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ABSTRACT

Oscillator strengths for 48 rotational lines in the 0-0 band of the ¢, ', « X' transition of '*N,, a
prominent feature in planetary airglow emissions, have been determined from vacuum ultraviolet
photoabsorption spectra recorded with an instrumental resolution of ~6.5 x 10™* nm (resolving power
~150,000). The sum of the integrated cross sections over all measured lines, including six lines
appearing on account of a local perturbation by v =1 of the b’ state, yields a room temperature band
f-value of 0.136 + 0.020. This result is compared with earlier measurements of band-integrated absorption
cross sections and with a study of electron-impact-induced emission from c}(0), as well as with electron
scattering measurements and a nonadiabatic calculation of vibronic band strengths. The relative P- and
R-branch absorption intensities deviate systematically from those of an unperturbed X « !X band,
as expected from the interactions of the ¢, (v =0) level with nearby Rydberg and valence states. In
addition, the variation of the band f-values derived from pairs of R- and P-branch transitions
with a common lower-state rotational level, f(J”), are found to be J-dependent, indicating that the
f-value obtained from the band-integrated absorption cross section is slightly temperature dependent.
The J-dependence of f(J”) is briefly discussed in the context of the interference patterns which character-
ize the absorption strengths in the region of the widespread interactions between Rydberg and valence

state levels.

Subject headings: ISM: molecules — molecular data — planets and satellites: general —

ultraviolet: general

1. INTRODUCTION

Molecular nitrogen airglow emissions in the vacuum
ultraviolet (VUV) and extreme ultraviolet (EUV) regions,
both from the Earth’s atmosphere (Meier 1991) and from
the atmospheres of the planetary satellites Titan and Triton
(e.g., Strobel & Shemansky 1982; Broadfoot et al. 1989),
have been extensively observed. The most prominent EUV
emission features in the airglows of Titan and Triton, where
N, is the major atmospheric constituent, originate from the
v = 0 level of the ¢, !X, Rydberg state of N,. The primary
excitation mechanism in these atmospheres is electron colli-
sions, and the relative strengths of the ¢,(0) atmospheric
emissions are consistent with the fact that the c¢,—X 0-0
band at 95.86 nm has the largest measured electron excita-
tion cross section for N, emission (Ajello et al. 1989).

The c,(0) emissions are found to be much weaker in the
Earth’s airglow (e.g., Christensen 1976). Stevens et al. (1994)
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developed a comprehensive radiative transfer model of the
¢4(0) emissions which successfully accounted for the main
features of this airglow. Such comprehensive interpretations
of airglow observations require an accurate and complete
spectroscopic database; for the c¢,(0) bands this includes line
positions, line oscillator strengths, predissociation probabil-
ities, and radiative branching ratios. Despite considerable
experimental and theoretical efforts, significant uncer-
tainties and gaps remain in the spectroscopic database. For
example, band f-values for the 0—0 band of ¢, « X have
been measured but individual line f-values have not, and,
because of perturbations in the c(0) level, line f~values
cannot be reliably calculated from the band f-value. This
paper reports new photoabsorption measurements of 48
rotational line oscillator strengths in the 0—-0 band and of
six lines associated with the interacting b'(1) valence state
level. The (0-0) band is the strongest N, absorption feature
in the EUV region. The measured f-values for the lowest-J
lines in the band will also prove useful in the search for
interstellar N, absorption features from the NASA Far
Ultraviolet Spectroscopic Explorer (FUSE) satellite.

The dipole-allowed absorption spectrum of N, at wave-
lengths shortward of 100 nm arises from transitions to the
perturbed vibrational progressions of three Rydberg and
two valence states (Dressler 1969; Carroll & Collins 1969;
Lefebvre-Brion 1969). The ¢ !X} state is the lowest
member of the npo series converging to the X*2 ground
state of N (Carroll & Yoshino 1967; Carroll, Collins, &
Yoshino 1970; Carroll & Yoshino 1972; Yoshino, Freeman,
& Tanaka 1979); together with the nearby c5(0)'I1, level, it
forms the lowest p Rydberg complex. Yoshino & Tanaka
(1977) analyzed the rotational structure of the ¢, < X 0-0
band and showed its peculiar “doubled-headed ” structure
to be caused by a homogeneous interaction of ¢,(0) with
v =1 of the b''E; valence state. Levelt & Ubachs (1992),
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using a high-resolution EUYV laser apparatus, improved the
accuracy of the line position measurements; also, their data
reduction allows for /-uncoupling interactions within the p
complex, although not in a completely rigorous fashion.

