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Abstract We have measured the 100 eV emission cross section of the optically forbidden
Lyman-Birge-Hopfield (LBH) band system (a1Hg — X1Z_:;) of N, by electron-impact-induced fluorescence.
Using a large (1.5 m diameter) vacuum chamber housing an electron gun system and the Mars Atmosphere
and Volatile EvolutioN mission Imaging Ultraviolet Spectrograph optical engineering model, we have
obtained calibrated spectral measurements of the LBH band system from 115 to 175 nm over a range of lines
of sight to capture all of the optical emissions. These measurements represent the first experiment to directly
isolate in the laboratory single-scattering electron-impact-induced fluorescence from both direct excitation
of the a'Il state and cascading contributions to the a'Il, state (a''Z, and w'A, — a'Tl; — X'X5). The
determination of the total LBH emission cross section is accomplished by measuring the entire cylindrical
glow pattern of the metastable emission from electron impact by imaging lines of sight that measure the
glow intensity from zero to ~400 mm radial distance and calculating the ratio of the integrated intensity from
the LBH glow pattern to that of a simultaneously observed optically allowed transition with a well-established
cross section: NI 120.0 nm. The “direct” emission cross section of the a1Hg state at 100 eV was determined
to be o5 = (6.41 + 1.3) x 10~ ' cm?. An important observation from the glow pattern behavior is that the
total (direct + cascading) emission cross section is pressure dependent due to collision-induced cascade
transitions between close-lying electronic states.

1. Introduction

The ultraviolet (UV) emissions from the Earth’s thermosphere play a key role in our current capabilities for
remotely sensing the Earth’s space environment (SE) [Meier et al., 2015; Paxton et al., 1999]. The aeronomy
community has identified the Lyman-Birge-Hopfield (LBH) band system of molecular nitrogen
(a11'Ig — X1Z§) as the key atmospheric emission to be observed by satellites for monitoring the global energy
input into geospace [Kanik et al., 2000; Aksnes et al., 2006, 2007; Kil et al., 2011; Krywonos et al., 2012] with an
anticipated measurement accuracy of 5-10%. However, anomalies in understanding the vibrational distribu-
tion and band intensities of the N, LBH band system have brought into question the reliability of such mon-
itoring by our spacecraft [Eastes et al., 2008; Eastes and Dentamaro, 1996; Eastes, 2000]. Recent space missions,
with UV detectors on board, measuring the LBH emissions for SE determination (e.g., atmospheric tempera-
ture and O/N, density ratio) have been summarized [Eastes et al., 2011; Ajello et al., 2011a; Young et al., 2010].
These LBH band emission observing satellites include the Thermosphere lonosphere Mesosphere Energetics
and Dynamics satellite with the Global Ultraviolet Imager, the Midcourse Space Experiment with multispec-
tral capability from the far ultraviolet (FUV) to the infrared (IR) of the Ballistic Missile Defense Organization, the
UV imager on the Polar spacecraft of the Global Geospace Science portion of the International Solar
Terrestrial Physics program, the Imager for Magnetopause-to-Aurora Global Exploration satellite, and the
Defense Meteorological Satellite Program, the latter being a series of spacecraft with two UV instruments:
Special Sensor Ultraviolet Limb Imager and Special Sensor Ultraviolet Spectrographic Imager [Meier et al.,
2005; Vanhamdiki and Amm, 2011].

The planned 2017 launches of the GOLD (Global-scale Observations of the Limb and Disk) and
lonospheric Connection Explorer satellites will provide solar cycle 24 data on the physical connection
between Earth and the immediate SE as well as temperatures in Earth’s thermosphere and ionosphere
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[Eastes et al., 2008, 2011, 2015; Mannucci et al., 2012]. GOLD will conduct simultaneous dayglow LBH and
atomic oxygen UV measurements to determine temperature and composition in the thermosphere-
ionosphere system on a global scale. The accuracy with which thermospheric neutral composition and tem-
perature can be determined from such observations depends upon the accuracy of the model used, which
itself is dependent on the accuracy of the excitation and emission cross sections available for O and N,.

Our laboratory work, described in this paper and performed at the University of Colorado (CU), improves the
accuracy of the relevant cross sections for N,. We have been able to show that the total LBH emission
(a'Tl, — X'X;) is generated by two equally important processes: (i) direct excitation (X'E5 — a'Il,) resulting
in optically forbidden fluorescence by magnetic dipole and electric quadrupole moments and (ii) indirect
excitation of the a state via dipole-allowed radiative and collisional-induced electronic transition (CIET)
cascade processes (ie, a''S; — a1Hg and w'A, — a1Hg) [Eastes and Dentamaro, 1996; Malone et al.,
2015]. Note that “fast” cascade population of the a state can occur from the C;1ZZ state and similar upper
Rydberg-valence states, but it has been shown to apparently be insignificant (<1% branching [see Filippelli
et al., 1984; Allen and Lin, 1989; Allen et al., 1990; Shemansky et al., 1995]). Cascading processes result in a large
increase in the LBH emission intensity at electron collision energies of 10-100 eV, which also corresponds to
the typical energy range for secondary electrons in the upper atmosphere. Modeling can now more accu-
rately include excitation by cascade, in addition to direct excitation, for determination of composition and
temperature in the SE, as well as the flow of solar energy through geospace from electron transport models.
However, the cross section for cascading is expected to be pressure-dependent [Eastes and Dentamaro, 1996].
This cross-section variation with pressure and energy must be measured for input into electron transport models
for dayglow and auroral analysis [Lummerzheim and Galand, 2001]. We make the first step here in a laboratory
experiment at 100 eV (corresponding to a standard energy, having commonality with many previous
measurements) conducted at an atmospheric pressure representative of an altitude of ~120-130 km on Earth,
which is near the peak altitude of the LBH dayglow emission region [see Eastes and Dentamaro, 1996, Table 4].

