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Key Points:
e First imaging measurement of the electron-impact N> LBH cascade-induced spectrum at
energies of 30-200 eV is presented.
e (Cascading transition to the N> a-state (@' & w — a) from radiative & collision-induced-
electronic transitions (CIETS).
e We present measurement of vibrational LBH band intensities between 30-200 eV at

various pressures and electron impact direct and cascade LBH emission cross-sections

between 40-200 eV.

Index Terms: 0310/5408 Airglow and Aurora; 0343 Planetary Atmospheres; 0358/3369
Thermosphere: energy deposition; 2423, Ionosphere processes; 6225, Mars; 6281 Titan.

Key Words: molecular nitrogen (N2); Lyman-Birge-Hopfield (LBH) band system; electron

impact; fluorescence cascade; MAVEN IUVS, GOLD, collision-induced-electronic-transitions.
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Abstract

We have measured in the laboratory the far ultraviolet (FUV: 125.0—170.0 nm) cascade-induced
spectrum of the Lyman-Birge-Hopfield (LBH) band system (a 'Tl, — X 'Z3) of N2 excited by 30—
200 eV electrons. The cascading transition begins with two processes: radiative and collision-
induced electronic transitions (CIETs) involving two states (a’ ', and w'A, — a 'Tl,), which are
followed by a cascade induced transition a 'Tl; — X 'Z¢. Direct excitation to the a-state produces
a confined LBH spectral glow pattern around an electron beam. We have spatially resolved the
electron induced glow pattern from an electron beam colliding with N> at radial distances of 0—
400 mm at three gas pressures. This imaging measurement is the first to isolate spectral
measurements in the laboratory of single-scattering electron-impact-induced-fluorescence from
two LBH emission processes: direct excitation, which is strongest in emission near the electron
beam axis; and cascading-induced, which is dominant far from the electron beam axis. The
vibrational populations for vibrational levels from v'=0-2 of the a 'TI, state are enhanced by CIETs,
and the emission cross sections of the LBH band system for direct and cascading-induced

excitation are provided at 40, 100, and 200 eV.
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1. Introduction

The study of the Lyman-Birge-Hopfield (LBH) band system (a 'TI; — X ') of N2 in the
laboratory by UV spectroscopy has heretofore failed to measure the cascade-induced UV spectrum
and determine LBH vibrational intensities or cascade emission cross sections. This failure has
precipitated a controversy in the literature that has persisted for over a decade due to the dichotomy
between terrestrial airglow observations and model calculations [Cartwright, 1978; Budzien et al.,
1994; Eastes and Dentamaro, 1996; Eastes, 2000]. Analysis of terrestrial far ultraviolet (FUV)
airglow spectra is aimed at determining the abundances of the major constituents of the upper
thermosphere: N», O, and O. The retrieval of thermospheric column abundance ratio O/N> (also
referred to as £ O/N in the literature) depends upon No LBH and O emission cross sections
[Strickland et al., 1995, 1999; Evans et al., 1995]. The relative vibrational distributions of the LBH
band system observed in the dayglow and aurora sometimes agree with theoretical calculations for
direct impact [A4jello, 1970; Ajello and Shemansky, 1985] and other times statistically significant
departures of 30-50% occur [Budzien et al., 1994; Eastes and Dentamaro, 1996; Ajello et al.,
2011]. We can thus shed light on the origin of the difference in the UV spectrum between
laboratory and space-borne measurements. The principal cause is the pressure-dependent lifetimes
and energy-dependent cross sections for cascade to the a-state from the (a''X, and
wlA, — a'Tly — X'T}) states by two separate processes: radiative and collision-induced-
electronic transitions (CIETS).

