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Abstract

In this article we present a quantitative analysis of the second positive system of molecular nitrogen and first negative system of
molecular nitrogen cation excited in the presence of ionizing radiation. Optical emission spectra of atmospheric air and nitrogen
surrounding >'°Po sources were measured from 250 - 400 nm. Multi-Boltzmann and non-Boltzmann vibrational distribution spectral
models were used to determine the vibrational temperature and vibrational distribution function of the emitting N»(C>I1,) and
N3 (B*%}) states.A zero-dimensional kinetic model, based on the electron energy distribution function (EEDF) and a steady-state
excitation and de-excitation of N,(X 12;), N3 (B’Z}), N3 (XZZ;), N;, O3, and N»(CI1,, v), was developed for the prediction of
the relative spectral intensity of both the N3 (B°Z} — X°%) emission band and the vibrational bands of Na(C°TI, — B*Il,) for

comparison with the experimental data.

Keywords: alpha radiation, spectral modeling, vibration distribution function, kinetic modeling

1. Introduction

Optical imaging approaches for detecting ionizing radiation
have seen increased interest for identification of radioactive ma-
terials and contaminated areas (1; 2; 3; 4; 5; 6). The technique
enables localization of ionizing radiation from low-dose regions
by leveraging longer attenuation lengths of optical photons in
air compared to ionizing photons/particle emissions. Optical
photon production begins with a radioactive decay which ion-
izes constituent molecules of air. Secondary electrons from
this event continue to interact with the environment by excit-
ing molecules to higher electronic states. Optical photons are
then generated in a process known as radioluminescence as ex-
cited electronic, vibrational, and rotational states decay to lower
energy levels. Nearly 99% of the radioluminescence caused by
alpha particles is between 280-440 nm consisting primarily of
the N»(C®I1, — B*I,) second positive system and N} (B*Z} —
XZZ;) first negative system (7).

The radioluminescence spectrum generated by ionizing radi-
ation excitation is similar to that of other forms of air plasmas
(8; 9). However, comparison of the literature shows up to 2x
disagreement for some of the major second positive band ratios
(10). To study this discrepancy and inform deployable opti-
cal imaging techniques for targeted scenarios, a methodology
to predict the fluorescence spectrum from a given radioactive
source is desirable. Thompson, et al. developed a Geant4 model
to study fluorescence from alpha, beta, and gamma sources
(11). Their model differed from contemporary tools used to
simulate cosmic beta radiation (12; 13; 14) which consisted
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of higher energy particles than those produced from radioac-
tive sources. In the radioactive emission case, electron cas-
cades are expected to be more sensitive to the initial particle
(11). In their model, Thompson et al. saw good agreement
between simulated fluorescence and measured absolute yield
from the literature (2). Lalau and Ioan used a Monte Carlo
method to determine optical emission ratios between alpha-
excited air and Cherenkov photons in mixed alpha-beta envi-
ronments (15). While effective, both models predicted fluo-
rescence as Dirac functions limiting the ability to accurately
predict spectral shapes to estimate response of deployed imag-
ing equipment. However, while spectral modeling tools have
been used to fit spectral emission for vibrational and rotational
temperatures in electron beams (16) and air plasmas, (17; 18)
no spectral analysis has been performed for radioluminescence
generated by alpha particles.

This article summarizes the spectroscopic analysis and
progress in forward modeling of radioluminescence generated
in atmospheric air and nitrogen by alpha particles. High-
and low-resolution emission spectra from 250-400 nm were
taken from two different 2!°Po sources. To analyze the emis-
sion spectra, a multi-Boltzmann spectral model for fitting rota-
tional and vibrational temperatures of the measured N,(C>II,
— B3Hg) second positive system and N7 (B> — XZE;;) first
negative system was developed. Improvements to the spec-
tral modeling with the inclusion of fitting a non-Boltzmann
vibrational distribution function (VDF) to the emission spec-
tra highlights the complexity of the radioluminescence of alpha
particles. Finally, a simplified zero-dimensional kinetic model
of radioluminescence in air and nitrogen is compared to the
experimental data. Specifically, the comparison of the VDF
of the N,(C?I1,) molecule and the relative population ratio of
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Figure 1: (a) Image of the aluminum housing containing the 2!°Po samples. (b)
A heat map from a 60-minute exposure taken with an Andor monochrome iKon
camera and a 300-400 nm filter of the optical emission from the 2!°Po samples.