Stahel, Leoni, & Dressler (1983), in their comprehensive
treatment of homogeneous Rydberg-Rydberg and Rydberg-
valence interactions in N,, showed that the c5(0) level is
strongly mixed with the vibrational levels of the b'II,
valence state; hence a complete analysis of the ¢,(0) rota-
tional structure must include not only interactions with the
b'(1) and c5(0) levels, but also the c;(0) ~ b(v) interactions.
Edwards et al. (1995) extended the analysis of Stahel et al.
(1983) by including the effects of nuclear rotation; their
calculation of the percentage electronic character for c,(0)
rotational levels with J < 30 (see Table 1 in Edwards et al.
1995) confirms that the high-J levels are significantly mixed
with e parity levels of both c, !TI, and b'II,. The strengths
of individual rotational transitions in the ¢, « X 0-0 band,
never measured and reported before, are affected by the
complex interactions of the excited singlet states, and simple
spectroscopic models cannot account for the observed dis-
tribution of line strengths within the band.

Previous ¢,(0)-X(0) oscillator strengths have been report-
ed from electron scattering and photoabsorption measure-
ments. Geiger & Schroder (1969) reported relative
intensities in the N, energy-loss spectrum of 25 keV elec-
trons at a resolution of 10 meV (x0.074 nm at 95.8 nm);
after correction for the scattering geometry, these intensities
can be converted to relative band oscillator strengths
(Stahel et al. 1983). Chan et al. (1993) determined absolute
N, band f-values from energy-loss spectra of 8 keV elec-
trons at a resolution of 48 meV (x0.36 nm at 95.8 nm). In
addition, Ajello et al. (1989) reported a 0—0 band f-value
derived from their electron-impact studies of the emission-
excitation cross section for the c}(0) level.

Early EUV photoabsorption measurements of N, were
carried out at relatively low-resolution. Lawrence, Mickey,
& Dressler (1968) measured four bands with an instrumen-
tal resolution of ~0.004 nm; Carter (1972) and Giirtler,
Saile, & Koch (1977) surveyed the 73 to 99 nm and 66 to 99
nm regions, respectively, with instrumental resolutions of
~0.004 and 0.003 nm. Optical absorption measurements
provide, in principle, a direct determination of band f-
values. However, as discussed by a number of authors (e.g.,
Hudson 1971; Stark et al. 1991; Chan, Cooper, & Brion
1991; Jolly et al. 1997), insufficient instrumental resolution
complicates the analysis of saturated lines. The effects
associated with insufficient instrumental resolution, if not
minimized or properly accounted for, result in a systematic
underestimation of integrated photoabsorption cross sec-
tions and oscillator strengths. Various experimental and
analytic strategies can be used to minimize, or correct for,
instrumental effects in an absorption measurement.
However, there are unavoidable uncertainties associated
with extracting f-values from low-resolution absorption
measurements, and these uncertainties increase with
decreasing instrumental resolving power.

Stark et al. (1992) reported oscillator strengths for seven
N, bands between 95.8 and 99.4 nm from absorption
spectra recorded with an instrumental resolution of
~6.2 x 10~* nm, an approximately five-fold improvement
over previous measurements. c4(0) «— X(0) Doppler widths
at room temperature are approximately 2.2 x 10~* nm
FWHM. In an effort to minimize instrumental resolution
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effects, the measurements of Stark et al. (1992) were limited
to peak optical depths of <0.3, and corrections based on
the analyses of synthetic absorption spectra convolved with
the estimated instrumental line shape were applied to the
measured band-integrated cross sections. While the instru-
mental resolution was sufficient to resolve all rotational
features in the 0—0 band except those in the region of the R
head (see Fig. 1g in Stark et al. 1992), the poor signal-to-
noise ratio of measurements restricted to weak absorption
features precluded the accurate determination of individual
line f~values; only a band f-value was reported.

Since this work was completed, a number of laboratory
investigations and spectroscopic analyses (Levelt & Ubachs
1992; Edwards et al. 1995; Shemansky, Kanik, & Ajello
1995; Ubachs 1997) and airglow models (Stevens et al.
1994; Stevens 1999, have focused on the determination of
line positions, relative line strengths, line widths, and pre-
dissociation probabilities. Given the continued interest in
the detailed spectroscopy of the ¢,(0)-X(0) transition, and
anticipating the search for N, absorption features in the
interstellar medium, we have re-measured the absorption
spectrum of this band. The same experimental apparatus
was used as before (Stark et al. 1992, see § 2), with one
significant improvement—the signal-to-noise ratio has been
enhanced by a factor of three, allowing for accurate mea-
surements of individual line strengths. We have also
adopted an analysis technique (Lewis 1999, private
communication) that accounts for instrumental resolution
effects by a least-squares fitting of the measured absorption
profiles to N, line profiles convolved with the instrumental
function.