The a 'Tl, state is itself metastable from direct excitation being magnetic dipole and electric
quadrupole in character. Due to the ~50 us lifetime of the a-state, a molecule excited directly to
the a 'Tl, state can travel ~1000 cm without a molecular collision (either elastic or inelastic) at the

lowest pressures measured here (and more importantly, only up to 10 cm to the 99.7% 3c-level
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before radiating) [Marinelli et al., 1989; Ajello et al., 2017]. The lifetimes of the cascade states are
markedly longer requiring a large vacuum system to observe and fully measure both forbidden
radiation sources. Our imaging experiment is the first to measure and isolate the optical emissions
of single-scattering (i.e., low-pressure) electron-impact-induced-fluorescence from both direct
excitation of the a 'Tl state and cascade-induced fluorescence contributions to the a 'Tl, state.
There is marked difference between the a’-state and w-state lifetimes to the ground state. The a'-
state lifetime is found to be ~40 ms by Wilkinson and Tilford [1959], while Tilford and Benesch
[1976] find the lifetime to be ~13 ms for v'=0, noting that a'(0) energetically resides below a(0).
More recently, Eastes and Dentamaro [1996] recommend a lifetime of ~17 ms for the a''%,
— X%} forbidden transition (that proceeds through nearby !II, states). The w-state is dipole
forbidden from the ground state and can only be depopulated by CIET or radiative cascade decay
to the a-state with a radiative lifetime to the ground state on the order of seconds for the forbidden
wlA, — X'Z; transition. In this paper, we discuss the dipole-allowed transitions (a’'Z, and
wlA, — a'Tly) in Section 3. We also present measurement results of LBH vibrational band
intensities from 30-200 eV at different pressures and provide electron impact cross sections for

cascade and direct excitation of LBH at 40-200 eV energy range.
2. Experimental Apparatus

In the past we have constructed a large (1.5 m-diameter) vacuum system apparatus for
measuring the emission cross sections of the strongest optically forbidden transitions found in a
solar system planetary atmosphere airglow: N> LBH [A4jello et al., 2017], O1 135.6 nm from O>
[Noren et al., 2001; Kanik et al., 2003], and O1 135.6 nm from CO and CO> [4jello et al., 2019],

as well as the Cameron bands from CO and CO; in the middle ultraviolet (MUV) [Lee et al., 2019].
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Using the aforementioned large vacuum chamber housing an electron gun system and the
Mars Atmosphere and Volatile EvolutioN (MAVEN) mission Imaging UltraViolet Spectrograph
(IUVS) optical engineering model (OEM) instrument, we have obtained calibrated spectral
measurements of the LBH band system from 125—175 nm over a range of lines-of-sight to capture
most of the optical emissions within the LBH band system [McClintock et al., 2014]. The
experimental apparatus for emission cross sections has been discussed in detail previously [ Noren
et al., 2001; Kanik et al., 2003; Ajello et al., 2017].

The experiment reported here for N passed an electron beam through a static gas at three
different pressures: 5 x 107® Torr, 1 x 107 Torr, and 5 x 107 Torr, hereafter low, medium, and
high, respectively, corresponding to N> abundances in the terrestrial atmosphere at altitudes of
125 km (n=1.8 x 10" cm™), 120 km (n=3.5 x 10! cm™), and 110 km (n=1.8 x 10'> cm™). The
IUVS-OEM measured the glow profile produced around the electron beam. Ideally, an infinitely
long electron beam will produce a cylindrically uniform glow region, wherein single-scattering
emission and excitation rates per unit length of the beam are equal with dipole-allowed electronic
transitions occurring on the electron beam axis and metastable transitions forming an extended
cylindrically symmetric glow. A large vacuum chamber, referred to as the Multi-Optical Beam
Instrument (MOBI), is large enough to approximate this condition with its 1.5 m diameter girth
and 2.35 m length. In the present work, the [IUVS-OEM instrument was placed on a vertical
moving stage with the entrance slit orthogonal to the electron beam table, peering at the electron
beam up to 400 mm from the electron beam axis to fully measure both allowed and forbidden
transitions. The electron-impact-fluorescence apparatus installed in the MOBI chamber consisted

of an electrostatic electron gun source and Faraday cup separated by ~1/3-m, two large pair of
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Helmholtz coils surrounding the chamber, a static gas source, and the [UVS-OEM. The apparatus
is described fully and shown schematically in Fig. 2 of 4jello et al. [2017].