No(C°I1,) to N3 (B*E}) is used to assess the overall predictive
capability of the kinetic mechanism for forward modeling esti-
mates.

2. Experimental Set-up

2.1. Sandia *'°Po Source and Experimental Set-up

The experimental set-up for acquiring optical emission has
been discussed in detail elsewhere (10). Briefly, a P-2035 >'°Po
source from NRD, LLC was used to measure ultraviolet (UV)
ambient air emission from 250-400 nm at T = 293 K, p = 83
kPa and a relative humidity (RH) between 20-40%. An alu-
minum housing contained the two diametrically opposed 2!°Po
samples covered by thin gold foils. An image of the aluminum
housing containing the >'°Po samples is shown in Fig. 1(a).
A 60-minute exposure of the optical emission from the 2!°Po
samples was taken with an Andor monochrome iKon camera
and a 300-400 nm filter shows the intensity distribution from
the interaction of the alpha particles with air in Fig. 1(b). For
the spectrally resolved emission measurements, the mesh was
removed from the aluminum housing. To acquire the UV emis-
sion, an Andor Kymera 328i Czerny-Turner spectrometer with
a 2400 grooves/mm grating blazed at 300 nm was used with a
slit width of 25.4 um. The 2!°Po source was placed directly at
the entrance of the slit of the spectrometer with a UV-enhanced
aluminum mirror placed at the back of the source to increase the
collection efficiency into the spectrometer. To acquire the spec-
tra, an Andor iKon-M934-BU2 back-illuminated CCD cam-
era was cooled to -90 °C and took nine-hour exposures of the
210po source over the course of over nine days. Over the nine
days, the 2!°Po source activity varied between 601-551 MBq
(16.69—-15.31 mCi for each individual source). To collect spec-
tra from 250-450 nm, a series of binned images of 128 x 1024
(i.e. binned along intensity, not wavelength) were taken with a
spectral range of ~14 nm and stitched together. Images were
taken to remove intensity spikes from direct gamma-strikes on
the camera chip.

Wavelength calibration for each 14 nm segment was done
using Hg, Ne, Kr, or Ar emission lines between 237-436 nm.
Calibration wavelengths were provided by the lamps’ manufac-
turer (19). The spectral resolution of the system was determined

from the average full-width at half-maximum (FWHM) of Hg
emission lines for a resolution of 0.063 nm. A NIST-traceable
OceanOptics DH3-Plus calibrated light source was used for a
relative intensity correction for the entire spectrum. The major-
ity of the emission collected from the >'°Po was from the N,
second positive system along with the N7 first negative system
as shown in Fig. 2. Figure 2 has the different band progres-
sions, Ay = v — ", for the second positive system (SPS) and
first negative system (FNS) labeled for reference. The first neg-
ative system Nj(B*Z},v = 0 — XZZ;,V = 0) shows up at the
end of the Ay = -3 band progression at 391 nm. A number
of other nitrogen electronic bands of low intensity were also
measured such as the Gaydon-Herman bands (20).

2.2. PNNL ?"°Po Source and Experimental Set-up

A similar 2'°Po source (model P-2035) was used to induce air
fluorescence at Pacific Northwest National Laboratory (PNNL)
with an activity ~ 740 MBq (20 mCi) for each of the two alpha
sources contained in the Al housing. The spectroscopic mea-
surements were carried out by isolating the source in a vacuum
chamber to allow for pressure variation from 14.6 to 101.3 kPa
of ambient air (T = 22 °C and RH = 22%) and measurements in
pure nitrogen. The chamber included a 76.2 mm square quartz
port for light collection.

An optical system consisting of two plano-convex lenses was
used for transporting the radioluminescence signals onto the
slit of a 0.32 m grating spectrometer (Isoplane, Teledyne Inc.).
Broad UV spectral measurements were collected using a 300
g/mm grating blazed at 300 nm and imaged on an iCCD cam-
era (PIMAX4, Princeton Instruments), providing a spectral res-
olution of ~1.17 nm. The the relative intensity of the spectro-
scopic system was, likewise, corrected using a radiometrically
calibrated light source (Ocean Optics DH-3 plus). The primary
electronic emission bands measured in the PNNL source were
again N, SPS along with the NJ FNS. The radioluminescence
from PNNL’s set-up is shown in Fig. 2.