2. EXPERIMENTAL PROCEDURE

Photoabsorption measurements were made at the 2.5
GeV storage ring of the Photon Factory synchrotron radi-
ation facility at the High Energy Accelerator Research
Organization in Tsukuba, Japan. High spectral resolution
was obtained with a 6.65 m spectrometer equipped with a
photoelectric focal plane scanner (Ito et al. 1986, 1989). A
zero-dispersion order sorter was used to reduce the
bandpass of the continuum radiation entering the spectro-
meter to about 3 nm. A 1200 grooves mm ! grating, blazed
at 550 nm, was used in the sixth order to give a reciprocal
dispersion of ~0.02 nm mm ™. Spectrometer entrance and
exit slits of ~10 um resulted in measured rotational line
widths of ~7 x 10~* nm. The instrumental resolution was
approximately 6.5 x 10~* nm, corresponding to a resolving
power of 150,000. The determination of the instrumental
profile is discussed in § 3.

The absorption measurements were made on molecular
nitrogen in natural isotopic abundance (**N, 99.3%,
14N15N 0.7%). The spectrometer tank, at a temperature of
295 K, served as an absorption cell with a path length of
12.49 m. In order to minimize saturation effects, the mea-
sured fractional absorption at the centers of the rotational
lines was kept below ~30%. This required relatively low
spectrometer tank pressures. Absorption spectra were
recorded with N, pressures ranging from 3.2 x 10”7 torr to
2.9 x 107° torr, corresponding to N, column densities
ranging from 1.3 x 10’3 cm~2to 1.2 x 10'* cm ™2, At these
pressures, outgassing from, and leaks through, the tank
walls would have contaminated a static gas sample over the
time of a full scan. Consequently, a flowing configuration
was used. The spectrometer tank was continuously pumped
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by a turbomolecular pump with a capacity of 1500 liters
s~ 1, while N, entered the tank through a needle valve. The
tank pressure was monitored with an ionization gauge; the
gauge calibration and the associated uncertainties in the N,
column densities are discussed in § 3. At the pressures of
interest, molecular flow conditions prevailed, ruling out the
occurrence of pressure differentials that could have
adversely affected the measurements. The limiting pressure
in the spectrometer tank was ~2.0 x 107 torr; the com-
position of the residual gas was unknown, but the tank
contents at this limiting pressure showed no signs of
absorption at the wavelength of the ¢,(0)-X(0) band.

All spectra were scanned at a speed of 0.0025 nm
minute 1. A signal integration time of about 1 s resulted in
one data point for each 4.4 x 107> nm of the spectrum.
Signal rates from the detector, a windowless solar-blind
photomultiplier tube with a CsI-coated photocathode, were
about 50,000 s~ ! for the background continuum; the detec-
tor dark count rate was typically less than 2 s~ 1. A signal-
to-noise ratio of about 250 was achieved for the continuum
level. Eleven scans of two overlapping portions of the 0—0
absorption spectrum between 95.805 and 96.002 nm were
recorded, six scans covering the R-branch band head and
the low-J lines in the R- and P-branches and five scans
covering the high-J lines in the P-branch.

3. ANALYSES AND RESULTS

The eleven absorption spectra of the c,(0)-X(0) band
were converted to absorption cross sections through appli-
cation of the Beer-Lambert law,

_ 1. 11
oul(d) = Nln[w)], )

where o,,(4) is the measured absorption cross section, which
includes the effects of the finite instrument resolution; N is
the column density of N, molecules; I,(4) is the back-
ground continuum level; and I(4) is the transmitted inten-
sity. A correction for scattered light in the spectrometer,
known to be less than 3% of I,(1) (Ito et al. 1989), was not
applied to the data. A representative measured absorption
cross section of the band is shown in Figure 1.