With a staged 3-step motion, the field-of-view (FOV) of the IUVS-OEM detector was
projected to more than 400 mm object distance at the electron beam allowing the observation of
metastable emissions. Three overlapping images were taken at different stage positions to capture
the glow region from long-lived states such as N2 a 'Tl,. We can vary the vertical height of the
placement of the optic axis of the [IUVS-OEM at three positions above the electron beam axis. We
start from Image-1 on center (z =0) with the emission from dipole-allowed transitions centered
near spatial pixel 500, followed by a motion in the z-direction to obtain Image-2 centered at
15.24 cm (6 inches), and Image-3 centered at 30.48 cm (12 inches) above the electron beam. The
total vertical object size in the MOBI chamber imaged by the central 810 spatial pixels of the
IUVS-OEM is 16.4 cm with Image-1 positioned at the center of the FOV. The same set of three
spatial image positions are used at low, medium, and high pressure. The set of 810 pixels used is
a subset of the full 1024 pixels and is chosen to avoid the pixels of the broad occultation keyholes
at each end of the slit, which are used on the flight instrument for stellar occultation observations.

Our main discussion in this paper involves an analysis of the best-fit LBH vibrational
intensities for the Image-1 and Image-3 laboratory measured spectra, e.g., Image-1 low pressure
or Image-1 high pressure compared to Image-3 high pressure. These conditions present different
spectra, as evidenced in Fig. 1, where we have over-plotted the high-pressure spectra for Image-1
and Image-3 with both spectra normalized to the @(3,0) band at 135.4 nm. Multiple Linear
Regression (MLR) glow model fits to the measured 100 eV medium and high pressure FUV
intensities for the portion of the LBH spectrum from 133.5-140.2 nm, a spectral region devoid of

N features, are shown in Figs. 2a and 2b, respectively. Both sets of glow patterns show that only
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Image-1 captures a direct excitation spectrum with termination of direct excitation photons in the
model, shown in green near 10 cm radial distance from the electron beam. The Image-3 glow
pattern in the model, shown in magenta captures the cascade-induced LBH spectrum, which
dominates from radial distances of 22.5-38.5 cm.

An important diagnostic of the [UVS-OEM optical performance in the laboratory requires
a measurement of the point-spread function (PSF). To obtain the PSF, the MOBI chamber
background gas consisting of predominantly H»O, following pump-down, was sampled at an
approximately static pressure of ~7 x 10~® Torr for a short duration and the electron gun provided
an electron beam current of ~30 pA. The FUV spectrum of electron impact fluorescence of HO
is very simple, comprised of mostly H1 Lyman-a and O1(115.2, 130.4, and 135.6 nm) emission

features [4jello et al.,1985]. The model fit, £, to the PSF is given in Ajello et al. [2019].
3. The Spectral Analysis

For diatomic molecules in an electronically excited state, the number of photons emitted
per unit volume per second in a transition from the v’ upper vibrational level to the v” lower

vibrational level [Beegle et al., 1999], referred to as the electronic band emission rate, is
Iv’v” = pv' AV'V" / AV', (1)

where py is the volumetric excitation rate for the v’ level of the upper electronic state, and Ay~
and Ay are the vibrational and total transitional probabilities for each v’ level to a lower electronic

state. The value pv is defined by
pv = FeNo (Gexcitationvy + GcascadeV,), (2)

where Fe is the electron flux, Ny is the gas density (cm ), Gexcitation’ 1S the excitation cross section

(cm?), and Geascade” is the total cascade cross section (cm?) to level v’ of the a-state from various
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vibrational levels of the a'- and w-states. Note that Gexcitation” 1S proportional to qvo Re(rvo), where
qvo 1s the Franck-Condon factor (FCF) from ground vibrational level to v', ryo is the corresponding
internuclear distance, and Re¢? is the square of the electronic transition moment. Also note that we
have previously shown dipole-allowed cascade from three Rydberg series, with lowest members
b T, c3 Ty, 03 'T1,, ' 'Zy, and ¢4 '35, as well as valence-type states, is small [Heays et al., 2013].
There is less than 5% variation of the electronic transition moment, Re, of the a-state [4jello, 1970],
so the variation of Re with internuclear distance can be neglected.