3. Spectral Modeling and Comparison

To facilitate analysis of the observed emission spectra in-
duced by radioactive decay, a rework of the foundational me-
chanics in Sandia’s SPEARS spectral modeling code (21) was
performed. Common spectral modeling approaches use thermal
equilibrium which assumes that the temperatures for the rota-
tional, vibrational, and electronic Boltzmann distributions are
all equal. A more precise spectral model allows for each quan-
tum mode (i.e. rotational, vibrational, and electronic) to have
an independent Boltzmann distribution as shown in Eq. 1:

n(T. T, Ty siexp (55 ) exp (55) exp (55)
n B 2,2,Z,

ey

where kp is the Boltzmann constant, g; is state degeneracy, and
Z; is the partition function with i = r,v, and e equal to rota-
tional, vibrational, and electronic modes. The state population,
n;, is for a specific rotational, vibrational, and electronic state
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Figure 2: Comparison of radioluminescence spectra from (a) high resolution spectrum of the Sandia >!°Po source in ambient air at T = 293 K and p = 83 kPa and
(b) low-resolution spectrum of the PNNL 2!°Po source in ambient air at T = 293 K and p = 101.3 kPa.

which is defined by a rotational e,, vibrational e,, and elec-
tronic e, energies. In this framework, emission spectra can
be expressed by characteristic temperatures such as: rotational
temperature T, vibrational temperature 7', and electronic tem-
perature T,. Assuming the emitting slab of gas to be optically
thin, re-absorption of emitted photons becomes negligible.

When the emission spectra are kinetically driven, such as in
the presence of ionizing radiation, the resulting spectra may
no longer follow Boltzmann statistics (22). Therefore, for
proper analysis the spectral modeling must accommodate a
non-Boltzmann VDE. To do so, the radiative cross-sections are
organized in a mXv matrix where m is the number of frequency
points and v is the number of vibrational states included in the
VDFE. The calculated radiative cross-sections include the rota-
tional Boltzmann distribution functions from Eq. 1 while the
vibrational Boltzmann distribution is removed. From there, a
simple matrix multiplication is performed to generate an emis-
sion spectrum as illustrated in Eq. 2

I(v1) o1(vi) oa(v1) ou(v) || Vi
1(v2) o1(va) o2(v2) ou(v2) || V2

= )
v |o1vm)  020vm) (Vi) || Va

where I (v,,) is the spectral emission intensity at frequency v,,
and o, (v,,) is the optical radiative cross-section at frequency
vy, for the v, vibrational state. The vibrational vector array
of [vy, va, ... , v,] is comprised of relative vibrational num-
ber densities from O to 1. The optical radiative cross-section

(W-m~2-sr"!-Hz™") for a single transition in vibrational state n
is defined as:

on(v) = %nuAulg(V —vo)l 3)

v/
where & is Planck’s constant, v,; is the transition frequency,
A, 1s the Einstein emission coefficient, g(v — vp) is the line-
shape function, and / is the path length. The upper state num-
ber density, n,, assumes a rotational Boltzmann distribution,

giexp (k;_eTC)’ from Eq. 1 but has no vibrational Boltzmann dis-

tribution, exp (k;_eT) Instead, the optical radiative cross-section
is matrix multiplied by an arbitrary VDF to collapse the matrix
into a single array containing the synthetic emission spectrum.

To fit the measured N, SPS spectra, the spectral linelist from
Ref. (23) for N, SPS was used. The entire linelist was used
with J,,,., = 150 for both states and v,,,,, = 29 and 4 for the B3Hg
and C3I1,,, respectively. The N3 FNS experimental spectra was
fit from data compiled from the LIFBASE software (24) with
Jmax = 84.5 for both states and vy, = 10 and 6 for the X%}
and B’Z, respectively. A Nelder-Mead optimizer was used for
fitting the multi-Boltzmann SPEARS model by minimizing the
sum of squared residuals between the experimental data and
modeled spectral radiance. The optimization simultaneously fit
the rotational and vibrational temperatures and the instrument
broadening. The instrument broadening from both spectrome-
ters was assumed to be Gaussian. The fitted vibrational temper-
atures from Sandia and PNNL are given in Table 1 for air at p
= 101, 83, and 15 kPa and for pure nitrogen. The average vi-
brational temperature of the N,(C) molecule is close to ~3800
K while for pure nitrogen is closer to ~2000 K. Similar vibra-
tional temperatures of the N,(C) molecule have been measured
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Figure 3: Comparison of experimental emission spectrum of No(C—B) taken with (a) Sandia experimental set-up with the 2!°Po source compared to a multi-
Boltzmann fit and a VDF fit in ambient air at T = 293 K, p = 83 kPa with best fit temperatures for the multi-Boltzmann fit being T, = 360 K and T, =3816 K.
(b) PNNL experimental set-up with the 21%Po source compared to a multi-Boltzmann fit and a VDF fit in ambient air at T = 293 K, p = 101 kPa with the best fit
temperatures for the multi-Boltzmann fit being T, =3670 K. (c) PNNL experimental set-up with the 2!°Po source compared to a multi-Boltzmann fit and a VDF fit
in ambient air at T = 293 K, p = 15 kPa with the best fit temperatures for the multi-Boltzmann fit being T, =4176 K. (d) PNNL experimental set-up with the 2°Po
source compared to a multi-Boltzmann fit and a VDF fit in pure nitrogen at T = 293 K, p = 101 kPa with the best fit temperatures for the multi-Boltzmann fit being
T, = 1926 K.