We have successfully modified a large vacuum system apparatus normally used for optical calibration of
flight instruments [see, e.g., McClintock et al., 2015] into an apparatus for measuring the emission cross sec-
tions of two of the strongest transitions and optically forbidden transitions found in the Earth’s airglow:
the LBH bands and O1 135.6 nm. The experimental instrumentation prepared at CU is currently using the
Mars Atmosphere and Volatile EvolutioN (MAVEN) mission Imaging Ultraviolet Spectrograph (IUVS) optical
engineering model (nearly identical to the flight instrument) to observe the glow pattern of electron-
impact-induced fluorescence of metastable transitions. This laboratory instrumentation allows us to obtain
in a single observation a wide-angle (11.3°) image of the radial extent of the emissions, capturing both the
metastable and allowed transitions occurring in the FUV (from 115 to 190 nm) and middle-ultraviolet
(MUV; from 180 to 330 nm) from particle impact on N5, O,, CO, and CO, [McClintock et al., 2015; Malone et al.,
2015; Ajello et al., 2011b; Kanik et al., 2003]. Only the work on N, is reported here.

The N, radial glow pattern is composed of apparently two distinct emissions with different behaviors with
respect to distance from the electron beam. In this paper we compare the radial intensity variation of the
dipole-allowed Ni 120.0 nm muiltiplet (*P — *5°) and the LBH band system with respect to distance from
the electron beam. The change in slope of the LBH glow intensity pattern with respect to radius allows
separation of the shorter-lived direct emission from the longer-lived cascade emissions. The lifetime for direct
emission has been reported by Marinelli et al. [1989], who find the lifetime to be 56 + 4 ps for v/ = 0-2. This is
consistent with the theoretical predictions of Dahl and Oddershede [1986] and the experimental upper limit of
80 us determined by Holland [1969]. The spectroscopic data of Laher and Gilmore [1991], Gilmore et al. [1992],
and Laher [1999] suggest lifetimes near 58-61 ps for v/ = 0-3 (with additional v'-levels tabulated). Kedzierski
and McConkey [2016a, 2016b] also just published work on N, that included an estimate of the LBH lifetime of
~75 ps; their measurement was capable of including some undetermined portion of “slow” cascade.

The LBH lifetime greatly affects the size of the glow region and thus changes the estimate of the percentage
of the glow region observed in the static gas detector experiments studied here. The earlier glow profiles
[Ajello, 1970; Ajello and Shemansky, 1985] were calculated using the 80 ps lifetime of Holland, an upper limit
that did not consider cascading. Therefore, an independent check of the lifetime of this state from our experi-
ment that can resolve direct excitation and cascade lifetimes is worthwhile. The lifetime measurements of
Marinelli et al. [1989] used laser excitation and effectively eliminated radiative and collisional cascade to
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the a state. There is marked differ-
ence between the d'-state and w-
state lifetimes to the ground state.
The d'-state lifetime by Wilkinson
and Mulliken [1959] is found to be
~40 ms, while Tilford and Benesch
[1976] find the lifetime to be ~13 ms
for v = 0, noting that a’(0) resides
below a(0). More recently, Eastes
and Dentamaro [1996] recommend a
lifetime for the d’ state of ~17 ms to
the ground state. The w state is radia-
tively decoupled from the ground
state and can only be depopulated
by CIET. We thus note that the a''Sy
. and w'A, states have long radiative
X2 lifetimes to the ground state, roughly
13-40 ms [Casassa and Golde, 1979;
Tilford and Benesch, 1976] for the
a's, — X'zj forbidden transition
' 1 (that proceeds through nearby 'II,

0.8 1.2 1.6 2.0 states) and at least seconds for the
Internuclear Distance (A) forbidden w'A, — X'S¢ transition,

with additional “direct emission”
Figure 1. Partial energy level diagram of lower electronic states of N, a”ZJ N a1Hg and W1Au R a1Hg
(adapted from Brunger and Teubner [1990]).
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fluorescence between 3000 and
8500 nm (3.0 and 8.5 um) in the IR,
named the McFarlane I and Il bands, respectively. Their radiative cascade effect to the LBH band system emis-
sion intensity has never been measured by single-scattering e~ + Nj-induced fluorescence [Lofthus and
Krupenie, 1977; Itikawa et al., 1986; Itikawa, 2006]. Their radiative IR fluorescence is expected to be small
due to the low frequency of these transitions; i.e., the energy gap between the states is small (Figure 1)
[Brunger and Teubner, 1990].

Previously, Meier [1991] and Ajello et al. [2011a] have reviewed the combined effect of N," cascades from the
a's; and w'A, states by electron impact using the results of Cartwright [1978] and showed that their con-
tribution to the LBH emission can be significant (>>25%). It should be noted that the excitation cross sections
used by Cartwright [1978] are based on the integral cross sections of Cartwright et al. [1977b], which are based
on the underlying energy-loss-derived differential cross sections of Cartwright et al. [1977a], and are largely
estimated interpolations (and extrapolations) of sparse experimental data points that depended on assumed
Franck-Condon (FC) behavior even near to threshold (note that FC behavior has been shown to deviate at
lower impact energies [see Khakoo et al., 2008; Malone et al., 2009a, 2009b, 2009¢, 2012]). Consequently,
the results of Cartwright [1978] should be used with caution. We also note that Eastes and Dentamaro
[1996] have shown that the rate for CIET for @’ <> a and w < a is significant at the altitudes for LBH emissions
from Earth’s atmosphere. CIET and radiative cascade lead to LBH vibrational distributions that are different
from Franck-Condon vibrational distributions; radiative cascade by itself enhances the lower vibrational
levels. Cartwright [1978] (via Cartwright et al. [1977b]) and Johnson et al. [2005] have shown that the total
cross section of the optically forbidden excitation of the @’ and w states are roughly 28% of the a state near
20 eV; the coupling of these states by CIET calculated by Eastes and Dentamaro [1996] could further alter the
a-state LBH emission. With the new results for cascading effects presented here we can finally assert that for
the first time there may be better agreement in atmospheric modeling and satellite experiment for the LBH
bands by forward and backward (multilinear regression) radiative transfer modeling—a significant result
[Stevens et al., 2015].