We use MLR techniques to fit an N> LBH band emission rate model [ Budzien et al., 1994]
to each [TUVS-OEM measurement obtained in our laboratory experiment. The PSF (discussed
above) was used to spectrally smear individual molecular rotational lines to model the measured
electron impact fluorescence FUV spectra. The measured laboratory temperature established the
rotational temperature of 293 K when fitting spectra with the band model. With the exception of
the N1149.3 nm doublet, which was removed from the measured spectra prior to fitting, expected
atomic multiplets (N, H, and O, the latter two resulting from residual gas in the tank) were included
as source components in the fits. Uncertainties in the measured spectra are propagated through the
MLR fit when obtaining coefficients (i.e., v'-vibrational populations) and their corresponding
uncertainty estimates. In Table 1 we list the MLR band emission rate model results for the six
spectra of Images-1 and -3. The observed pre-dissociation of the a-state for rotational levels above
v'=6, J=13, accounts for 12.3% of the excitation cross section resulting in emission from v’>6 to
be weak or absent [4jello, 1970]. Thus, the total probability for emission for all columns in Table
1 has been normalized to Y,/ q7 = 0.877.

In Fig. 3a (bottom abscissa, left ordinate) we show the IUVS-OEM electron-excited 30 eV

Image-1 laboratory spectra at a radial distance of 0 cm from the electron beam for low and high
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pressure. The spectra are normalized to the LBH a(3,0) band at 135.4 nm. Also shown in the figure
(top abscissa, right ordinate) is a comparison of direct excitation theoretical Franck-Condon
factors, qvo, from Loftus and Krupenie, [1977] with vibrational intensities for each v’ (0,1,2,...,6),
v"-progression from MLR fits to Image-1 spectra at low and high pressure, and a fit to the Image-
3 spectrum at high pressure. The low v’ levels 0, 1, and 2 are enhanced in Image-3, which exhibits
a cascade spectrum for a gas pressure of 5 x 107 Torr, equivalent to an Na gas density of
1.8 x 10'2 cm . The enhancement of the strong a(1,1) band at 146.4 nm is very noticeable in Fig.
1. This N> density occurs at terrestrial altitudes near 110—115 km, well below the peak of the LBH
emission rate near 150 km. The v'=0 level is the most enhanced by combined CIET and radiative
processes by almost 50% when comparing vibrational intensities for Image-1 and Image-3 at high
pressure.

The results of an MLR analysis comparing vibrational intensities of Image-3 at low,
medium, and high pressures are shown in Fig. 3b (top abscissa, right ordinate). [IUVS-OEM
electron-excited 30 eV Image-3 laboratory spectra at a radial distance of 30.48 cm from the
electron beam for medium and high pressures are also shown (bottom abscissa, left ordinate). The
spectra are normalized to the LBH a(3,0) band at 135.4 nm. The airglow observations reported by
Budzien et al. [1994] and the CIET model results of Eastes [2000], expected for airglow rocket
observations at a tangent altitude of 200 km, indicate similar enhancements in the low vibrational
levels evident in our Image-3 high-pressure spectrum. We expect to see this enhancement in any
N2 FUV limb spectra of the dayglow at the reference altitudes used in our laboratory experiment.
Even in the absence of a significant collision rate (e.g., ~0.1s!) as expected near 200 km
(n~3.6 x 10° cm %), the radiative induced-cascade from the a''¥, and w'A, — a 'l — X'X)

states will take place in our experiment with a larger transition probability (~10° s™!) than the



215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

collision rate due to deactivation that takes place in the lab with a small chamber [ Gilmore et al.,
1992].