A least-squares fitting routine, taking into account the
effects of the finite instrumental resolution on each mea-
sured absorption feature, was used to determine values for
the corrected integrated cross section of each line. At the
low column densities used in the measurements, and with
the exception of the R head region to be described below,
there was negligible absorption between adjacent lines,
allowing for the unambiguous determination of the back-
ground continuum level used in the fits. Typically, small
variations in I,(4) across individual lines amounted to less
than 0.4% and were modeled in the fits by linear inter-
polation. Individual rotational lines were described by a
Voigt profile. The Gaussian component is that of a Doppler
broadened N, line at 295 K (2.2 x 10~* nm FWHM). The
Lorentzian component is taken from the recent measure-
ments by Ubachs (1997) of 0—0 absorption lines terminating
on the J =1 and J = 2 levels of ¢(0). These widths were
found to be slightly less than 1 x 10> nm (FWHM), and
from the percentage electronic character calculated for rota-
tional levels up to J = 30 (Edwards et al. 1995), there is no
reason to expect that they will change substantially over the
range of rotational quantum numbers observed in the
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F1G. 1.—Representative uncorrected photoabsorption cross section of
the ¢,(0) < X(0) band of N, at a temperature of 295 K. Because of
instrumental distortion of the lines, the measured peak cross sections are
lower limits to the correct values (see text).

present work, at least not for J < 20 where the only signifi-
cant perturbation is due to b'(1) whose levels according to
Ubachs (1997) are approximately 16% narrower than in
c4(0). Above J =~ 20, the c,(0) levels become increasingly
mixed with the e parity levels of b'I1,(v = 5) and, to a lesser
extent, c; 'TI, (v = 0). However, in the absence of definitive
line width measurements at higher J, the Lorentzian com-
ponent of the Voigt profiles for all rotational lines was set at
1 x 1075 nm (FWHM). As shown below, uncertainties in
this narrow Lorentzian width have a very small effect on the
values of the integrated cross sections.

The instrument function was also found to be best rep-
resented by a Voigt profile. For each line, its parameters
were determined by fitting the measured absorption profile
to the adopted line profile, the latter convolved with the
instrument function. In any one scan, the resulting Gauss-
ian and Lorentzian components of the instrument profile
showed small variations from line to line. Weighted average
widths of 5.2 x 10~ % and 2.3 x 10~ * nm, respectively, were
used to construct the adopted instrument profile; with a
FWHM of 6.5 x 10~ % nm, it was held fixed in subsequent
iterations of the fitting routine. The estimated uncertainties
associated with the instrument function will be discussed
below. The final least-squares fits, based on the adopted line
and instrument profiles, extracted optimized values for the
true integrated cross section of each absorption line. An
expanded view of the measured absorption cross sections
for R(0) and R(1) is shown in Figure 2, together with the
fitted cross sections and an indication of the FWHM for the
averaged instrument profile.

The integrated cross sections of individual rotational
lines, determined from the fitting procedure, were converted
into line oscillator strengths according to (Morton &
Noreau 1994)

Sy = (480 mecz> ) a(/l)cfi

e’ 220,
— (1.1296 x 10%) j;(ﬂ, 2
oy

where o(A) and A are measured in units of 10~ 1% cm? and
nm, respectively, and o is the fractional population of N,
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F1G. 2—Open circles: Uncorrected measured photoabsorption cross
sections of the R(0) and R(1) lines in the ¢(0) < X(0) band of **N,. Solid
line: Modeled cross sections from a least-squares fit. The spectrum was
sampled at wavelength intervals of 4.4 x 10”° nm. The instrumental
resolution, A4, determined by the fitting routine, is also indicated.

molecules in the J” rotational level as determined from a
normalized Boltzmann factor based on N, ground-state
term values (Edwards et al. 1993), and taking into account
the 2:1 statistical weights of even and odd numbered lines
due to nuclear spin. Most lines were measured at four differ-
ent column densities, and the final line f-values represent
appropriately weighted averages of these results. To mini-
mize any errors associated with uncertainties in the adopted
instrument profile, only absorption features with measured
peak optical depths of less than 0.25 were included in the
weighted averages.

The above analysis was applied to all well-resolved,
unblended lines, i.e., to all P branch lines and to R branch
lines with J” < 10. However, because of its sensitivity to the
exact positions of the lines, the least-squares fitting tech-
nique could not be applied to twelve blended lines in the R
head region (see Fig. 3). Instead, integrated cross sections of
the R head region were first determined from each of four
absorption scans. In order to establish the effects of satura-
tion on each integral, synthetic absorption spectra of the
head region were generated from known line positions
(Levelt & Ubachs 1992) and established term values
(Edwards et al. 1993; Yoshino & Tanaka 1977), each R(J")
line being given the adopted Voigt profile and an estimated
oscillator strength derived from the measured f~value of the
corresponding P(J”) line and appropriate Honl-London
factors (Kovacs 1969). An examination of the integrated
synthetic cross sections before and after convolution with
the instrument profile suggested that, depending on the
column densities used to record the spectra, small correc-
tions ranging from 2% to 8% had to be applied to the
integrated measured cross sections. Finally, we re-scaled the
estimated R-line f~values so as to match the integrated syn-
thetic cross section with the weighted average of the inte-
grated measured cross sections for the band head region.
Figure 3 illustrated the satisfactory match of the observed
with the calculated cross sections.

