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ABSTRACT
This paper presents an UltraViolet-Visible (UV-Vis) spectral radiance simulation capability for Non-Local
Thermodynamic Equilibrium (non-LTE) conditions, consisting of a full line-by-line (LBL) radiative transfer (RT)
algorithm and a UV-Vis signatures library. Results are presented for two example scenarios where strong UV-Vis
emissions arise, an atmospheric high altitude auroral event and a High Explosive (HE) detonation.

1. INTRODUCTION
Local Thermodynamic Equilibrium (LTE) conditions are achieved by collisional energy transfer between molecules,
causing the molecular internal degrees of freedom to reach equilibrium at the local translational temperature. Non-LTE
conditions exist when there are not enough molecular excited states formed and lost due to collisions compared to other
sources and sinks such as radiative pumping, chemiluminescence, photodissociation and spontaneous emission. These
situations occur in, for example, the atmosphere at high altitudes, exhaust plumes and hypersonic wakes. Codes such as
NEQAIR1, SAMM2,3 and SOCRATES [http://www.spectral.com/our-software/socrates/] model the spectral radiance by
explicitly computing the populations of excited states that contribute to the emissions. However in practice, for some of
the most extreme non-LTE scenarios, the exact sources of the emissions in the UV-Vis are still unknown, and a spectral
radiance simulation capability based on user-input parameters is crucial to model the signatures and identify the emitting
species. This paper describes the non-LTE spectral radiance simulation code NLTERAD. In the UV-Vis region, we
need to model emissions from highly excited electronic levels arising from extreme non-LTE conditions. For example,
solar pumped or electron-impact excitation events, high energy atom molecule, ion molecule collisions in the upper
atmosphere, exhaust plumes, missile intercepts, high explosive (HE) detonation, etc., all produce electronic excited
states that emit in the UV-Vis region. The desired simulation capability would require as input a simple parameterized
description of the states involved the emission along the line-of-sight (LOS). The spatially varying non-LTE conditions
along the radiance path also dictates a multi segmented full Radiative Transfer (RT) model, requiring separate
parameters for the different segments. Finally, the RT algorithm has to be coupled with a comprehensive spectral library
that includes signatures of the possible emitters.
In the following sections, we shall first describe the non-LTE RT formalism and define the key parameters that have to
be specified to execute the non-LTE LOS spectral simulation in NLTERAD. We shall next describe the current UV-Vis
spectral signatures library that accompanies the code. Finally, two example applications are presented where non-LTE
spectra from a high altitude auroral event and a detonation of a High Explosive (HE) are simulated.
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*dothe@spectral.com; phone 781 273-4770; fax 781 270-1161; spectral.com

2. NLTE LINE-BY-LINE RT
For an observer-to-source path of segments l, the general expression for the line-of -sight (LOS) spectral emission at
frequency  is given by,
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Where l is the optical depth of segment l at frequency , including contributions from all spectral lines denoted by i,
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In Eq. (2), i is the density of lower state in spectral line i, and Ll is the segment length. The l i are absorption
coefficients in segment l by spectral line i.
The key frequency dependent quantities in Eq. (1) are thus the emission source and the absorption coefficients. The
general non-LTE expressions for both emission source and absorption terms are now described in the next two sections.
2.1 Non-LTE emission source
For a single transition line i=     where  and   denote the lower and upper states, respectively, the non-LTE
source term at frequency  is defined as,
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Where we have defined the population ratio of upper state   to lower state  as,   
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N and d denote the population and degeneracy of the states. We note that N is the same as i in Eq. (2)
The averaged source terms at frequency  for segment l in Eq. (1), Jl , include contributions from all spectral lines i,
each weighted by the corresponding optical depth  l i .