Low-v' enhancement for medium and high pressures was recognized in the LBH intensity
versus pressure variation studies in the work of Ajello [1970] and Holland [1969] with a small
vacuum chamber compared to the MOBI chamber at UC. In these earlier experiments, only /mage-
I-type spectra were possible, requiring higher pressures to see CIET than obtained here for our
low-pressure Image-3 measurements.

The strength of the radiative-CIET cascade process induced low-v’' enhancement is
expected to increase with gas pressure. This is because the CIET process, strictly speaking, is a
secondary collision in this experiment via the processes in Eq. 3 between excited states, but is not,

strictly speaking, single-scattering:
No(a''Zu, wlAu, a'Tlg) + No(X'ZY) <> No(a''Zu, w!Au, a 'Tlg) + No(X 'Z). 3)

Eastes and Dentamarro [1996] and Freund [1972] have indicated that the following radiative and
CIET collisions occur interchangeably: a <> a', w <> a, with no coupling between the w- and a'-
states. Marinelli et al., [1989] and Katayama et al. [1994] have shown a strong exothermic reaction
for a(v'=0) — a'(v'=0) should be the dominant contribution to the CIET rate constant as we verify

in this experiment.
4. Discussion

In order to demonstrate the separation of the two types of LBH spectra, we performed a
best-fit MLR for the 100 eV medium and high-pressure glow patterns employing a direct
excitation lifetime and a composite cascading lifetime as in Fig. 2. Direct excitation becomes
insignificant (<1%) at distances greater than 10 cm from the electron beam. We found a similar

result for all energies from 30-200 eV. The regression analysis showed a physically meaningful
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direct excitation model for the fast component lifetime of ~50 us and ~5000 us for the cascade-
induced LBH spectrum, similar to the 100 eV spectrum studied in Ajello et al. [2017]. The
observed ratio of direct excitation to cascade-induced excitation to the a-state in this experiment
is nominally ~70% to ~30% for all energies above 30 eV.

Direct excitation observed in the set of three Image-1 at all pressures for all our laboratory
spectra at 30 eV are nearly identical and can all be closely modeled with Franck-Condon factors.
Cascading processes observed in Image-3 at high pressure result in a large increase in the LBH
emission intensity at electron collision energies of 10~200 eV, which also corresponds to the
typical energy range for secondary electrons in Earth’s upper atmosphere. The LBH band emission
rate from cascade varies with gas pressure with main enhancement to low v’ levels. The cross
section for cascading-induced LBH emission is found to be pressure dependent and also energy
dependent as discussed in the past [Eastes and Dentamaro, 1996]. We show in Fig. 4 the relative
LBH vibrational band intensities for Image-3 as a function of energy normalized to 0.877, the sum
of FCF (qvo) for emission. CIET effects become stronger with increasing energy for the sum of
Images-1-3 at high pressure. The trend in fitted populations for v'=6 is not understood at present
and will require further investigation.

We display in Fig. 5 and tabulate in Table 2 the variation of LBH direct emission cross
section and LBH cascade-induced emission cross section with energy measured in this experiment
at 40, 100, and 200 eV at medium pressure. The N> LBH emission cross section at each energy is
normalized relative to the N1 120.0 nm emission cross sections of Young et al. [2010] with the
correction factor suggested by Malone et al. [2008]: at 100 eV, ¢120.0nm = 3.70 x 1078 cm?. The
medium pressure LBH direct-emission and cascade-emission cross sections in Table 2 are

averaged based on the 100 eV direct LBH emission cross section results of 4jello et al. [2017] for
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100 eV of 6.4 x 1078 cm? and the 100 eV direct LBH emission value measured in this new
experiment at medium pressure of 4.3 x 107!8 cm?, resulting in a 100 eV LBH direct emission
cross section of 5.4 x 107'® cm?. These averaged emission cross section results in Table 2 show
cascading accounts for ~30% (6“"casc = 2.5 x 107'® cm?) of the glow pattern, and direct excitation
of the a-state provides ~70% of the LBH emission (6“4 =5.4x 10718 cm?, i.e., the typical
‘laboratory’ LBH cross-section for smaller FOV setups). Thus, the total LBH emission cross-
section is 0" = 7.9% 10718 cm?, which is effectively the ‘aeronomical’ LBH cross-section at
100 eV. We also list in Table 2 the LBH predissociation cross sections and excitation cross sections
as calculated in Ajello et al. [2017].