The f-values for all 48 measured lines in the 0—0 band,
along with estimated uncertainties, are listed in Table 1.
Table 2 contains similar data for six extra lines which
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F16. 3—Uncorrected measured photoabsorption cross sections of
14N, (open circles) and modeled cross section (solid line) in the R head
region of ¢,(0) « X(0). Estimated R line f~values initially used to generate
the modeled spectrum were later rescaled for the model to match the
resolution-corrected measured integrated cross section for the region (see
text). The weak absorption feature at 95.8155 nm is the R(9) line of the
b'(1) < X(0) band.

TABLE 1
¢4(0) « X(0) LINE OSCILLATOR
STRENGTHS®

J’ P(J") R(J")
0....... e 0.150(15)
1....... 0.051(10) 0.089(13)
2. 0.056(6) 0.075(8)
3. 0.060(6) 0.075(8)
4....... 0.064(13) 0.071(11)
5.0t 0.063(6) 0.069(7)
6....... 0.064(13) 0.069(14)
Teenn. 0.064(6) 0.061(12)
8. 0.069(14) 0.064(10)
9. ienn. 0.066(10) 0.057(6)
10...... 0.071(11) 0.050(10)®
11...... 0.068(7) 0.056(11)®
12...... 0.061(12) 0.061(12)®
13...... 0.081(8) 0.065(13)®
14...... 0.080(12) 0.065(13)°
15...... 0.085(9) 0.068(14)®
16...... 0.082(8) 0.065(13)°
17...... 0.094(8)° 0.068(14)®
18...... 0.084(8) 0.067(13)°
19...... 0.088(9) 0.070(14)®
20...... 0.079(8) 0.062(12)°
21...... 0.084(17) 0.066(13)®
22...... 0.081(12) 0.065(13)
23...... 0.076(15)
24...... 0.068(14)
25...... 0.066(13)

? Estimated  uncertainties (in
parentheses) in units of last quoted
decimal place.

b fvalues determined from corre-
sponding P line f~values and appro-
priate  Honl-London factors, and
scaled to match the integrated cross
section of the R head region (see text,
§3).

¢ P(17) is overlapped by the much
weaker P(13) line of b'(1) « X(0).
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TABLE 2
b'(1) « X(0) LINE OSCILLATOR
STRENGTHS®
g P RUJ")
9.inn. 0.0013(3) 0.010(2)
10...... 0.0036(7) 0.015(3)
11...... 0.011(2)
12...... 0.018(3)

* Estimated uncertainties (in
parentheses) in units of last quoted
decimal place.

appear at intermediate J values on account of the local
perturbation of c,(0) by b'(1).

Contributions to the estimated error limits associated
with the line f~values in Tables 1 and 2 arise from uncer-
tainties in the N, column densities, uncertainties associated
with the adopted instrument profile of the spectrometer and
the Lorentzian component of the Voigt profiles for individ-
ual lines, and from uncertainties in the parameters extracted
by the least-squares fitting routine. For pressures greater
than 2 x 107° torr, the ionization gauge monitoring the
tank pressure was calibrated by volumetric expansion of
N, ; a small volume, representing a measured fraction of the
spectrometer tank volume and filled to pressures that could
be measured with a capacitance manometer, was expanded
into the main tank. We estimate that in this pressure range
the N, column densities could be determined with an
uncertainty of less than 10%.