2.2 Non-LTE absorption coefficient
The absorption coefficient at frequency due spectral line i is given by,

 i  Si f i

(4)

Where Si is the line strength for the transition line i from  to   and f i is the value of the pressure and temperature
dependent spectral line shape function at 

Si can be defined for either LTE or non-LTE conditions. To model emissions from highly excited electronic levels
NLTE
arising from extreme non-LTE conditions, a non-LTE expression for the line strength, Si  S
, is required. It is based

on an extension of the general expression for the LTE line strength4 given at a reference temperature Tref.
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Where Ia is the abundance factor for the species, E is the lower state energy,  is the energy spacing (both in cm-1), c2
2

is the second radiation constant, Q is the total partition function at Tref, and R  is the transition dipole moment
squared.
The non-LTE line strength is computed from the LTE expression by using the non-LTE population ratios,
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Where S  is the temperature dependent expression derived from Eq. (5)
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Eqs (3), (4) and (6) show that the key quantities describing non-LTE conditions in both emission source and absorption
terms are the population ratios   .
In the non-LTE radiance models SHARC5/SAMM2,3 the populations of the excited states  and  are directly
computed by solving a set of chemical kinetic equations describing the production and loss mechanisms for those states.
The population ratios   are then obtained, and the spectral radiance calculated via Eq. (1). For the spectral simulation
model, it is useful to define a convenient input parameter to parameterize these ratios.
The concept of vibrational/vibronic temperatures is now introduced as the most convenient parameters and thus the most
logical inputs for our spectral simulation model.
2.3 Vibrational and vibronic temperatures
A temperature parameter is usually introduced to describe the population ratio,

TNLTE   c2 ln  

(8)

where TNLTE has units of K,  is the energy spacing (in cm ) and c2 is the second radiation constant. The expression for
the non-LTE emission source and line strength can then be rewritten in terms of TNLTE as,
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It should be pointed out that the concept of temperature introduced here does not necessarily imply any equilibrium
condition among any of the molecular internal degree of freedoms, but is simply a convenient parameter to describe the
key quantity that describes the non-LTE radiance, i.e., the population ratio.

However, there are various degrees of non-LTE conditions that do allow us to make further approximations to TNLTE. For
example, expressing the energy spacings in terms of their separate electronic, vibrational and rotational contributions
   el  vib  rot  , we can assume the separate internal motions to be described by separate temperatures. Using
Boltzman factors at the separate temperatures to express the population ratios, Eq. (9) can be rewritten as,
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Similarly, taking into account the separate degrees of freedom for the partition functions, Eq. (10) can be rewritten for
the full non-LTE conditions Tel  Tvib  Trot  as,
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In practical applications, there are situations where some molecular degree of freedom i.e., electronic/vibrational, may be
in non-LTE while others remain in equilibrium, e.g., rotational. We describe below two spectral regions where those
situations apply.
2.3.1 IR spectral region: vibrational/rotational temperatures
In the IR spectral region where signatures arise from transitions between vibrational levels within the same electronic
level, the electronic degree of freedom can essentially be ignored. Thus only two temperature parameters need to be
specified in Eq. (11) and (12) for the IR, Tvib and Trot, together with the kinetic temperature Tkin. In the atmosphere, Trot is
also often set equal to Tkin in each LOS segment, assuming that the rotational motion reaches equilibrium the fastest.
This is indeed the assumption taken in the non-LTE radiance code SHARC5 and SAMM2,3.
2.3.2 UV-Vis spectral region: vibronic temperature approximation
The approach taken for IR applications can be extended into the UV-Vis.
Spectral signature simulation models can be used to identify and analyze the UV-Vis molecular bands in observed data
that arise from transitions between electronic-vibrational levels, or vibronic levels of emitting species. The line positions
are determined by the electronic-vibrational energy differences between the upper and lower states. It is therefore
common to combine the electronic and vibrational energies of a given state into the vibronic energy, Evibron  Eel  Evib ,
then Tvibron can be used as a parameter to specify transitions in the UV-Vis in the same way that Tvib is used for the IR.
Only two temperature parameters need thus be specified in Eq. (9a) and (10a) for the UV-Vis, Tvibron and Trot, together
with the kinetic temperature Tkin.
It should be noted that while it may be more rigorous to further separate the vibronic energy into separate electronic and
vibrational components and use Eqs (11) and (12) in their full form, there is usually not sufficient information to specify
the distinct temperatures Tel and Tvib . It is sufficient and more straightforward to use Tvibron as a parameter in our
spectral simulation model.