The composite uncertainty of the 100 eV (LBH) band system (a 'TI; — X'X3) emission
cross section values is ~35% including the statistical uncertainty of the signal-to-noise ratio (SNR).
The uncertainty of our work is the root-sum-square uncertainty of: 1) ~15% in the relative FUV
calibration, 2) ~13.5% uncertainty of the absolute calibration of N1120.0 nm, 3) ~5% uncertainty
in the Faraday cup current loss to the grounded shield, 4) ~5% uncertainty to pressure drift, 5)
~15% uncertainty in measured areas from blended feature overlap, 6) ~20% uncertainty for the
cascade-induced emission beyond ~400 mm radius from electron beam, and 7) SNR statistical
uncertainty of 10%.

We show the statistical uncertainties in Fig. 6 for Images 1-3 for the wavelength region of
the spectrum used for the emission cross section determination. The SNR remains >5 for all three
of the images in the wavelength range. This wavelength range of 133.5-140.0 nm contains only
LBH bands representing ~13.5% of the band system without any contamination from atomic-N
multiplets and we use the integrated intensity (i.e., intensities summed over positive z-translation

above the electron beam from 0—400 mm) from this portion of the LBH band system to deduce the
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cross section of the band system [4jello and Shemansky, 1985]. The two strongest bands of the
LBH system dominate this spectral range: the a(2,0) and a(5,3) bands at 138.3 nm and the a(3,0)
and a(6,2) bands at 135.3 nm. In addition, we included in this interval the a(5,1) band at 133.9 nm
and the a(6,3) and a(3,1) bands at 139.5 nm. We determine from glow models that we were able
to measure >98% of the emitted photons in the 133.5-140.0 nm spectral interval that arise from
direct excitation.

A recent example of the CIET effect in planetary atmospheres can be seen in MLR fits to
observations by the GOLD instrument. Fig. 7 (top abscissa, right ordinate) shows vibrational
intensities from MLR fits to limb FUV observations made on October 31, 2018. The observed
spectra have been summed over three altitude ranges: 100—150 km, 150—-200 km, and 200-250 km.
Similar to the approach used for the laboratory-measured spectra, the GOLD PSF was used to
spectrally smear individual molecular rotational lines to model the observed FUV spectra. When
fitting the GOLD spectra, the effective rotational temperature (~840 K) was first obtained using
Powell optimal estimation techniques. The observed spectra for the three altitude bins, normalized
to the a(2,0) band at 138.3 nm, are also shown in Fig. 7 (bottom abscissa, left ordinate). As done
with the laboratory-measured spectra, the N1 149.3 nm doublet was removed from the measured
spectra prior to fitting; no atomic multiplets were included as source components in the fits. There
is a clear low-v' enhancement in all three altitude-bins, an indication of pressure dependent CIET

effects.

5. Summary

We have measured the LBH cascade-induced spectra at 30—200 eV for three different N»
gas pressures corresponding to terrestrial altitudes between 110 km and 125 km (airglow) and at

three different imaging glow distances from the electron beam of 0, 15.24 (6 in), and 30.48 cm
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(12 in). The cascade-induced UV spectra were obtained from an LBH glow laboratory
measurement generated by an electron beam in a large vacuum chamber. Image-1 solely contains
the electron beam spectrum, and Image-3 at 30.48 cm distance from the electron beam captures
only the cascade spectrum.

