetry was done initially
by Helm et al. [22] in their analysis of the observed
lifetimes of cj(4) and c;(4) states, using the vi-
bronic matrix diagonalization method. In Ref. [18]
coupled equations were solved simultaneously for
six states of both 'IT] and 'Y} symmetries, adding
the centrifugal terms to the potentials. In this case,
the J-dependent effects and A-doubling could be
accounted for. Based on the latter model, we
solved again the coupled equations for the six di-
abatic states in the present study. As Edwards
et al. [18] we used the RKR potentials generated
from molecular constants given by Stahel et al.
[14], and the electrostatic interactions given by the
same authors. We included the heterogeneous in-
teraction term (/*/uR?)+/J(J + 1) between ¢, and
c; states as well. However, instead of employing
the renormalized Numerov method as in the pre-
ceding works [14,18], we applied in the present
study the Fourier grid Hamiltonian method, an
efficient and accurate method for bound state
problems. References and a detailed description of
a similar calculation in the case of two coupled
states in Na, can be found in Dulieu and Julienne
[30]. The advantage of this method is to provide all
eigen values and the coupled channels wavefunc-
tions in one single diagonalization of the hamil-
tonian matrix expressed in a discrete variable
representation. For a given energy and a given J,
the coupled channels wavefunction is given by a
six-component vector, each component corre-
sponding to a given electronic diabatic state:

14 (R) = {164(R), 1, (R), ...} (3)

The percentage of electronic character e is ob-
tained directly from:

Pk:/w
¢ 0

The electronic component y (R) takes into ac-
count not only the bound vibrational states but
also the vibrational continuum. The percentage
corresponding to a particular vibrational state of
the electronic state e can be obtained by expanding
2% (R) over a set of vibrational functions y¢ (R),

14 (R)I" dR 4)

which are solutions of the uncoupled equation for
state e:

Pl = [ R R R 5
0

For convenience of discussion, generally any
given bound state can be named after its main
component (e,v) but exceptions may occur. Indeed
in the case of what we named c(2), the level J/ = 0
has 50% of b’ character and 50% of ¢} character,
and the level with higher J has a larger b’ per-
centage than its ¢’ percentage. However in the
energy vicinity there is no other level with a sig-
nificant component of ¢ character. The results of
the present calculations, in percentages P of the
main electronic character versus J, are given in
Figs. 5-7, for the levels named cj, v =10, 1 and 2
respectively. Significant contributions from other
electronic states are also shown on these figures.

From the present calculations, the c;, v =0,
J =0 level has mixing fractions of 35% c3, 29%
b(5), 26% b(4), 5% b(6), 0.8% b(3) and further
minor contributions. If the assumption is upheld
that the pure ¢; Rydberg character is unpredisso-
ciated, a lifetime of 740 ps and a decay rate of
1.35 x 10° s7!' pertains for the true c; Rydberg
admixture. If decay rates for levels b(2)-b(6),
taken from previous lifetime measurements [8,31],
are included a total decay rate is found of
kot = 2.15 x 10'°, which corresponds to a lifetime
of 47 ps for the perturbed c; state. In view of the
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Fig. 5. Calculated mixing fractions for the ¢,'=7, v = 0 state of
N, as a function of J.
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approximations made this value agrees reasonably
well with the experimental value of 67 ps and it
gives confidence for the application of the Ryd-
berg-valence mixing model to interpret the life-
times of other excited states. One such simplifying
approximation is that the measured lifetime values
also hold for the deperturbed b(v) states.

4.2. ¢!2F, v =0 state

We have obtained a lifetime of cj(0) that tends
to gradually decrease from 740 ps (for the low J-
levels) toward 495 ps for J = 14-17 levels. The
value for the low J-levels deviates somewhat from

previous measurements. While Hesser and Dress-
ler [19] and Oertel et al. [20] found a slightly larger
value, line broadening [13] yielded a smaller value.
Apparently the actual XUV source linewidth in
the experiment of Ref. [13] was somewhat under-
estimated; in view of the natural lifetime broad-
ening effect being small with respect to the source
bandwidth, this has an important effect on the
deduced lifetime for the c}(0) and b(1) states; the
findings on c3(0) and on the relative lifetimes for
¢;(0) and b(1) are unaffected by the underestimate
of the source bandwidth in Ref. [13]. It is also
noted that in a derivation of the predissociation
yield from the lifetime, a necessary comparison is
made with an experimental value of the oscillator
strength (or the radiative lifetime); these values
bear error margins of at least 15% [26] that pro-
gress into the values for the derived dissociation
yields. The value, presently obtained for the low J-
levels in c}(0), is in accordance with the combined
results by Ajello et al. [2], who measured a fluo-
rescence rate of 1.35 x 10° s™!, corresponding to
Trad = 740 ps, and the finding of Shemansky et al.
[6] that the low J-levels of c(0) are unpredissoci-
ated. If the levels are indeed unpredissociated the
lifetime of the state equals 7,4 and this yiclds a
consistent picture. The decrease in lifetime for the
higher J-levels is in qualitative agreement with the
observation of predissociation [6].