At lower pressures, volumetric expansion becomes unreli-
able because of increasing uncertainties in the capacitance
manometer readings, and because of the increasing impor-
tance of spectrometer tank outgassing which affects the
total tank pressure during the time required for the N, gas
expansion to equilibrate. At pressures below 2 x 10~ torr,
a calibration procedure relying on the comparison of inte-
grated cross sections of individual lines was used to deter-
mine the column densities. First, the N, column for the
highest-pressure scan (3.3 x 10~ ° torr) was established via
the volumetric expansion technique, and integrated cross
sections for 12 high-J lines in the P-branch were determined
from the fitting routine. These results were then used to
derive from measurements of the same 12 P lines the
column densities for four scans carries out at lower pres-
sures, and a satisfactory linear gauge calibration for pres-
sures from 0.78 x 107¢ to 3.3 x 10~ ° torr was obtained
from a least-squares fit to all five column densities. Next, the
column density for a low-pressure scan (0.83 x 10~ ° torr) of
the low-J region was calculated using the gauge calibration,
and integrated cross sections for the low-J lines were deter-
mined and then used to establish column densities for other
low-J scans. A least-squares fit to the column densities of all
eleven absorption scans produced the final linear gauge
calibration.

Although deviations from the least-squares fit were small,
we estimate the uncertainty in the N, column density to be
as high as 30% for the lowest pressure, dropping to 5% for
the highest pressure. An additional error is likely to arise
from small drifts in the tank pressure over the course of an
absorption scan, each scan requiring approximately 30
minutes of integration time. This effect was taken into
account in the final estimates of the column density uncer-
tainties.
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The integrated cross sections of individual rotational
lines, determined from the least-squares fitting procedure,
depend on the assumed profiles of the instrument function
and of the rotational lines. We estimate that the Gaussian
(5.2 x 10~* nm FWHM) and Lorentzian (2.3 x 10~* nm
FWHM) components of the adopted instrument Voigt
profile have uncertainties of about =+ 0.4 x 10”* and
+ 0.8 x 10~ nm, respectively. The uncertainties are corre-
lated such that the instrument Voigt function (6.5 x 10~ #
nm FWHM) can be trusted to + 0.5 x 10°* nm. This
translates into integrated cross section uncertainties that
range from ~ 5% for the weakest measured lines to ~10%
for the strongest. Changes in the adopted Lorentzian com-
ponent (1 x 107> nm FWHM) of the rotational lines
produce very modest changes in the integrated cross sec-
tions; for example, a doubling of the Lorentzian component
typically increases the integrated cross section of an individ-
val line by ~ 1%. The total uncertainties in individual line
f-values from all sources, including statistical errors of the
fitting parameters (typically <5%), are estimated to range
from ~10% to ~20%. For any one line, the f-values
derived from separate absorption scans were generally
found to scatter within much narrower limits. However,
given the systematic nature of the column density and
instrument profile uncertainties, it seems prudent to adopt
the larger estimates.

4. DISCUSSION

For the purpose of comparing our results with previous
measurements of band f-values for the c,(0) « X(0) tran-
sition, we have summed the integrated cross sections of all
rotational lines observed and measured in this work, includ-
ing the six b'(1) « X(0) lines in Table 2 which borrow their
intensity from the much stronger c¢,(0) < X(0) band. The
room temperature band-integrated cross section was con-
verted into a band oscillator strength according to (Morton
& Noreau 1994)

1.1296 x 10? | o(A)dA
22 ’

where A was taken to be 95.856 nm, the position of the band
origin. Our room temperature result, f = 0.136 + 0.020, is
compared in Table 3 with other photoabsorption or emis-
sion measurements, electron energy loss experiments, and
the nonadiabatic calculation of vibronic dipole strengths by
Stahel et al. (1983). The absorption results of Carter (1972)
and of Girtler et al. (1977), where the systematic effects of
inadequate spectral resolution were either ignored or only
partially corrected for, are not included in the table.

Our band f-value is consistent with the early absorption
measurements of Lawrence et al. (1968), who extrapolated
their 0.004 nm resolution measurements to low column den-
sities to minimize instrumental resolution effects. The
current result is also in satisfactory agreement with our
earlier result of 0.145 + 0.030 (Stark et al. 1992).

In connection with a study of electron-impact excitation
cross sections for emission from c,(0), Ajello et al. (1989)
reported a c¢,(0) — X(0) oscillator strength which is only
marginally consistent with our new band f-value. There is
even less agreement with f-values obtained from electron
energy-loss measurements. In our previous work (Stark et
al. 1992), the relative band f-values from the energy-loss
spectra of Geiger & Schroder (1969) were placed on an

f= 3)
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TABLE 3
COMPARISON OF c;(0) < X(0) BAND OSCILLATOR
STRENGTHS*
Reference Band f-value
Photoabsorption
This Work .........ccooevieenne. 0.136(20)®
Lawrence et al. 1968 .......... 0.14(4)
Stark et al. 1992 ............... 0.145(28)

Electron-impact-induced emission from c/(0)

Ajello et al. 1989 .............. 0.156(30)
Electron Scattering

Geiger & Schroder 1969...... 0.165°

Chanetal 1993 ............... 0.195(20)
Calculation

Stahel et al. 1983 .............. 0.153¢

a Uncertainties (in parentheses, where available) in
units of last quoted decimal place.