The main source of uncertainty in forward modeling radiative transport codes like Atmospheric Ultraviolet
Radiance Integrated Code (AURIC) is the uncertainty in the magnitude of the cascade contributions
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, LASP/CU MOBI Vacuum Chamber Gms [Strickland et al., 1999; Knight et al.,
2008]. The published variations in
the magnitude of emission cross sec-
tions could be due to experimental
limitations in fully capturing the
long-lived emitting states, improper
accounting of cascade contributions,
or both. For instance, published ¢°™
data measured in a small collision
chamber, compared to the much
larger one in this paper, might have
failed to account for the long-lived
states diffusing outside the instru-
Figure 2. Schematic of the N, LBH glow experiment with the MAVEN [UVS ment detection field-of-view (FOV)
using a 0.3 m electrostatic electron gun. (see Filippelli et al. [1994] for detailed
discussion). Thus slow cascade from
the long-lived a''%, and w'A, states to the a1Hg state would be poorly constrained without these
laboratory measurements.
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2. Experimental Apparatus

The experimental apparatus for emission cross sections has been discussed in detail previously [Noren et al.,
2001; Kanik et al., 2003]. We have previously published the work on O1 (135.6 nm) from dissociation of O,
using the Cassini UVIS (Ultraviolet Imaging Spectrograph) [Kanik et al., 2003; Makarov et al., 2003]. Similarly,
the experiment reported here passed an electron beam through a static nitrogen gas and measured the glow
profile produced around the electron beam. Ideally, an infinitely long electron beam will produce a cylindri-
cally uniform glow region, where the emission and excitation rates per unit length of the beam are equal. We
can approximate this condition by making the chamber large and the electron beam as long as possible such
that edge effects are negligible [see, e.g., Ajello, 1970; Holland, 1969; Filippelli et al., 1994].

A large chamber at CU, referred to as the Multi-Optical Beam Instrument (MOBI), is large enough to meet this
condition with its 1.5 m diameter girth and 2.35 m length. The experimental apparatus, installed in the MOBI
chamber, consisted of an electrostatic electron gun, Faraday cup, two pair of Helmholtz coils, a gas source,
and the optical engineering model of the MAVEN IUVS instrument. Figure 2 schematically shows the MOBI
vacuum chamber and IUVS observation geometry of the electron beam. The IUVS was mounted on a four-axis
programmable motion platform inside the vacuum chamber that allowed x and z translation, as well as rota-
tion in the x-y plane. The vacuum chamber had a base pressure of ~6.6 x 1077 torr that was monitored by
using an ionization gauge and inverted magnetron and was pumped by a large ADP Cryogenics Inc. cryo-
pump. A turbo pump was also available to assist pumping when using H, during calibration.

The 1UVS instrument is an imaging spectrograph with both FUV and MUV imaging channels. The two-
dimensional imaging detectors (1024 spatial pixels and 1024 spectral pixels) for the optical channel are iden-
tical except that the input photocathode and window are Csl and MgF, for the FUV channel and CsTe with
fused silica for the MUV channel. The FOV of the IUVS telescope is 11.3° x 0.06°, providing a large angular
FOV of the glow region with the entrance slit of the spectrograph mounted perpendicular to the electron
beam. This instrument was better suited for studying the spatially extended glow of metastable LBH emis-
sions of the present paper compared to the Cassini UVIS used previously for O (135.6 nm), which has a
FOV in the FUV of only 60 mR x 1.5 mR (~3° x ~0.1°) [Esposito et al., 2004; Ajello et al., 2007, 2008; Kanik
et al., 2003].

The IUVS measures two types of spectral images over the full complement of 1024 spatial pixels: first, a high
spectral resolution (0.6 nm full width at half maximum (FWHM)) narrow slit range of spatial pixels (79-913) in
the center part of the slit and, second, a lower spectral resolution (2.5 nm FWHM) broad occultation-slit range
of spatial pixels (0-78) and (914-1023) at the top and bottom of the slit, which are normally used only for stel-
lar occultation observations. We used 835 spatial pixels in each image. Each 1024 x 1024 pixel-array detector
measures photons over an active area of 24 mm?, which gives a narrow pixel dimension of ~0.0235 mm for
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pixels located at the center of the slit away from the two occultation-slit portions. Since the IUVS is designed
to image objects at infinity, a shim was added to the telescope mirror to move the object plane to the elec-
tron beam ~41 inches (104.1 cm) from the instrument and to place the slit at the image plane located at
110.6 mm from the 100 mm focal length telescope mirror. The resulting image of the beam on the slit plane
had a magnification for this experiment of M = s/s’ = 9.41, where s is the object distance and s’ is the image
distance. The IUVS is a Czerny-Turner spectrograph design and images the entrance slit with unity magnifica-
tion on the image-intensifier detectors using a spherical collimator, planar grating, and a toroidal focusing
mirror to limit astigmatism. The slit at the focal plane is 0.1 mm wide by 19.8 mm high and is imaged on
the detector with a resolution of 0.6 nm FWHM (full width at half maximum) in the FUV with a dispersion
of 3.64 nm/mm [McClintock et al., 2015]. Each spatial pixel views an object height in the glow region of
9.41 x 0.0235 mm = 0.221 mm (221 pum) perpendicular to the electron beam. The total vertical FOV for the
835 spatial pixels is ~7.3 inches (185 mm) for each image position. Our analysis consisted of sets of individual
spectra summed over 10 spatial pixels and each average spatial data point represents 2.21 mm in object
space (radius about the beam).