Table 1: Inferred vibrational temperature of Np(C>I1,,) for different band progressions from the Sandia and PNNL data set at local atmospheric pressure. All values
are in Kelvin.

Source Av=1 Av=0 Av=-1 Av=-2 Av=-3 full spectrum
Sandia, airat p =83 kPa 2622 3676 4204 3816 3605 3749
PNNL, airatp = 101 kPa 2899 3864 3793 3625 3410 4990
PNNL, air at p = 15 kPa 3284 5495 4538 4213 3659 4626
PNNL, N, atp = 101 kPa 2405 2966 1977 1926 1951 2432

in atmospheric air plasmas as well (25; 26; 27). The average
fitted rotational temperature for N,(C 3TL,) is Tror = 352 £ 13K
for the Sandia data. The spectral resolution of the PNNL data
was too low to fit for rotational temperature and was assumed
to be 300 K. The vibrational temperature fit for Av = 1 is lower
for both spectrometers due to interference from the Gaydon-
Herman bands identified in Ref. (10). The inferred vibrational
temperature from the full spectrum fit, which includes only the

band progressions given in Table 1, is much higher than the av-
erage vibrational temperature for the PNNL set-up in air. The
higher inferred vibrational temperature is likely caused by inter-
ference of other electronic bands due to the increased spectral
overlap from the lower resolution spectrometer.

Fitting the non-Boltzmann VDF model utilized the matrix
behavior of Eq. 2 and was solved with SciPy’s non-negative
least squares solver for the VDF matrix. For fitting the VDF,
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Figure 4: Comparison of the average fitted VDF and average inferred VDF
from vibrational Boltzmann distribution for N»(C3I1,,) in atmospheric air with
(a) the Sandia source at T,;, = 3810 K and (b) in the PNNL source at T,;; =
3656 K.
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Figure 5: Comparison of experimental emission spectrum of NJ(B) taken

with Sandia experimental set-up with the 2!°Po source compared to a multi-
Boltzmann fit and a VDF fit. The best fit temperatures for the multi-Boltzmann
fit give T, = 361 K and T, =1550 K.

the Av = 1 band progression was ignored due to the lack of
information for v/ = 0 of the C°II,, state. Additionally, for sev-
eral band progressions the v’ = 3 state had to be set to zero
due to spectral inferences from other electronic systems or lack
of emission signature due to weak Franck-Condon factors (23).
For the Av = 0, the Gaydon-Herman ¢, (0-4) overlaps the v =
3 while the Av = -3 overlaps with the (0-0) band for the first
negative system at v’ = 3. VDF values inferred from the Sandia
and PNNL source are given in Table 2 for measurements in air
and in nitrogen.

A comparison of the multi-Boltzmann and non-Boltzmann
vibrational fitting approaches to the experimental data is shown
in Fig. 3 for the Av = -2 band progression near 380 nm for
both the Sandia >'°Po source and the PNNL 2!°Po source. The
upper vibrational state of the CI1,, state of N, is labeled next
to the corresponding vibrational peaks in Fig. 3. Additional
information on vibrational peak positions can be found in Ref.
(23). This region was chosen due to the lack of interference
from other electronic bands, such as the N; FNS, and because
of the favorable Franck-Condon factors allowing for emission
measurements up to v = 3 in the C°TI, state. Comparison of
ambient air at atmospheric conditions for Sandia and PNNL are
shown in Fig. 3 (a) and (b), respectively. When pressure was
decreased, as shown in Fig. 3(c), the vibrational temperature
of N»(C?IL,) was seen to increase. Measurements in air done
at 101, 79, 54, 37, and 15 kPa showed that a decrease in pres-
sure leads to a linear increase in fitted vibrational temperature
of the N,(C?I1,,) state. For all the air cases analyzed, disagree-
ment between the multi-Boltzmann spectral modeling and the
experimental data was seen at the higher vibrational states of
N,(C?11,). Fit of emission spectra in pure nitrogen showed a
dramatic decrease in the vibrational excitation of N,(C3TI,) as
shown in Fig. 3(d). In contrast to the measurements performed
in air, the vibrational distribution of N,(C>II,) measured in pure
nitrogen is essentially Boltzmann.