3. UV-VIS SPECTRAL LIBRARY
The UV-Vis spectral library include signatures for diatomic neutral and ionic molecules that appear in non-LTE
conditions in high altitude atmosphere, high energy atom molecule, ion molecule collisions in exhaust plumes, missile
intercept plasmas, high explosive (HE) detonation. The current list include most of the diatomic species formed by C, N,
H and O, as well as N2+, and is still being updated. The transition line data for most diatomics are taken from Kurucz7.

For the N2 an
nd N2+ transitio
ons, the line daata from the Attmospheric Ulttraviolet Radiaance Integratedd Code (AURIC)6 were
adopted.
Examples aree shown below
w for the CO(A
A-X), CO(a-X)), N2(a-X), N2((B-A) and N2((C-B) at high vvibronic and rootational
temperaturess. Examples forr these transitio
ons are illustraated in Figuress 1, 2, 3, 4 and 5 respectivelyy. Intensities arre shown
for a colum
mn density of 1.5x1012 moleecules/cm2, and vibronic annd rotational ttemperatures oof 5000K and 1000K,
respectively.

Figure
F
1. Intenssity of the CO (A
A-X) electronic transition
t
(Fourthh Positive band)). Intensity in W//cm2/sr/nm.

Figure 2. Inttensity of the CO
O (a-X) electroniic transition (Cam
meron band). Inntensity in W/cm
m2/sr/nm.

Figure 3. Intensity of the N2(a-X) electron
nic transition (L
LBH band). Intennsity in W/cm2/srr/nm.

Figure 4. Intensity of the N2 (B-A) electron
nic transition (1sst Positive). Inteensity in W/cm2//sr/nm.

Figure 5. In
ntensity of the N2 (C-B) electron
nic transition (2nnd Positive). Inteensity in W/cm2//sr/nm.

4. EXAMPLES
S
We now pressent some exam
mple applicatio
ons of the NLT
TERAD spectraal radiance sim
mulation code.
4.1 Auroral N2+ radiance::SAMM vs NL
LTERAD
Figure 6 illu
ustrates the N2+ limb emission spectrum co
omputed for ann auroral eventt by SAMM att a tangent heiight of ~
100km. The SAMM spectrrum is computeed from Eq. (1) using excitedd state populattions obtained by directly sollving the
kinetic equattions for the so
ources and sink
ks of N2+ undeer auroral condditions. SAMM
M calculations of this type haave been
previously ussed to successffully model thee N2+ auroral radiance
r
observved by the MS
SX satellite8. Foor the results sshown in
Figure 6, we used a Maxweellian electron energy distribu
ution with totaal energy flux oof 100ergs/cm2/sec and charaacteristic
energy of 5k
keV. The auro
orally dosed reegion was betw
ween the latituudes [60o,70 o] and longitudees [-10 o.10 o] and the
aurora duratiion was 100 secc.

Figure 6. N2+ limb emissiion spectrum com
mputed for an au
uroral event by S
SAMM at a tanggent height of ~ 100km. The raw
w
n degraded with a triangular fun
nction of 1 cm-1 hhalf width.
SAMM spectra have been

At these high
h altitudes, thee LOS emission
n is optically thin,
t
so a specttral radiance siimulation can bbe performed bby using
as parameterrs an effectivee N2+ column density and a set vibronic/rrotational tempperatures for a single LOS segment
NLTERAD run. Figure 7 illustrates thee NLTERAD results with a column dennsity of 4x1012 molec/cm2, vibronic
temperature of
o 2500K and rotational
r
temp
perature of 300
0K.