In the present work, the IUVS instrument was placed on a vertical moving stage with the entrance slit ortho-
gonal to the electron beam. With staged three-step motion, this FOV was expanded to more than 400 mm
from the electron beam allowing the observation from metastable emissions. Three images were taken at dif-
ferent stage positions to capture the glow region from long-lived states such as N, (LBH). We can vary the
vertical height of the placement of the optic axis of the IUVS at three positions above the electron beam axis.
We start from Image 1 on the center (z = 0) with the emission from allowed transitions centered near spatial
pixel 500, followed by a motion in the z direction to obtain Image 2 centered at 16 cm, and Image 3 centered
at 32 cm above the electron beam.

The design of the electrostatic electron gun has been previously described by Makarov et al. [2003] and Kanik
et al. [2003] and is described in Harting and Read [1976]. In brief, the electron gun consisted of a large focal
length (0.3 m) with electrostatic focusing along with Helmholtz coils wrapped on the outside of the MOBI
chamber to maintain the straight path on the electron gun center line without significant curvature from
Earth’s ~0.5 G magnetic field. The electron gun was constructed from the two-cylinder (ratio of diameters
is two) lens design of Harting and Read [1976] such that the lens voltages can be set to establish a 30 cm focal
length with 20 pA beam current at 30 eV. In the present setup, an electron beam with an energy of 100 eV
(chosen due to it being a standard energy with many measurements) can be deflected by the Earth’s mag-
netic field approximately 15 cm from its intended path without the coils. A gaussmeter was used to zero
the magnetic field at the electron beam center, and the multielement Faraday cup was used to optimize
the electron beam current. A viewport was used to observe the glow region with a blue emission emanating
as a visibly straight line along the electron beam from dipole-allowed N,* 391.4 nm emission. The straight-
line appearance of the ~30 cm long electron beam ensures correct voltage settings of the two pairs of
Helmholtz coils set to eliminate curvature of the electron beam from the Earth’s magnetic field. The electron
beam collected Faraday cup current is nominally ~300 pA (though set to ~10-400 pA depending on require-
ments) with some scattering of current going to a large (30.5 cm radius) plate at the entrance aperture to the
Faraday cup. In this experiment for N, at 100 eV, only ~2.3 pA went to the plate while the Faraday cup
collected ~292 pA.

The axially symmetric glow of emitted photons, resulting from a radiative decay of the excited Ni and N,
states, was detected at 90° with respect to the boresight of the IUVS. The gas pressure range was maintained
in the molecular flow regime during the measurements (1.5 x 10™° torr) as the trapping of resonance radia-
tion can reduce the detected emission significantly at high gas pressure. For the LBH bands studied, this was
not a concern since the molecular bands do not arise from a dipole-allowed transition [see Filippelli et al.,
1984; Young et al., 2010]; polarization of the fluorescence was also negligible. For the NI 120.0 nm multiplet
(*P — *s°), resonance absorption could be a factor, but since the atomic N is created from dissociation of
N,, the quantity of N in the FOV was negligible. We use the standard Ni 120.0 nm emission cross section at
100 eV from N, to be (3.7 + 0.5) x 10~ '8 cm? [Malone et al., 2008] for determining the LBH cross section.

The 100 eV emission data presented here were collected with an electron beam current of ~292 uA and a gas
pressure of ~1.5 x 107> torr. It is noteworthy that the gas pressure is equivalent to a number density of
~54 x 10"" cm™3, which is the same N, density as found near 120-130 km on Earth [Eastes and
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Dentamaro, 1996]. CIET rate contribu-
tions to the a-state emission from
d < a and w < a coupling at this
density are found to be significant,
enhancing the radiation by a factor
of ~2-3 from a case of low-density
collisionless emissions without CIET
[see Eastes and Dentamaro, 1996,
Table 4; Eastes, 2000]. Note that the
intensity enhancement is strongest
for low vibrational levels (i.e., v < 3)
of the a state.

Spatial Z-axis Distance Relative to the e” Beam (mm)

o o 3. Laboratory
tl
avelength (nm) Measurements of LBH Bands

We show in Figure 3 the spatial-
spectral image obtained by the IUVS
for Image 1 on-center geometry.
08 1 MOBI was filled with a static gas sam-
ple of N, at 15 x 107> torr
(5.4 x 10" cm™3), and the electron
gun provided an electron beam cur-
rent of ~292 pA. The FUV spectrum
of 1024 spectral pixels was obtained
in second order yielding about
02} 1 0.08 nm per channel with a resolution

of 0.6 nm FWHM. The raw and uncali-
LJWI \ \ n brated FUV spectrum in the lower
110 120 130 140 150 160 170 180 190 half of Figure 3 iS the Spatial pixel_

Wavelength (nm)

summed composite of eight images
Figure 3. The Image 1 view of our file “N2_100eV_4" showing 1024 x 835 per cycle of about 65 s each per
pixels. This spatial-pixel summed FUV spectrum makes use of spatial chan- image with 5 s time allotted for read-
nels numbered from 79 to 913. The composite FUV spectrum required out of the detector to mitigate pileup
80 min for eight loops with eight images of bright signal per loop with a time .
of 1 min per bright image. The bright column of pixels occurs for the allowed .after .each 60 s of exposure time. The
transitions occurring on the electron beam. The red boundary lines indicate ~ 'Maging measurement - represents
the NI 120.0 nm glow FWHM (see Figure 7 and text following equation (4)). ~ about 1 h of data observation time

The straight-line signal verifies that the Helmholtz coils have accurately with each cycle duration of approxi-
compensated for the Earth’s magnetic field by steering the electron beam. mately 10 min, since there are an

0.6 4

Intensity (arb. units)

0.4 —

additional two loops at the begin-
ning and end of the set of eight images, which are important for measuring the background. The background
was obtained by reducing the microchannel-plated detector high voltage from 900 V to 70 V.