Table 1 and Table 2 give the fitted T,;, and the inferred VDF
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Table 2: Inferred VDFs for different band progressions from designated San-
dia and PNNL 219Po sources.

v Av=0 Av=1 Av=-2 Av=-3 full spectrum
0.56* 0.58 0.57 0.55 0.55
0 0.60° 0.62 0.58 0.60 0.52
0.44¢ 0.55 0.54 0.55 0.49
0.704 0.79 0.78 0.78 0.70
0.31 0.30 0.30 0.33 0.29
| 0.30 0.29 0.29 0.30 0.35
0.35 0.31 0.31 0.31 0.29
0.30 0.19 0.18 0.18 0.22
0.13 0.11 0.10 0.12 0.10
) 0.10 0.09 0.09 0.10 0.13
0.12 0.15 0.10 0.14 0.11
0.00 0.02 0.04 0.04 0.06
0° 0° 0.03 0° 0.06
3 0° 0° 0.04 0° 0.08
0.09 0° 0.05 0° 0.11
0° 0° 0° 0° 0.02

2 Sandia 2!'°Po source in air at 83 kPa
> PNNL 2!9Po source in air at 101 kPa
¢ PNNL 2!%Po source in air at 15 kPa
4 PNNL ?!°Po source in nitrogen

¢ Set equal to zero.

of N»(C>I1,) for the four cases shown in Fig. 3. A compari-
son of the average vibrational Boltzmann distribution from the
multi-Boltzmann fitting for T,;, and the inferred VDF from the
non-Boltzmann fitting for atmospheric pressure air is shown in
Fig. 4. For the averages, the Av = 1 value for Sandia and PNNL
and the full spectrum fit for the PNNL were excluded from the
analysis due to the spectral interferences discussed above. It is
clear from the spectral fits shown in Fig. 3 and comparison of
the inferred relative vibrational populations in Fig. 4 that the vi-
brational distribution measured from radioluminescence for the
SPS is distinctly non-Boltzmann and is driven by the kinetics
of the system.

The N;(B’L; — X?%}) FNS Av = 0 spectrum near 391
nm from the Sandia experimental set-up was fit with the multi-
Boltzmann and VDF approaches as shown in Fig. 5. The upper
vibrational of the B*Z;} of N is labeled next to the correspond-
ing vibrational peaks in Fig. 5. Additional information on the
vibrational peak positions can be found in Ref. (24). Both
fits included the contribution from N,(C?IL,, v = 3) from the
Av = =3 band at 389 nm. The multi-Boltzmann fitted tempera-
tures of N;(BZZZ) are T,,, = 361 and T,;;, = 1550 K. The VDF
fit returned relative vibrational populations of 0.90 and 0.10 for
v =0 and v = I, respectively. The NJ (B2Z}) exhibits con-
siderably less vibrational excitation than N,(C 311,,) at the same
conditions and the vibrational distribution is nearly Boltzmann.
The fitted rotational temperatures for N,(C*IT) and Ny (B*Th)
both agree within uncertainties.

4. Kinetic Modeling

To help understand the radioluminescence response of 2!°Po
in air and nitrogen, a simple zero-dimensional kinetic model
was developed to model the N»(C>Tl,) VDF and the popula-
tion ratio of N,(C>IL,) to N; (B>Z}). The kinetic mechanism
models the time-resolved populations of Nyo(X'Z}), Nao(C°I1,,
v), N3 (X°E]), N3 (B*Z;), N, O3, and e”. Inputs for the mod-
eling are the initial pressure, temperature and mole fractions
which is either pure N, or 20% O, and 80% N,. The kinetic
model had time steps of 3 ns for a total run time of 30 us to
ensure that all the species had reached steady-state. The full ki-
netic mechanism for modeling the radioluminescence is given
in Table 3 which includes ionization, collisional de-excitation,
electron impact excitation, spontaneous emission, vibrational-
vibrational exchange, and recombination. Importantly, all the
reactions that form and quench the N,(C>TI) state must be vi-
brationally resolved for comparison with experimental data.
The entire vibrational manifold of N,(C3I1,), v = 04, is mod-
eled though v = 4 was not observed in any of the experimental
data and cannot be validated with the kinetic mechanism. In
addition, certain quenching rates for N>(C31,,v = 4) are not
available in literature so they were assumed to be equal to v =
3.