Figure 7. NLTERAD sim
mulation with a column density of
o 4x1012 molec//cm2, vibronic teemperature of 25500K and rotational
ure of 300K. Thee raw non-LTE spectra
s
have beeen degraded withh a triangular funnction of 1 cm-11 half width.
temperatu

In Figures 6 and 7, the SA
AMM and NL
LTERAD specttral radiances hhave been plootted on a logaarithmic scale to make
detailed com
mparisons possiible. It can be seen that whille the two specctra are in goodd agreement foor all of the m
manifolds
(v=-5, -4, -3,
- -2, -1, 0, 1, 2, 3), the NL
LTERAD spectrum shows m
more bands (v’
v) than the S
SAMM resultss. This is
due to the fact
f
that the N2+ signature database has been upgradeed for NLTER
RAD, includinng transitions between
vibrational sttates up to v=1
11 for both upper and lower electronic levvels of the N2+ B-X band, whhile the SAMM
M library
does not incclude vibration
nal states greatter than 5. Neevertheless, thhe general goood agreement sshows the NL
LTERAD
capability of
o simulating an auroral UV-Vis specctrum using suitable param
meters for ccolumn densitties and
vibronic/rotaational temperaatures.
The above example
e
also indicates
i
the practical
p
usefulness of the N
NLTERAD appproach of idenntifying and aanalyzing
spectral sign
natures when the
t user is preesented with an
a optically thhin spectrum suuch as Figuree 6. The next example
illustrates a more
m
challengin
ng application where opacity
y effects occur along the radiaance path.
4.2 HE deton
nation spectra
a
The detonatio
on of HE prod
duces many ato
omic and diatom
mic species annd enough enerrgy is released early in the deetonation
time line to create
c
many eleectronic states,, giving rise to various UV-V
Vis emissions tthat can be expperimentally obbserved9.
The energy release
r
in detonation is analo
ogous to that occurring
o
in m
missile interceptt events whichh have been prreviously
investigated, both events producing
p
earlly plasma con
nditions wheree atomic emisssions dominatee, and later m
molecular
emissions fro
om species forrmed in interacctions with thee atmosphere10--11. Examples oof detonation spectra as funcctions of
time are shown in Figure 8a and 8b for the detonation
n of PETN in Air, for the tiime periods 0
s-2s and 4
s -10s,
respectively12. It is seen th
hat at the very early times (0
0s -2s), the spectral data sshow emissionn features from
m various
species abov
ve a backgroun
nd continuum,, while at lateer times (4s -10s), more opaque condiitions occur w
where the
emission feattures recede an
nd absorption features
f
appearr.

Figuree 8a. Observed spectra
s
of the detonation of PET
TN in Air at earlyy times 0s -2ss.

Figuree 8b. Observed spectra
s
of the dettonation of PETN
N in Air at later times 4s -10ss.

This situation
n is unlike the optically thin situation in thee auroral eventt illustrated ab ove when a sinngle layer RT model is
sufficient. Modeling
M
this siituation where non LTE effeects exist alongg the radiance path requires a multi segmeented RT
capability su
uch as NLTER
RAD. While simulation co
odes such as LIFBASE13 [hhttp://www.sri.com/cem/lifbaase] and
Specair [http
p://www.specaiir-radiation.nett/] have the sp
pectral library to reproduce tthe observed ssignatures, theyy do not
have the buillt in RT to desccribe the varyiing non LTE efffects along thhe path as exhibbited in Figurees 8a and 8b. (IIt should
however be noted
n
that Speecair does allow
w for the effecct of absorptioon by room airr between the eemitting gas orr plasma
and the detecctor, i.e., by H2O and CO2 in the infrared an
nd O2 Schumann-Runge continnuum below 1885 nm).
In our NLTE
ERAD simulattion of the deto
onation of PET
TN in Air, wee have used a two segment m
model where tthe inner
segment (fartthest to the obsserver) is descrribed by a gray
y body functionn representing the observed bbackground conntinuum,
and the outerr segment (clossest to the obseerver) contains the various em
mitting/absorbiing atomic and molecular speecies.
It should bee pointed out that
t
the signall data in Figurre 8a and 8b aare not in absoolute intensity units so onlyy relative
intensities of emission/abssorption contributions from the various sspecies can bbe used to evaaluate the NL
LTERAD
simulation reesults. Thereforre, we have assumed a black
k body functionn for the continnuum backgrouund and our sim
mulation
parameters are,
a 1) in the inner
i
segmentt, the black bo
ody temperaturre and 2) in thhe outer segm
ment, for each possible
species with signatures in the
t spectral ban
nd pass, a colu
umn density annd a set of vibrronic/rotationall temperatures for each
separate transition band.
Figures 9a an
nd 9b show th
he NLTERAD results. We haave chosen to sshow spectra tthat simulate thhe emission feeatures at
time t=0s, and
a the emissio
on/absorption features
f
at t=6
s, to represennt the NLTERA
AD capability tto model both tthe early
and later timees observations.