We show the relative sensitivity calibration curve with wavelength in Figure 4. The relative sensitivity calibra-
tion data were obtained by measuring the intensities of emissions from electron impact fluorescence of both
molecular hydrogen and molecular nitrogen in the 110-170 nm range and comparing them in each case to
the modeled H, and N, intensities [Ajello et al., 1988, 2002; Liu et al., 1995]. The resulting FUV calibration of the
“flight-spare” optical-engineering IUVS is shown in Figure 4 with a fourth-degree polynomial fit for the two
molecular-branching ratio experiments along with a comparison to the flight IUVS sensitivity. Peak sensitivity
for both instruments occurs around 125-130 nm (in second order) based on the Csl peak quantum efficiency
and blaze-wavelength of the gratings at 280 nm in first order.

The electron-impact-induced fluorescence FUV spectrum shown in Figure 3 can be calibrated based on
Figure 4, with the calibrated FUV spectrum shown in Figure 5. We add row pixels from columns that do
not include the two large occultation apertures placed near the ends of the slit as described previously
[see McClintock et al., 2015].
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Figure 4. The FUV sensitivity of the MAVEN flight spare breadboard IUVS as a
function of wavelength by two molecular branching ratio techniques
described in Ajello et al. [1989, 2001] and Liu et al. [1995]. Based on Liu et al.,
we show in black the FUV sensitivity based on a model of the H, Lyman
bands. Based on Ajello et al. [1988], we show in green the FUV sensitivity
based on a model of the LBH bands. The composite mean sensitivity as a
fourth-degree polynomial is shown in purple from 115 nm to 175 nm. The
flight spectrometer sensitivity from McClintock et al. [2015] is shown in blue.

In the vacuum UV, we find that mole-
cular emission was observed from a
single electronic state of N, to the
ground state. Fluorescence of the
electronically lower lying metastable
alﬂg state of N, is known to depend
on cascading from the a''S; and
w'A, singlet electronic states with
overlapping vibrational levels shown
in Figure 1 [Eastes and Dentamaro,
1996; Eastes, 2000; Young et al.,
2010]. We take advantage of the fact
that the wavelength range of 133.5-
140.0 nm contains only LBH bands
representing ~14% of the band
system without any contamination
from atomic N multiplets and use
the integrated intensities (i.e., intensi-
ties summed over positive z transla-
tion above the electron beam from
0-400 mm) from this portion of the
LBH band system to deduce the cross
section of the band system [Ajello
and Shemansky, 1985]. 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 exci-
tation. The two strongest bands of the LBH system dominate this spectral range: the (2,0) and (5,3) bands at
138.3 nm and the (3,0) and (6,2) bands at 135.3 nm. In addition, we included in this interval the (5,1) band at

133.9 nm and the (6,3) and (3,1) bands at 139.5 nm.

We show the radial glow pattern of the LBH bands and Ni 120.0 nm for combined Images 1, 2, and 3 in
Figure 6. Two of the images (2 and 3) are off-centered from the electron beam axis at minimum-ray height
distances of 160 mm and 320 mm above the electron beam axis at 0 mm (Image 1). The radial glow pattern
extends from beam center at 0 mm to 400 mm. The Ni 120.0 nm (*P — *5°) signal, with a lifetime of ~1 ns and

6 T T T T T T T
N, + e (100eV), at z=0cm

5F — IUVS 'flight-spare' lab calibrated
— LBH study region

Intensity (arb. units)

0L
133.5}—{140.0
" I " 1 H 1 " 1

T

x10

115 125 135 145 155
Wavelength (nm)

Figure 5. Calibrated Image 1 (z = 0) FUV electron-impact-induced fluorescence

165 175

spectrum of N, between 115 and 175 nm

for 100 eV electron-impact collision energy. A range of LBH molecular emission bands for this study between 133.5 and

140.0 nm is labeled. The x10 data inset was boxcar smoothed for display.
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Figure 6. The glow pattern of Ni 120.0 nm and LBH bands between 133.5 and 140.0 nm representing about 14% of the LBH
band system but completely clear of atomic N features. This radial glow pattern extends from beam center at 0 mm to
400 mm and is the overlapping image of Images 1-3 with optic axis of the IUVS centered at 0, 16, and 32 cm from the
electron beam axis at 0 cm (see Figure 2; motion below z= 0 is shown as a positive radius to the left of the origin). Included
in the figure are modeled glow patterns as a function of lifetime from 1 us to 1000 ps for direct excitation of the a11'[g state
and one model at 5000 ps for slow cascade to the a1Hg state.

minor contributions from optically forbidden cascading, drops by 3 orders of magnitude and the LBH signal
drops by 2 orders of magnitude. Even the Ni 120.0 nm multiplet emission has a small cascading component
from metastable upper states that contributes to a glow at large radii or the signal at large radii could be due
to the ~1% of scattered electrons measured at the Faraday cup outer plate.

Figure 6 shows the normalized line-of-sight integrated emission intensities for the N, (LBH) and Ni (120.0 nm)
features, respectively, as a function of minimum-ray height (radius) from the electron beam. The radial glow
pattern can be fit using two distinct types of emission processes with distance from the electron beam as
shown in Figure 6. The change in slope (intensity versus radius) of the glow pattern at about 40 mm radial
distance allows separation of the direct and longer-lived cascade emissions. This change in slope occurs
based on the different lifetimes of the two types of LBH emission processes as described below.

1. Directly populated a’l'lg:
e” + Ny (X)—=Ny* (a)—e™ + N, (X) + hv (LBH).

2. Indirectly populated a11'lg via slow IR-cascade and CIET from the @’ and w states (whose individual life-
times >1 ms):

e + Ny (X)>Ny™ e + Ny (X) + hv (LBH).