The kinetic model assumes a steady-state background
plasma with a Maxwellian electron energy distribution func-
tion (EEDF), driving impact excitations from ground state N,
to the ionized Ng and N,(C°I1,,v). The electron ionization
cross-sections for N, to NJ are divided into the X*%} and B*%}
electronics states. The cross-sections for the ionization were
obtained from (28; 29). Vibrationally-resolved electron exci-
tation cross-sections for N,(C>II,) were obtained from Mal-
one et al. (30) for energies from 0-100 eV. The electron ex-
citation cross-sections from 30 eV up to 600 eV shows a de-
pendence on electron energy as a function of E~>3 (31). To
avoid uncertain extrapolation of cross-sections above 100 eV
from Ref. (30), the total electron excitation cross-section for
N,(C311,) from 0-1000 eV is taken from Ref. (32). To obtain
vibrationally-resolved electron excitation cross-sections, the to-
tal cross-section from Ref. (32) was multiplied by 0.48, 0.28,
0.08, 0.02, 0.005 forv=0, 1, 2, 3, 4 to match the cross-sections
from Ref. (30) for 0-100 eV.

A number of atoms and molecular states from Table 3 which
would normally be considered are neglected in the kinetic mod-
eling such as: N2(B3Hg), N2(A32;), N>(a’'%,), atomic nitro-
gen, and atomic oxygen species. Reactions, such as R7, which
would normally produce other electronic states, like N2(B3Hg),
are modeled as being immediately quenched to the ground state,
N (X). Important reactions such as the energy pooling process
of N 2(A32;) (40) which replenishes the N, (C 31,,) state are not
included due to both the presence of ambient quantities of O,
and low number densities of N2(A3Z;") formed in these environ-
ments.

Initial kinetic modeling of the radioluminescence was unable
to match the experimental VDF of N,(C>Il,) in air. Thus, an
additional mechanism of N,(C>I1,,, v) formation was added via
the dissociative recombination of N} with electrons. First ob-

Page 6 of 11
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Table 3: The kinetic mechanisms and rates used in the coupled rate equation model of the 2!'°Po radioluminescence.

Reaction Process Rate coeflicient Reference
R1 No(X'Z)) + e = No(C°ILv) + e~ feV)* (30; 32)
R2 No(X'E) +e” 5> NI(X2Z)) + e + e f(eV)? (28; 29)
R3 No(X'Ef) +e” > NI(B’Z)) +e” +e” f(eV)? (28; 29)
R4 No(CPTLv) + No(X'Z)) = No(X'Z)) + No(X'2) [1.3,2.9,4.6,4.3,4.3°1°x10~ 1! (33)
R5 No(C3TLLv) + Np(X'EF, w) — No(CPTL V) + Np(X'ZE, w) f(v)4 (34)
R6 No(CILv) + 0 - No(X'Ef) + O, [3.0,3.1,3.7,4.3, 4.3*]°x1071° (33)
R7 No(C*T1L,v) = No(B*I,) + hy [2.7,2.7,2.6,2.6,2.5]°x107 (35)
R8 NI (X°Z)) + No(X'20) + No(X'E)) = Nj + No(X'E)) 6.8x1072(32)1.64 (36)
RO N3 (B*L)) — NI (X2E)) + hy 1.7x107 (37)
R10 NI(BZ}) + 0, = NI (X’Z)) + O, 6.8x10710 (37)
RI1 N3 (BZ)) + No(X'Z}) = N3 (XPE]) + No(X'2)) 4.6x10710 (37)
R12 N +e™ — No(M®) + Np(X'Z)) 2.3x10-6(%)(’5(2+‘¥) (38)
RI3 N +e” = Ny(C°ILv) + No(X'E)) Afx2.3x10‘6(%)0-5(%) (38)
R14 NI (X*z})+e” > N+N 2.8x1077 ()% (39)
RI15 NI (X2Z)) + 0, > Np(X'E}) + O3 6x10722(20)05 (39)
R16 N; + 0, - 0F + No(X'Z)) + No(X'E)) 2.5%10710 (39)
R17 Nj + No(X'Z) = N3 + No(X'Z)) + No(X'E)) 2.1x107'% exp(757) (38)
R18 Of+e"—>0+0 2x1077(32) (39)

2 Rate is a function of electron temperature in eV.

b No rate for v =4. Rate assumed to be equal to v = 3.