The LBH emission cross section variation with both pressure and energy must be further
studied at lower energy near to threshold (~8.55 eV) than the 40-200 eV energy range measured
here for input into state-of-the-art electron transport models for accurate dayglow and auroral
analysis. The previous low energy studies of the LBH direct emission cross section, albeit in a
small chamber, were performed by Ajello and Shemansky [1985] and Young et al. [2010]. We
show these excitation function measurements for direct emission in Fig. 5, normalized at 100 eV
to the direct emission cross section value of 0.54 x 107 cm? measured here. The revised Ajello
and Shemansky direct emission cross sections in Fig. 5 agree closely with the peak cross section
values tabulated in the review article of Ajello et al. [2011]. Ajello et al. [2011] indicate in their
Table 28.5 a peak total LBH direct emission cross section of2.65 x 107 ¢cm? at 18 eV. The review
article includes a discussion of the work of Eastes [2000] and Budzien et al. [1994] from terrestrial
dayglow observations. The latter two publications indicate peak total emission cross sections
including cascade-induced emission cross section of 2.9 x 1077 ¢cm? and 3.55 x 10717 cm?,
respectively. These total peak emission cross section values are in excellent agreement with the
peak value indicated in Fig. 5 for the revised work of Ajello and Shemansky of ~2.9 x 1077 cm?.
Until we can build an electrostatic gun that can operate at low electron acceleration energy of
<30 eV we recommend adoption of a 30% contribution to the total emission cross section from
cascade-induced LBH emission at all energies above ~30 eV, where vibrational level threshold

effects are negligible.
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Table 1

Relative Electronic Band Emission Vibrational Intensities at 30 eV.

) ) Image-1 Image-3
Vlb'ratlonal FC Low Me(%ium High Low Me(fium High

v'-level factor

pressure | pressure | pressure | pressure | pressure | pressure

0 0.043 0.040 0.038 0.037 0.087 0.068 0.061
1 0.116 0.114 0.112 0.108 0.135 0.142 0.144
2 0.171 0.167 0.168 0.163 0.179 0.178 0.173
3 0.183 0.183 0.181 0.177 0.177 0.170 0.165
4 0.160 0.157 0.160 0.163 0.136 0.141 0.147
5 0.122 0.126 0.127 0.131 0.097 0.102 0.114
6 0.083 0.091 0.091 0.098 0.066 0.077 0.073
Total 0.877 0.878 0.877 0.877 0.877 0.878 0.877
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Table 2

Measured LBH Emission Cross Sections.

Energy Total Direct Cascade Predissociation | Excitation
Emission Emission Emission Cross section | Cross section
Cross section | Cross section | Cross section

(eV) (107 cem?) | (107 em?) | (107 em?) | (1077 cm?) (1077 cm?)

40 2.12 1.67 0.45 0.23 1.90

100 .79 0.54 0.25 0.08 0.62

200 0.54 0.38 0.16 0.05 0.43

22




480

23



481

482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510

List of Figures

Figure 1. The electron impact fluorescence spectra at 30 eV from N> for Image-1 and Image-3 at

high gas pressure of 5 x 107> Torr with an electron beam current of ~80 pA. The radial
glow pattern extends from beam center at 0 mm to 400 mm. IUVS-OEM optic axis in
vertical position with respect to the electron beam is centered 30.48 cm (6 inches) above
the electron beam axis for Image-3. The two spectra are normalized to the LBH a(3,0)
band at 135.4 nm. The LBH v', v"=0, 1, 2, ... progressions for v'=0, 1, 2, 3, 4 are indicated

in the figure.

Figure 2. A glow model composed of two lifetimes that is the best MLR fit of the glow data at

100 eV electron impact energy with (a) medium pressure and (b) high pressure, and an
electron beam current of ~150 pA. The MLR ascertains two best-fit direct excitation
lifetimes: for direct excitation (~50 ps) to the a 'Il; state in green, and for cascade-
induced excitation (~5000 ps) from the (a''Z, and w'A, — a 'TI; — X'X) states to the
a-state in magenta. We show the best model regression fits for the two lifetimes in black
for each glow. Both sets of glow patterns show that only Image-1 captures a direct
excitation spectrum with termination of direct excitation photons in the model, shown in
green, near 10 cm radial distance from the electron beam. The Image-3 glow pattern in
the model, shown in magenta captures the cascade-induced LBH spectrum, which

dominates from radial distances of 22.5-38.5 cm.