In Fig. 5 the calculated fractional character of
the c,(0) state is plotted. The strong effect of
mixing with the b = valence state is not expected
to significantly affect the lifetime of c}(0). The
strong local perturbation at J = 10 is entirely due
to b'(1) and in a previous study the lifetime of
b'(1) [13] was found to be even slightly larger than
that of c}(0), so it has no effect. The same is true
for the admixture of ¢3(0) Rydberg character if the
assumption is upheld that the pure c;(0) Rydberg
character has the same decay rate as cj(0). Thus it
is postulated that the growing admixture of b'IT,
valence character is responsible for the shortening
of the lifetime of ¢ (0) at higher J-levels. A detailed
calculation for the c¢(0), J =17 level reveals in
decreasing order of importance the admixtures:
95% of ¢}, 3.4% of b(5), 3 x 107* of b(4), 7.3 x
10~° of b(6) and 1.2 x 107> of b(3). It is noted that
b(3), with 7 = 1.6 ps, is the shortest lived level [8].
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Including all contributions of b(3)-b(6) and in-
voking the experimentally obtained lifetimes, a
lifetime of 685 ps results for the J = 17 level of
c,(0). This gives an explanation for the trend to-
ward lower lifetime at higher rotational states, al-
though the actually observed value of 495 ps is not
fully explained.

* v =1 state

u’

43. %

The shorter lifetime of cj(1), with respect to
c,(0), can also be explained from the perspective of
Rydberg-valence mixing. In Fig. 6 the fractional
electronic character for cj(1) is plotted, showing
strong mixing with the b valence state, in this
case mainly b’(4). Note that in Fig. 6 the level
identification beyond J = 16 should be reversed,
but this is only a matter of convention. The c;
character, mixed in at a level of 1% has no influ-
ence, while the admixture of b'Il,, limited to a
level of 0.5% only has a minor effect.

No measurements of the lifetime for b’(4) have
been reported in literature. However, Ajello et al.
[2] concluded from the absence of fluorescence
from b’(4), in contrast to the b’(3) state, that this
state is completely predissociated. From this ob-
servation a crude limit to the lifetime of b'(4) can
be set at t(b,) <100 ps. A detailed calculation
shows that c)(1) has, at low J-levels, a 14% ad-
mixture of b'(4) out of an overall 22% admixture
of b'. If again the pure Rydberg admixture is as-
sumed to decay at a rate of 1.35 x 10° s~!, similar
as for c(0), a total decay rate of the perturbed
c,(1) state follows of ki = 2.45 x 10° s~ corre-
sponding to T = 408 ps, if a lifetime of 100 ps is
assumed for b'(4). From the predissociation be-
havior only an upper limit to the lifetime of b'(4)
can be estimated. The true value may well fall in
the range 60-80 ps, which would give perfect
agreement with the observed lifetime for c(1); this
awaits lifetime measurements for b’(4). Calcula-
tions, including mixing of b'(v) as well as b(v),
predict a lowering of the lifetime to 250 ps at
J=12.

The shorter lifetime of ¢j(1) in "*N'"*N may re-
late to different admixtures of b’, due to the vi-
brational isotope shift in the b’ state. The

spectroscopy of NN has not been investigated
in sufficient detail to address this topic quantita-
tively.

44. 2!, v =2 state

In a previous study by Oertel et al. [20] a value
of 650+ 98 ps was reported for the lifetime of
c;(2), in perfect agreement with the present finding
for low J values. The c(2) state is, at low J-levels,
completely mixed with the b’ valence state, as is
shown in Fig. 7. The perturbation is mainly due to
the nearby lying b’(7) level and for a fraction to
b'(6). The total b’ fraction in this state is even
higher than 50%, as indicated with the dashed line
in Fig. 7. The b'(7) state was observed in emis-
sion [2] and a lifetime was derived in a measure-
ment without rotational resolution [20] yielding
7(b5) =930 + 140 ps. For the b'(6) state no life-
time is reported in literature. If it is assumed that
the b'(6) is not predissociated strongly, the 12%
admixture (at J = 0) does not have a large influ-
ence. Then it is explained why the lifetime of ¢} (2),
notwithstanding the very strong valence admix-
ture, is still of the same value as a pure Rydberg
state.