¢ These rates are for N»(C>TI,) vibrational states for v=0, 1, 2, 3, 4.
d Matrix of kinetic rates for each vibrational state of N»(CII,,) going from v — V'.
¢ M stands for different electronic states, i.e. M = A3Z or B3I
' Vibrational branching ratio givin in Table 4.
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Figure 6: (a) Kinetic mechanism response of the VDF of N 2(C3I1,) to range of electron temperature from 0 - 5000 eV with comparison to the fitted VDF from the
Sandia experiment. (b) Change in the population ratio of N, (C3IL,,) to N; (BZE;) from the kinetic mechanism with electron temperatures from 0 - 5000 eV with the
comparison to the experimental ratio from Sandia experiment. The inferred experimental values were taken at only one condition and are overlaid with the model

predictions with respect to electron temperature for comparison.

served by Sauer and Mulac (41), the dissociative recombination
of N was found to produce SPS emission. A number of studies
have examined the kinetic rates of dissociative recombination
of NI (42; 43; 44, 45; 36; 46). While there have been numerous
studies on N:[ recombination, there have been no reports on the
vibrational branching ratios into the N, (C?I) state (47). Thus,
the kinetic model was used to fit the vibrational branching ra-
tio of reaction R13 into N»(C°IL,, v) to match the experimental
data. To fit the vibrational branching ratio of the dissociative
recombination of N, the VDF of N»(C 311,) inferred from San-
dia’s data and the ratio of population of N»(C°I1,) to N} (B*Z;)
were used as the objective function to minimize against with
the vibrational branching ratio and the electron temperature, i.e
electron kinetic energy, used as the fitting parameters. The pop-
ulation ratio of N,(C>I1,) to N3 (B*Z}) was determined with the
SPEARS spectral modeling code by fitting the relative intensi-
ties of the Av = -2 second positive system at 380 nm to the Av =
0 of the first negative system at 391 nm. The determined pop-
ulation ratio was 1.762. Using a Nelder-Mead optimizer, the
branching ratio for dissociative recombination of N was deter-
mined and is given in Table 4. The model prediction response
of the N,(C?I1,) VDF and the population ratio of No(C3I1,) to
N;’ (BZZ;') was determined for a range of electron temperatures
from 20-5000 eV as shown in Fig. 6 (a) and (b), respectively,
for p = 83 kPa and T = 363 K in air. The inferred experimental
values are overlaid on top of the model predictions in Fig. 6 to
help assign a best fit electron temperature where the model pre-
dictions and the experimental data intersect. For Fig. 6(a), the
N, (C) VDF model predictions show very little response to the
electron temperature. The vibrational branching ratios for dis-
sociative recombination of N} are thus not unique with regards

to the electron temperature. Fig. 6(b) shows that the model pre-
diction of the ratio of N>(C*I1,) to N} (B*Z}) has sensitivity to
the electron temperature and a best fit agreement at an electron
temperature of 2275 eV.

Table 4: Vibrational branching for dissociative recombination of N} into
N» (C3Hua V).

v=0
0.448

v=2 v=3
0.339 0.159 0.054

v=1

A comparison of four different experimentally inferred VDFs
from the Av = -2 of the N, second positive to the kinetic mod-
eling is shown in Fig. 7. Fig. 7(a) is the experimental VDF used
to fit the vibrational branching ratio for dissociative recombina-
tion of Nj. The pressure dependence on the VDF is shown
in Fig. 7(b) for the pressures of 15 and 101 kPa. , pressure
only has a slight effect on the resulting N,(C) VDF. The ki-
netic model also agrees that a factor of 6.7x change in pressure
has little effect on the predicted N,(C) VDF. Finally, the com-
parison of experimental N»(C>Tl,) VDF to the kinetic model in
pure nitrogen is shown in Fig. 7(c). The kinetic model repro-
duces the N,(C311,) VDF in N, with an overall good amount of
agreement. The drastic change of N,(C) VDF in a pure nitrogen
environment, as seen in Fig. 7(c), is primarily controlled by the
quenching of oxygen via reaction R6. This was confirmed with
the kinetic model. Overall, the kinetic modeling has good rela-
tive predictive capability but still needs validation with absolute
emission measurements.