Figurre 9a. NLTERAD
D simulated speectra of the detonnation of PETN in Air at t= 0s.

Figurre 9b. NLTERAD simulated speectra of the detonnation of PETN in Air at t= 6s..

At the time this
t paper is prrepared, it is found
fo
that both
h OH (A-X) annd CH (C-X) aare candidates to model the oobserved
features nearr 310 nm. Whille results for CH
C (C-X) are sh
hown in Figs 99A and 9B to iillustrate the N
NLTERAD capaability, a
definite identtification awaitts the availabillity of higher reesolution data and is beyond the scope of thhe current papeer.
For our two segment non--LTE model, the
t black body temperature of the inner segment playss an important role in
determining whether emission or absorptiion features occcur in the LOS
S radiance. If th
the vibronic or electronic tem
mperature
of a given baand for a partiicular moleculaar or atomic sp
pecies in the oouter segment is greater (less) than the blaack body
temperature of
o the inner seg
gment, emissio
on (absorption)) features will rresult from thaat band in the tootal spectral raadiance.
In Figure 9A
9 for t=0s,, the vibronicc/rotational teemperatures arre 5500K/40000K, 5200K/55000K, 5400K
K/5000K,
5500K/5000K
K for CH(C-X
X, v =0 and v
v =1), NH(A-X
X, v =0), CN (B-X, v =1) and CN(B-X, v =0), resppectively,
and the electtronic temperaature for Ca+ is
i 8000K. All the vibronic/eelectronic tempperatures for aall the species are thus
greater than the blackbod
dy temperaturee which is 48
800K, resultingg in the emisssion features above the coontinuum
background, as observed in
n Figure 8A.
In Figure 9B
B for t=6s, the
t vibronic/ro
otational temp
peratures are 22800K/1000K,, 2200K/1000K
K, 2800K/100000K for
CH(C-X, v
v =0) , NH(A--X, v =0) an
nd CN(B-X, v =1), respeectively, and thhe electronic ttemperature foor Ca+ is
1500K. The black
b
body tem
mperature is 24
400K, thus we have emissionn features from
m CH(A-X, v =0) and CN(B
B-X, v
=1), and abso
orption features from NH(A-X
X, (v =0) and
d Ca+, as observ
rved in Figure 88B.
It should be pointed
p
out thaat for any moleecular species, NLTERAD
N
alllows each Dv m
manifold in eaach electronic trransition
to be describ
bed by a separaate set of vibronic/rotational temperature.
t
T
This capability was used in m
modeling the vv =0 and
v =1 maniffolds of the CN
C (B-X) band
d. In Fig. 9A for t=0s, thee vibronic tem
mperatures for the v =0 andd v =1
manifolds are 5500K and 5400K,
5
respecttively while th
he rotational tem
mperature is 5000K for bothh. In Fig. 9B foor t=6s,
the vibronic temperature fo
or the v =1 manifold
m
is 28
800K while thaat for the v =
=0 manifold eqqual to the blaack body
temperature at
a 2400K.

5. CONCLUSIONS
The practicality of the NLTERAD approach of identifying and analyzing spectral signatures has been demonstrated by
applications in both optical thin and opaque scenarios. The multi-segment non-LTE RT capability was able to simulate
the varying non-LTE effects along the radiance path exhibited by the emission and absorption features observed in the
time series of detonation spectra of PETN in Air. The good agreement between the SAMM computed auroral spectra and
NLTERAD simulated spectra points to the possibility of interfacing the NLTERAD RT module with vibronic
temperatures derived from separate existing and future kinetic modules designed for diverse non-LTE phenomena to
predict non-LTE spectral radiance.
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