Shown for comparison with the measurement of LBH intensity versus radius are an array of glow patterns
from direct excitation for five different lifetimes from 1 to 1000 pus. The experimental area under each experi-
mental curve for the LBH band system and Ni 120.0 nm multiplet was integrated with respect to linear dis-
placement in the z direction (i.e., with radius) to obtain the total emission intensity for each of the features
being studied to a radius of 400 mm.

The electron-induced fluorescence volume emission rate, /,/,+(r), from any LBH vibrational band (v',v") of the
a1Hg state as a function of radius r (about the electron beam with current J for a gas density of N, at 300 K
with mean gas velocity v,,) is approximately [Ajello, 1970; Holland, 1969; Filippelli et al., 1994] given by

Loy (N)~No oy (J/€) exp[—r/(t Vm)]/(r T Vi), (1

where r = (y* + %)% (see Figure 2), 7 is the lifetime of the a1Hg state from direct excitation, and a,/,~ is the
emission cross section of the vibrational band (v,v"). We use equation (1) to calculate the LBH glow signal
in equation (2) as a function of minimum ray height radius to the line of sight. The LBH volume emission
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The total estimated signal in counts/s
from the more spatially extended N,
(LBH) glow pattern at any position y,
along the IUVS line of sight (see
Figure 2), is proportional to the inte-

gral of the line-of-sight column emis-
Figure 7. A mathematical Gaussian fit to the NI 120.0 nm glow dataasafunc-  sjon intensity through the glow
fclon of radial distance, z, with con§tant.s for three-dimensional YectorAglven region. These lines of sight must be
in the figure. The GAUSS fit function (in IDL) computes a nonlinear least K K
squares fit (referred to as Int) to the NI 120.0 nm intensity points in Figure 6 summed with respect to the linear
with three unknown vectors: A[0], A[1], and A[2] given in the figure. displacement z of the line of sight

(minimum-ray height radius of glow

region) of the IUVS from the starting position of the electron beam at z = 0. The total LBH signal in counts
per second at a particular wavelength from the entire chamber is a double integral:

Sig (LBH) = &g Amir KgeomJJ4m I gn (y,2) dy dz, (2)

where A,;, is the area of the telescope mirror; 4z I gy is the integrated intensity (photons cm s ) along line
of sight, y, with minimum ray height of the column pixel FOV displaced z from the electron beam; Kgeom is a
geometry factor of the glow region examined by the IUVS FOV (11.3° X 0.06°) at a distance of 104.1 cm from
IUVS; and ¢ gy is the mean efficiency of the optical system in counts per photon at, for example, 135.6 nm, the
mean wavelength of the LBH spectral interval (133.0-139.5 nm). The measured LBH signal in equation (2) at
any line-of-sight height (z) above the electron beam is a line-of-sight integral dependent on the volume emis-
sion rate, I g(y.2).

P B E R B |
100 50 0 50 100

Radius (mm)

The relative sensitivity in Figure 4 varies by less than 18% over this interval from 1.18 at 132.5 nm to 1.00 at
140.0 nm. Essentially, all the directly excited a-state molecules are being observed with our measured lifetime
of 50 ps (to be described later and shown in Figure 6) for the a state. The distance that an excited LBH mole-
cule travels before spontaneous emission occurs at the mean thermal energy of 38.8 MeV at 300 K is only
~26 mm. Since the LBH line-of-sight emission intensity, defined in the integrand of equation (1), with respect
to z, is proportional to the volume emission rate, the LBH emission cross section for direct excitation can be
found. The distance an d’-excited molecule will travel depends on its lifetime. This distance is 257 cm for a
combined CIET + radiative mean lifetime of 5 ms (this work) or nearly 1 m for the radiative lifetime of
17 ms to the ground X state for a collisionless regime [Casassa and Golde, 1979]. The w state is dipole-allowed
to radiatively couple to the a state and may be the cause at 100 eV of the extended glow region. It may not be
possible to measure all the cascade emission at this gas pressure, and we only provide a lower limit in this
study because when CIET is important the a-state emission cross section for aeronomy is pressure-dependent.

We show a mathematical Gaussian fit to the Ni 120.0 nm glow data as a function of radial distance (column
position on the image), z, with constants for three-dimensional vector “A” given in Figure 7. The GAUSSFIT
function (of Interactive Data Language (IDL)) computes a nonlinear least squares fit, “Int,” to the NI
120.0 nm intensity points (10 IUVS column pixels per point) in Figure 6 with three unknown scalar values
for vector A: A[0], A[1], and A[2] are given in equations (3) and (4).

B= (z— Al1))/AT2],

Int = A[0] exp(—B%/2),

3)
(4)
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Figure 8. The radial model glow function for an LBH emission point source with an array of lifetimes from 1 ps to 1000 us
shown for Images 1 and 2.

where the output values of a Gaussian-fitting code to intensity data A[0:2] represent the amplitude A[0], the
fit center A[1], and the Gaussian width A[2]. We note that the spectral background offset (and sensitivity
calibration) was already adjusted prior to fitting the Gaussian. The center value A[1], having maximum
intensity, had a fitted value near 0 mm as expected. The Gaussian width of the fitted glow intensity data
had a value of 9.86 mm, whereby the FWHM was 23.2 mm, i.e, FWHM = 2 (2 In 2)'2 x Gaussian width. The
values of the three “A” scalars are given in Figure 7. We will construct an LBH glow model that has the
same spatial resolution as the IUVS laboratory data set as described by the prompt radiation glow pattern
from NI 120.0 nm (“ns” lifetime). The NI (120.0 nm) line profile is broadened by the instrument function
arising from the spreading of the electron beam current over the 30 cm path length from mutual electron
repulsion over about 50-column pixels (five data points in Figures 6 or 7) of the IUVS FOV producing a
spatial FWHM of about 23 mm (see A[2] above) shown in Figure 7. The electron beam is not a perfect
infinitesimal line source but has a finite width.