High-resolution measurements between 365-394 nm provide
the ideal wavelength range to measure the N,(C311,) VDF and

Page 8 of 11
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Figure 7: Comparison of N»(C>T1,) VDFs from the experimental emission spectra and calculated from the kinetic model for (a) Sandia’s experimental set-up in air
at p = 83 kPa, (b) PNNL’s experimental set-up in air at p = 101 kPa and 15 kPa, and (c) PNNL'’s experimental set-up in pure N».

N; (B*%}) for relative populations of N,(C>I1,) and N3 (B*ZH).
Fig. 8 shows the comparison of experimental data in air at 83
kPa and in pure nitrogen with respects to the the kinetic mod-
eling predictions. The relative populations ratios of N,(C>TI,,)
compared to NJ (B2Z}) in air, for both Sandia and PNNL, is
close to 1.7 while the population ratio in pure nitrogen is 7.8.
While the kinetic model is able to match the experimental data
in air, the modeling results for pure nitrogen over-predicts the
population ratio of N>(C*I1,) to N3 (B?L}) by a factor ~ 6.

The disagreement with the relative population of N7 (B,
as shown in Fig. 8(b), may be due to missing kinetics in the
mechanism. The mechanism assumes that alpha particle gener-
ate no fluorescence from NJ (B*X}) when ionizing the air. In-
stead, it is assumed that the secondary electrons are the major
contributors to the radioluminescence. This is commonly as-
sumed when modeling radioluminescence from alpha particles
(11; 48). Two additional kinetic processes not included in the
kinetic mechanism could potentially be the cause of the discrep-
ancy. The electron impact excitation with N} (B*E}) in reaction
R19 could not be found in literature and is assumed to only have
a small effect on the first negative emission.

Ni(X)+e = Ni(B)+e (R19)

The second process involving vibrational - electronic energy
exchange between high vibrational levels of N»(X) with N ; X)

No(X,v 2 12) + NJ (X) - No(X,v = 12) + NJ(B)  (R20)
has been shown to be an important excitation pathway of
N;(BZZ:;) in pure nitrogen environments (49). This unfor-
tunately would require a dramatic increase in the number of
molecular states being modeled and kinetic processes.

5. Summary and conclusions

In the present work, radioluminescence spectra were ac-
ui W u usi i ' uti
red from two 2!°Po sources using high and low resolution
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Figure 8: Kinetic modeling prediction for N2(C>II,) VDF and relative popu-
lations of N»(C3I1,) and N;(BZE;) compared with experimental data from (a)
Sandia in air at 83 kPa and (b) PNNL in nitrogen.

spectrometers measuring from 250 - 400 nm in a range of differ-
ent environments. Two different approaches for spectral anal-
ysis were employed to infer the vibrational distribution func-
tion of N,(C?I1,) molecule from the second positive system and
Ny (B*X}) molecule from the first negative system. The first
approach analyzed the spectra using a multi-Boltzmann routine
for fitting the rotational and vibrational temperatures separately.
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It was shown that the vibrational temperature of N,(C 311,) in-
creased with decreasing pressure in air and was substantially
lower in nitrogen than air. The second approach directly fit for
the VDF using a non-Boltzmann spectral model. The multi-
Boltzmann approach used for fitting the vibrational tempera-
ture did not show good agreement with the data compared to
the non-Boltzmann spectral fitting for the VDF. The fitted VDF
from the non-Boltzmann spectral model was then used in devel-
opment of a simple zero-dimensional kinetic model. The model
is based on an assumed Maxwellian electron energy distribution
function and a steady-state excitation and de-excitation pro-
cesses. Initially, the kinetic model did not show good agree-
ment with the experimental data. The inclusion of a vibrational
branching ratio for the dissociative recombination of N was
able to produce excellent agreement with the experimental data
in air and good agreement with the experimental data in nitro-
gen. The model was also able to match the relative populations
of N,(C311,) and N3 (B*X}) in air but over predicts the amount
of No(C°I1,) compared to N3 (B?Z}) in nitrogen. It is likely
that the inclusion of N(X) vibrational kinetics will improve the
agreement in the population ratio seen between modeling and
experiment in nitrogen. Overall, the model is the first step in
developing a light-weight forward modeling capability for the
prediction emission of radioluminescence from nitrogen con-
taining environments. Additionally work is needed for valida-
tion of the model with absolute intensity calibrated emission
spectra for accurate forward modeling.
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