® As discussed in the text, this band f-value and all
other measured values tabulated above are strictly
appropriate only for room temperature.

¢ Electron energy loss measurements; normalized to
f=0.044 for b(3) « X(0) (see Stark et al. 1992).

4 Nonadiabatic calculation of vibronic band
strengths; normalized to f= 0.046 for b(3) < X(0) (see
Stark et al. 1992).

absolute scale by normalizing to f=0.044 for the
b(3) < X(0) band, a choice which led to moderate agreement
with our measurements of seven N, bands between 95.8 and
99.4 nm, but resulted in an oscillator strength of 0.165 for
c4(0) < X(0) which now lies outside the error limits of our
revised f-value.

The band f-value derived by Chan et al. (1993) from their
electron scattering data is almost 50% larger than our
result. The low resolution of their spectra, approximately
0.36 nm at 95.8 nm, results in overlapped signals from
the 0-0 bands of ¢, < X and c; < X and requires a decon-
volution of the two transitions. Considering that the
¢3(0) « X(0)f~value of Chan et al. (1993) is also larger
than our result of 1992, it seems unlikely that uncertainties
in the deconvolution of the two blended features are
entirely responsible for the discrepancies between the
f-values for c,(0) < X(0).

Stahel et al. (1983) calculated a set of relative vibronic
band strengths for the dipole-allowed transitions of N,
based on their nonadiabatic representation of the homoge-
neously mixed Rydberg and valence states. Relative elec-
tronic transition moments for the lowest parallel and
perpendicular transitions from the X'X ground state were
determined by fitting the squares of the perturbed vibronic
transition moments to the relative dipole strengths derived
from the electron energy-loss spectra of Geiger & Schroder
(1969). Satisfactory agreement with our previous measure-
ments in the 95.8 to 99.4 nm region (Stark et al. 1992) was
obtained by normalizing the relative f~values derived from
the calculations of Stahel et al. (1983) to f = 0.046 for the
b(3) < X(0) band. For c,(0) « X(0), the calculated f-value of
0.153 is also within the error limits of our new experimental
result. The work of Stahel et al. (1983) neglects the effects of
heterogeneous interactions which introduce significant T,
character to the c,(0) rotational levels of e parity (Edwards
et al. 1995) and may affect the line strengths for J > 20.

The P/R ratios of the line f-values of c,(0) < X(0) are
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displayed in Figure 4. The effects of the c,(0) ~ b'(1) inter-
action (Yoshino & Tanaka 1977; Levelt & Ubachs 1992)
are very noticeable from the dispersion-like behavior of the
fp/fg ratios near J = 11. Also shown in the figure are the
smaller P/R ratios of the Honl-London factors for an
unperturbed 'X—'X band. The systematic deviations of the
observed from the predicted ratios are reminiscent of
similar observations in the emission spectrum (Shemansky
et al. 1995) and are, in a qualitative sense, consistent with
the description of c,(0) as the upper component of a
Rydberg p complex; line strength expressions have been
discussed by Carroll (1973) and Johns (1974). However, the
11, lower component of the complex, c5(0), is itself strongly
mixed with the b'II, valence state (Stahel et al. 1983;
Edwards et al. 1995), thus adding to the difficulties faced in
a quantitative analysis of the measured line strengths, par-
ticularly at the highest J values observed in this work.

In the absence of perturbations, the rotational line oscil-
lator strengths, f;- ;~, and the band oscillator strength, £, for
a 1213 transition are related (Morton & Noreau 1994) by

@4 Dy

/ NG

)
where the Honl-London factors, S ;-, for P and R branch
transition from the same J” level sum to (2J” + 1) (Kovacs
1969; Whiting et al. 1980). It follows that for each J”, the
corresponding band f-value, f(J"), is obtained from the sum
of the corresponding P and R line f-values,

f:fJ“+1,J" +fJ"—1,J“ . (5)

The application of equation (5) to the line oscillator
strengths of Table 1 produces the data represented by open
circles in Figure 5.