We then convolve the radial model glow function for an LBH emission line source with an array of lifetimes
between 1 and 1000 pus in Figure 8 with the kernel of the convolution, Int, which is the spatial resolution func-
tion of the FOV, shown in Figure 6. We convolve Int of the glow model for the glow pattern with two spatial
models distinctly representing the glow patterns for direct excitation and cascading. The direct excitation
point source models are shown in Figure 8 and then as a starting point we use the asymptotic lifetime values
for each process given in Figure 6 that achieve fits to the data near the electron beam from the direct excita-
tion range of 0-40 mm and the asymptotic values for large radii from 100 to 400 mm for cascading. Then
using the glow models broadened by these two convolutions that represent separately the two actual
observed emission patterns we perform a best fit regression for the glow pattern from a direct excitation life-
time and the glow pattern from a composite cascading lifetime. The multiple linear regression fit returns a
two-element column vector of coefficients for each lifetime glow pattern expressed as an exponential with
distance. The regression analysis showed a physically meaningful cascade model for the fast component life-
time in the range of ~35-60 ps. We show in Figure 9 the best fit to a combined model fit composed of two
lifetimes of the LBH glow data plotted in Figure 6. The best fit model occurs roughly for a direct excitation
lifetime of 50 ps with an uncertainty of ~15 ps, and we find ~5000 pus for a composite cascading lifetime.

The final regression model and data match each other well over the entire glow region (0-400 mm). With this
data set, we are showing the first conclusive spectroscopic evidence, based on single-scattering conditions,
identifying cascading due to the processes a''=; and w'A, — a1Hg after direct excitation emission has faded
away with radius of the glow pattern about the electron beam. By integrating under the two glow curves and
comparing summed intensities over the glow region normalized to unity, we find that direct excitation and
cascading occur in the ratio of approximately 0.66: 0.34 at this gas pressure. The ratio was determined by a
two-dimensional regression fit using the two lifetimes of 50 pus and 5000 us. The regression function
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Figure 9. Two comparisons of the models and data for two direct excitation lifetimes: (a) for direct excitation (50 ps) in
green and for cascade (5000 ps) in blue. We show the best model regression fit for the two lifetimes in pink. The LBH
glow data are in black. Several data dropouts can be found in the FUV LBH data channels. Each data point is 2.21 mm or
about a 10-column pixel summation. A glow model composed of two lifetimes that is the best fit of the glow data.

performs a multiple linear regression fit and returns a two-element column vector of coefficients. The
lifetimes achieved are within experimental error overlap of the ~55 us lifetime we estimated from a
smaller FOV glow region measurement reported in Ajello et al. [2011b], which measured at that time with
less S/N and without modeling the cascading effect to the glow data.

The total emission cross-section (¢°™) lower limit can therefore be determined from integrating the mea-

sured total intensity glow output between 0 and 400 mm around the electron beam. This area is then com-
pared and normalized to the known cross section of NI 120.0 nm as measured from the glow area of Ni
120.0 nm from our experiment (see Figures 6 and 9). Note that the combined statistical and cross-section nor-
malization standard uncertainties was ~13.5%, with the remainder of uncertainty due to systematics such as
the relative sensitivity calibration and the glow profile modeling, such that we utilize an estimated root-
mean-square 20% accuracy. The excitation and predissociation cross sections can also be estimated, as the
following processes indicate.

3. 6" =0y + Ocase, Where the total LBH emission cross section is the sum of two UV component emission
cross sections from process-1, all of the direct excitation ogj, and from process-2, most of the .5 from
cascade (IR-cascade + CIET). At our pressure of ~1.5 x 107 torr, corresponding to an altitude of ~120-
130 km on Earth, the lower limit to the total LBH emission cross section is ¢°™ = 9.71 x 107 ' cm? at
100 eV. Furthermore, using the 0.66: 0.34 ratio, we can determine the 100 eV LBH cross sections: (1)
oG =066x9.71x10 "8 cm?=6.41x 10" "® cm?and (2) 625 =034 x9.71x 10 ¥ cm?=3.30x 10" '®cm®
as a lower limit at 1.5 x 107 torr.

4. Predissociation is an additional process, which occurs on a submicrosecond timescale, without UV radia-
tion for a‘Hg (v > 6) from mainly process-1 (direct excitation), as process-2 populates lower V' levels
[Eastes, 2000; Eastes and Dentamaro, 1996]:

e + Ny (X)—Ny"*—e™ + N+ N, fora'Tl, (v’ > 6).

Here we can calculate o (LBH) at 100 eV from Ajello and Shemansky [1985], which indicated a predissocia-
tion yield of 7 =0.1229. The predissociation cross section is related to the excitation cross section: gre =17 X 0,
where 6%*is the direct excitation cross section of the a state. Note that e is given by 6 = 6§if + Gfast_casc + Tpre-
As discussed above, a negligible fast cascade contribution to the a1Hg state is probable; therefore,
Opre = 8.99 X 107" cm? at 100 eV. This is a lower limit to Opre Since a small portion of slow cascade of
process-2 may also contribute to predissociation from the a state.