The explanation for the bi-exponential decay,
observed with the laser set at A =92.15 nm, re-
quires an involved argument. The slow component
is consistent with the lifetime measurement at low
J values, hence it is concluded that this results
from probing J = 3, 4 levels via the P-branch. The
fast component is obviously related to the probing
of J =11, 12 levels in the R-branch at A =92.15
nm. An explanation for the fast component can,
however, not be straightforwardly deduced from
the J-dependent mixing with b’ character. At
J = 11 the valence state fraction in ¢} is 9% b'(6),
with an increase to 42% b'(7). In view of the ob-
served lifetime of 930 ps for b’(7) [20] this would
however have a negligible effect.

We postulate here that in the study of Oertel
et al. [20] only the low J-levels were probed and
that the lifetimes of the higher J-levels in b’(7) are
significantly smaller. In hitherto unpublished
measurements performed with the narrow-band
(0.3 cm™!' bandwidth) tunable XUV laser in Am-
sterdam evidence for such an effect was found. In
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Fig. 8. High resolution 1XUV + 1UV photoionization spectra
in excitation of b’(7) and b'(9) states using the Amsterdam
narrowband XUV laser source.

Fig. 8 high resolution 1XUV + 1UV photoion-
ization spectra of excitation to b'(7) and b’(9) are
displayed. The spectra of the b'(9) state were
published before [32]. It is essential that both
spectra were recorded at precisely similar settings
for the pulsed N, beam; hence the rotational dis-
tribution at which these spectra were recorded was
similar. It is obvious that the relative intensity
towards higher J-levels for the b'(7) state is con-
siderably decreased when comparing to the b'(9)
state. As was shown by Eikema et al. [33] intensity
loss is a signature of shorter lifetimes in 1XUV +
1UV photoionization experiments when pulsed
lasers are used with durations longer than the in-
termediate state lifetime; the Amsterdam laser
source had a pulse duration of 3-4 ns. Under such
conditions the relative intensity I scales propor-
tional with the lifetime 7 [33]. If it is assumed that
the lifetime of b'(9) is independent of J, and
Walter et al. [28] have provided evidence for this,
the relative drop in intensity at R(10) in b'(7) by a
factor of 5-6 would correspond to a lifetime of 170
ps for J = 11 in b’(7). At a mixing fraction of 42%
valence character this results in a lifetime of
7 =300 ps for c(2), J = 11. Predissocation in the
high J-levels of b'(6) would then yield an even
lower value. This line of reasoning does not give a
full quantitative explanation for the fast compo-
nent of 7<< 120 ps, observed at 92.15 nm, but it
does provide a qualitative argument for the shorter
lifetime obtained.

5. Conclusion

Lifetime measurements for the ¢,'=!, v=0-2
states of N, are presented. For ¢/(0) a J-depen-
dence is obtained which is consistent with the ob-
servations and interpretations by Ajello et al. [2]
and Shemansky et al. [6] on a rotational depen-
dence of the predissociation yield. A model of
Rydberg-valence interaction is followed explain-
ing the observed features and the trend of the J-
dependence. Here a heterogeneous state-mixing
with the b'Il, state is invoked which is postulated
to cause the J-dependent effects. The observed
behavior in ¢j(1) and ¢j(2) is ascribed to homo-
geneous coupling with the b''X! state. The J-
dependent effects in cj(2) are interpreted in terms
of mixing with b’(7) for which no direct lifetime
measurements are reported. However from an in-
terpretation of hitherto unpublished data of nar-
row-band 1XUV + 1UV photoionization data of
the b'(7) state the trend toward shorter lifetimes
for high J-levels in cj(2) can be explained. The
present work closely matches and is in line with a
number of previous studies focusing on lifetimes
and predissociation yields in ¢}(3) and c}(4) [21-
23,28,29]. These models explaining the dissociation
behavior in the ¢ Rydberg state all rely on mixing
with b'(v) levels that are considered to be subject
to interaction with continuum states at larger in-
ternuclear separation. Predissociation yields can
be derived from the present data by comparing the
obtained lifetimes with the radiative lifetime of
Trad = 740 ps, which is at present secems the most
reliable value for cj(v) states. Calculation of the
predissociation yield 1, via:

17pre =1- T/Trad (6)

then gives a yield of 33% in the dissociation
channel. It should be noted however that this value
has, through propagation of errors, in itself a large
error margin. If a 10% error in the radiative life-
time is assumed, then with the present margins of
close to 10% for the observed total lifetimes, the
dissociation yields are 33 £ 13% for the higher J-
levels in ¢}(0), which would be in agreement with
Ref. [6]. The finding of 330 ps for the cj(1) level
would correspond to a predissociation yield of
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55%. The c(2) level, at least for the lowest J-levels,
would only be marginally predissociated on the
order of 10%.
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