In the region of the avoided crossing of c,(0) with b'(1),
oscillator strength flows from the strong c¢,(0)}-X(0) tran-
sition into the very much weaker b'(1}-X(0) band. Conse-
quently, the sum of equation (5) must be extended to include
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F1G. 4—P/R ratios of the measured line f-values for J” <9 (filled
squares) and 10 < J” < 22 (filled diamonds), the latter including the unre-
solved lines of the R head. Uncertainties in the ratios are estimated to be
~5% for J” < 10, and ~10% for J” > 10. Anomalies near J” = 11 arise
from the homogeneous c,(0)-b'(1) interaction. Also shown are the analo-
gous ratios of the Honl-London factors for an unperturbed '=Z-'Z tran-
sition (open circles).
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F1G. 5—Open circles: The c,(0) «+ X(0) band oscillator strengths, f(J"),
calculated from the data in Table 1 according to eq. (5). Filled circles: The
f(J") values inclusive of the oscillator strengths borrowed by b'(1) (see
Table 2) near the avoided crossing with c,(0). The dotted horizontal lines
(a) and (b) represent, respectively, the room temperature band f-values
measured in the present work and the renormalized calculated f~value of
Stahel et al. (1983); see Table 3.

the extra P and R lines that appear because of this local
perturbation. At the low pressures used to record the 0-0
band of ¢,—X, only the six extra lines collected in Table 2
could be observed with measurable intensity. Their inclu-
sion in the sum of equation (5) restores the c,(0)-X(0) oscil-
lator strengths derived from transitions originating in
J”" =09,...,12 to the values shown by filled circles in Figure
5, bringing them back into line with the less strongly per-
turbed f(J”) values measured at greater distance from the
avoided crossing.

Irrespective of the large error bars that attach to the data
of Figure 5, the derived band oscillator strengths are seen to
display an obvious J dependence. At the lowest and highest
J values, they are consistent with the renormalized (Stark et
al. 1992) calculation of Stahel et al. (1983); at intermediate J
values, they drop by about 13% to just below the room
temperature f-value derived from the band integrated cross
section (see Table 3). Stahel et al. (1983) pointed out that the
high intensity of the c¢,(0) « X(0) band arises from its long-
range interference with the b'(v)« X(0) transitions at
shorter wavelengths, the 00 band of ¢, « X gaining
strength at the expense of the entire v” = 0 progression of
b’ < X bands. Of key importance to the discussion of the
interference patterns are products of vibronic quantities
that can be written (Stahel et al. 1983) as

I/c'b' MC'X Mb'X Sc'O,b'v SC'O,XO Sb'v,XO ) (6)

where the three electronic factors representing the inter-
action energy and transition moments precede the corre-
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sponding vibrational overlap integrals, and where the
abbreviated notion ¢’ is used for c¢,. The first and second
overlap integrals involve the c,(0) Rydberg level and are,
thus, sensitive to the homogeneous mixing of the Rydberg
level with the b'(1) valence state perturber. The result has to
be a slight reduction in the values of both integrals, in the
first case on account of the orthogonality of b'(1) to all b'(v)
levels taking part in the constructive interference with c(0),
in the second case because of the lack of significant vibra-
tional overlap of b'(1) with X(0). The reduced overlap inte-
grals translate into a similarly reduced transfer to oscillator
strength to ¢,(0). In the rotating molecule, this reduction
becomes dependent on J and will be most noticeable in the
vicinity of the avoided crossing with the b'(1) perturber. In a
qualitative way, these expectations are born out by the data
in Figure 5 where the band oscillator strengths for
¢4(0-X(0), f(J"), are found to go through a broad minimum
for rotational quantum numbers near the maximum of the
¢4(0) ~ b'(1) interaction.

Considering the extent to which the interactions of the np
Rydberg states with the b and b’ valence states shape the
dipole-allowed absorption spectrum of N,, governing the
rovibronic structures as well as the relative dipole strengths
of the observed transitions, it must be assumed that
rotation-dependent variations of the band oscillator
strengths f(J”’) similar to those shown in Figure 5 are the
rule rather than the exception. Thus, f~values derived from
band integrated cross sections will, in general, be tem-
perature dependent. Coupled with the inadequacies of cal-
culating the corresponding line f~values from oversimplified
band models that ignore the effects of homogeneous pertur-
bations and/or heterogeneous /-uncoupling interactions,
this suggests that any detailed model of airglow emissions
from highly excited N, levels should include measured,
rather than calculated, line f~values. The data presented
here for the 0-0 band of ¢, « X are the first results of a
series of experiments which aim at establishing the line f-
values for all bands in the 86 to 99 nm region of the N,
absorption spectrum; they will be the subject of future pub-
lications.
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