5. The direct excitation cross section of the a'Il, state at 100 eV is consequently ¢ = 6’ x 1.14; therefore,

¢ =737 % 10-18 cm?.
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We can compare these results to our recent electron-impact studies in our small chamber where we mea-
sured the excitation function of the a’Hg state for direct excitation without measureable cascading due to
a mean-free path of the a’'E, excited cascade molecules being greater than the 10 cm chamber character-
istic dimension [Young et al., 2010]. Surface collisional deactivation would probably quench these metastable
states and negligibly influence the a11'lg state emission in the experiment of Young et al. [2010]. We have also
shown that the c'j):j 0) — a1Hg cascade is negligible contributing <1% of the emission cross section at
100 eV [Shemansky et al., 1995]. The excellent shape of the excitation function found in Young et al., however,
is consistent with the excitation cross-section measurement of Johnson et al. [2005] for the a'Il state. The
direct (integral) excitation cross section of Johnson et al. [2005], i.e, ¢ = (7.16 + 1.29) x 10~ '® cm? at
100 eV, for the X'E5 (0) — a'Tl, (V) transition, adjusted for predissociation (i.e., a 12.29% reduction via
FCFs as indicated in Ajello and Shemansky), suggests a direct emission cross section of
gy = (6.3 £ 1.1) x 107 "® cm? at 100 eV for the entire LBH band system. This direct emission cross section
agrees within error bars with the 100 eV value, 657 = (5.46 + 0.92) x 10~ '8 cm?, of Ajello and Shemansky
[1985] as recently summarized in Ajello et al. [2011a] and using here the recommended Lyman-alpha
emission cross section from Table 7 of McConkey et al. [2008] for renormalization. Our present result for
the excitation cross section of the a1Hg state at 100 eV is 6= = 7.37 x 10 '® cm?, a value very close to the

100 eV excitation cross section result of Ajello and Shemansky of 6.22 x 10~ '8 cm?,

The peak excitation cross section near 18 eV can be estimated since the ratio relative to 100 eV is nearly 2.8:1
(peak to 100 eV ratio) [see Young et al., 2010, Table 1]. The peak excitation cross section of the a1Hg state at
18 eV is ¢ = 2.8 x (7.37 x 107 '8 cm?) = 2.06 x 107 cm?. Therefore, the lower limit to the peak emission
cross section at 18 eV is 2.8 X (o5 (100 V) + ocase (100 €V)) = 2.72 x 10~ cm?. We also study LBH cross-
section results from Image 1 for negative column distances to —100 mm in Figures 6 and 7 and deduce a
nearly identical result for emission cross sections here using only data for positive z translation by reflecting
Image 2 and Image 3 column distances to be negative to —400 mm.

Finally, we can compare our lower limit to the cascade emission cross section at 100 eV, a sum of CIET and
radiative cascade cross sections from a’'%, and w'A, to a11'lg, to the summation of the direct excitation cross
sections of Johnson et al. [2005] of the same two states. We compare our lower limit 100 eV measurement of
Ocase = 330 x 107" cm? to the Johnson et al. ¢® (@ + w) sum value of approximately
Geasc = (1.00 £ 0.21) x 10~ "8 cm? at 100 eV. (We note that Johnson et al. [2015] indicates that the excitation
cross section of the @’ state appears to be significantly larger below the 20 eV value of Johnson et al. [2005].)
The energy delivered to the a’'E; and w'A,, states would ordinarily both relax to the nearby a1Hg excited
state (as well as to the X125 ground state for the a''S, state, especially @'(0)) in the absence of collisions.
The much larger cross section found here indicates how large the contribution of CIET can be to the a1Hg
state total emission cross section, an experimental result that validates the atmospheric models of Eastes
and Dentamaro [1996] and Eastes [2000]. The CIET effect is now verified to be very pronounced in aeronomy
in the dayglow region of 120-130 km. Radiation that would ordinarily occur in the IR via the McFarlane I and I
bands at high altitudes is now shown to occur as part of the radiative cascade process in the UV from the
LBH bands.

4, Conclusion

The LBH emission cross-section (6™ = iy + 0casc) lower limit has been determined by measuring the entire
glow pattern of the metastable electron-impact-induced emission around an extended length of electron
beam from 0 to 400 mm radial distance from the beam axis at 100 eV. The total LBH emission cross section
(6°™) is the sum of the cross section for direct excitation of the a state (¢§jy) and that of the cascade contribu-
tion (Gcasc), i.., IR-cascade plus CIET from the @’ and w states. We find ¢°™ = 9.71 X 107" cm? at 100 eV. In this
experiment at a pressure of 1.5 x 107 torr, direct excitation of the a state accounts for ~66% of the LBH emis-
sion (6§ = 6.41 x 10~ '® cm?) with cascade accounting for ~34% (ocasc = 3.30 X 1078 cm?) of the glow pat-
tern up to 400 mm radial distance. The contribution to the glow pattern for lines of sight beyond 400 mm in
this experiment depends on the optically allowed a’ <> a and w < a radiative lifetimes for radiative cascade
and CIET contributions. We find the lifetime for the optically forbidden a1Hg state to be ~50 + 15 us, with the
mean lifetime for cascade from the a’'%, and w'A,, states, by radiative and collision-induced electronic tran-
sitions, to be about 5 ms.
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Past fluorescence cross-section laboratory studies [e.g., see Young et al., 2010, Figure 4] investigated pressure
influences on the LBH emission but had smaller FOVs that corresponded to our on-center results (i.e., a subset
of Image 1). Our future laboratory work will study the vibrational intensities of the v/ progressions of the LBH
band system with radial distance from the electron beam and compare the vibrational progression intensities
to Table 4 of Eastes and Dentamaro [1996]. The CIET effect is now verified to be very pronounced in aeronomy
in Earth’s dayglow region of 120-130 km and probably Titan’s extended and thick upper atmosphere dayglow
and nightglow regions of 500— 1400 km [Ajello et al., 2012; Stevens et al., 2011]. Radiation that would ordinarily
occur in the IR via the McFarlane | and Il bands at high altitudes is now shown to occur as part of the radiative
cascade process in the UV from the LBH bands. Preliminary spectral results from the present study show that
the (V' =0, v") vibrational intensities are the most enhanced vibrational progression, in agreement with Eastes
and Dentamaro, when comparing Image 2 and Image 3 with respect to Image 1 of the present work.
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