Figure 3. Top Panel: (Bottom abscissa, left ordinate) [UVS-OEM electron-excited 30 eV Image-

1 laboratory spectra is centered on the electron beam axis at a radial distance of 0 cm
from the electron beam at low (light green) and high (dark green) pressure. The spectra
are normalized to the LBH «a(3,0) band at 135.4 nm. The difference between the two
spectra near 149 nm is due to pressure dependence of the N1 149.3 nm emission. (Top
abscissa, right ordinate) Comparison of the v'-vibrational populations from a Franck-
Condon based theoretical model (filled circles) [Loftus and Krupenie, 1977, Ajello,
1970; Ajello and Shemansky, 1985; Heays et al., 2012] with v'-vibrational populations

from MLR fits to Image-1 spectra at low (open circles) and high pressure (green squares)
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and an Image-3 spectrum at high pressure (blue squares). Vertical uncertainty bars for
fitted v'-vibrational populations are included in the plot but are not readily evident
because the signal-to-noise ratio of the laboratory measurements is large (see Section 4
and Figure 6).

Bottom Panel: (Bottom abscissa, left ordinate) IUVS-OEM electron-excited 30 eV
Image-3 laboratory spectra at a radial distance of 30.48 cm from the electron beam for
medium (dark purple) and high (light blue) pressure. The spectra are normalized to the
LBH a(3,0) band at 135.4 nm. (Top abscissa, right ordinate) Comparison of the v'-
vibrational populations from a Franck-Condon based theoretical model (filled circles;
same as used for Fig. 3a) with v'-vibrational populations from MLR fits to Image-3

spectra at low (open circles), medium (diamonds), and high (squares) pressures.

Figure 4. The v'-vibrational populations from MLR fits to the sum of Images 1-3 spectra at high

pressure (blue squares) at electron impact energies between 30-200 eV. As in Figure 3,
uncertainties in the measured spectra are propagated through the MLR fit when obtaining
v'-vibrational populations and their corresponding uncertainty estimates, which are

shown as vertical bars in the figure (not readily evident).

Figure 5. Direct emission cross sections as a function of energy normalized at 100 eV to the

average medium pressure absolute emission cross section from MLR fit to the glow
pattern of Fig. 2 at 100 eV and from medium pressure absolute emission cross section
Ajello et al. [2017] at 100 eV. We also show a comparison of the excitation function of
this experiment to the direct LBH emission cross section measurements of Ajello and
Shemansky [1985] and Young et al. [2010] normalized to the 100 eV direct emission

cross section of 5.4 x 1078 cm? of this measurement.

Figure 6. Statistical SNR used to determine the 100 eV emission cross sections in Table 2 and Fig.

5 plotted as the ratio of the summed total signal counts, less background counts, of the
raw data in all 65 s frame intervals for each of the three images (364 in number for Image-
1 at 100 eV medium pressure). This was acquired over eight-to-ten hours divided by the

background noise defined as the square root of the sum of the squares of the standard
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542 deviation of dark counts for each of the dark-acquiring frames and the standard deviation

543 of light counts of signal for each of the 65 s light-acquiring frames described in 4jello et
544 al. [2017, 2019].

545

546  Figure 7. (Bottom abscissa, left ordinate) GOLD observed spectra summed in 50 km tangent
547 altitude bins covering 100-150, 150-200, and 200-250 km. The spectra are normalized
548 to the LBH a(2,0) band at 138.3 nm. (Top abscissa, right ordinate) Comparison of the v'-
549 vibrational populations from a Franck-Condon based theoretical model (filled circles;
550 same as used for Fig. 3) with v'-vibrational populations from MLR fits to the GOLD
551 observed spectra at altitude bins covering 100-150 km (squares), 150-200 km
552 (diamonds), and 200-250 km (open circles).

553
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