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PREFACE

This Manual is a graphical compendium of the NORSE LTE infrared data base.
The complete NORSE data base is shown. Whenever possible the assumptions
used to generate this information have been given. The theoretical background of
the NORSE transmission model is briefly discussed.

Accession For

.

NTIS GRA&I @?’
DTIC TAB 0
Unannounced O
Justifioation
By

| Distribution/

A
Avai{ability Codes

Avaii'gﬁa/o}
Special

AL
P

Dist

PR




Conversion factors for U.S. Customary to metric (SI)

angstrom {A)

atmosphere (normal)

bar

barn

British thermal unit
{thermochcmiical)

caloric (thermochemical)

cal (thermochemical)/em®

degree (angle)

degree Fahrenheit

clectron volt

erg

erg/sccond

foot

foot-pound-force

gallon (U.S. liquid)

inch

joule/kilogram (J /kg)
(radiation dosc absorbed)

kilotons

kip (100 1bf)

klp/mch“ (ksi)

kldp

micron
mil
mile (intcrnational)
ounce
pound-force

(Ibs avoirdupois)
pound-force inch
pound-force/inch)
pound-force/foot”
pound-force/inch’ (psi)
pound-mass

({bm avoirdupois)
pound-mass- -foot®

(moment of mulm)
pound- -mass/loot’

rad (radiation dosc absorbeud)

rocntgen
shake
torr {mm Hg, 0°C)

Units of Mcasure

1.000 600 X E -10
101325 X E +2
1.060 000 X E +2
1.000 000 X E -28
1054350 X E +3

4,184 000

4184 000 X E -2
1745329 X E -2
t=(1p+459.67)/1.8
169219 X E -19
1.000 000 X E -7
1.000 000 X E -7
3.048 000 X E -1
1.355 818
3785412 X E -3
2.540 000 X E -2
1.000 000

4.183

4448 222 X E +3
6894757 X E +3
1.000 000 X E +2

1.000 000 X E -0
2540000 X E -5
1.609 344 X E +3
2834952 X E -2
4.448 222

L1298 X E -1
1.751 268 X E +2
4788 026 X E -2
6.894 757
4535924 X E -1

4214011 X E -2
1601 846 X E +1
1.000 000 X E -2
2579760 X E -4
1.000 000 X E -8
133322 X E-I

*The beequerel (Bq) is the ST unit of radioactivity; 1 Bg =
**The Gray (Gy) is the SI unit of absorbed radiation.

----- > TO GET
------ DIVIDE
meters (m)

kilo pascal (kPa)
kilo pascal (kr'a)
meter (m~ )
joule (3)

joule (3)

mega joule/m’ MJ/m* )
radian (rad)

degree kelvin (K)

joule (J)

joule (J)

watt (W)

At e

mcior (lll)
joulc (J)
meter’ (m°)
meter (m)
Gray (Gy)

terajoules

ncwton (N)

kilo pascal (kPa) |
newion- sccond/w
(N-s/m%)

meter (m)

meter (m)

meter (m)
kilogram (kg)
newton (N)

newton-meter (N.m)
newton/meter (N/m)
kiio pascal (kPa)

kilo pascal (kPa)
kilogram (xg)

kilogram- -meter’
(kg.m )

k:l()gmm/mucri
(kg/m’)

**Gray (Gy)

coulomb/kilogram (C/kg)

seecond {8)
kilo pascal (kPa)

1 event/s.

it Sy 5 Db a2 Wi, Yt
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SECTION 1
INTRODUCTION

1.1  DESCRIPTION OF THE DATA.

This manual describes the NORSE LTE (Local Thermodynamic Equilibrium)
database including, when possible, the input assumptions used to generate the data.
The NORSE LTE data base consists of values for the weak-line parameter (S/d -
SOD) aud the inverse line spacing (1/d- DEI) arranged by wavenumber,
temperature and molecule. This information is used by NORSE for thermal

emission calculations.

The NORSE database contains emission information for twenty-six molecules and
thirieen temperatures. The spectral range of this data is from 10 em” (far
infrared) to 100,000 cm™ (visible).

The spectral data presented later in this report represents the NORSE LTE
data base 87244.

1.2 DATA SOURCES.

The data sources for this database include: Band model programs, Air Force
Geophysical Laboratory Line Atlas, Air Force Weapons Laboratory opacity
database and other sources. Some of the information within this database
originated cver twenty years ago. During that time period the source of the data
and the assumptions used to generate the information bave been lost. When
possible the source of the LTE data and the inpui assumption, will be presented in

sestions describing individual molecules.




1.3 LTE DATA BASE.

The LTE data base is stored as an ASCII file at the Los Alamos National
Laboratory Central Computing Facility. The data base consists of over 260,000
eighty character lines of information. Further . formation about the structure and
contents of the data base is contained in the NC RSE Manual 4-10 Model Data
Files'.

14  FUTURE EFFORTS.

Enhancement and verification of the LTE data basz is a continuing effort.
The Local Thermal Equilibrium (LTE) data base is upuated and reviewed on a
regular basis. Work is uncerway to bring this data in linz with current

spectroscopic daia.




SECTION 2

BACKGROUND?
2.1  TRANSMISSION BAND MODELS.

The presentation in this section has been adapted from a discussion given in
reference 2. Given a spectral line atlas it is possible to calculate photon transport
along an optical path with varying temperature and pressure. In practice, a line-
by-line calculation is impractical because of the large number of lines which need
to be considered. To simplify the numerics, various band models have been
developed.

Band models differ in their method of treating rotation lines; in fact, a
rotational line-by-line reconstruction (or prediction) is uften called the "line-by-line
model" recognizing that even in thie most painstaking predictions, there are
assumptions, imprcper methods of including coupling, etc., which prevent the

accurate representation of the actual situation.

A brief review of the different types of band models follows. As an
introduction, it can be shown from radiative transfer considerations that the energy,
E,, absorbed through a path length s, in a solid angle 8 and reaching an area A is

given by

¢’E, J
wnC 12 [1 - exp (-a,8)]dv (1

whereas the energy emitted, E, to A by a gas is given by

d’E, r )
- = - exn(- 2
JAdN , I [1 - exp(-a,9)]dv )




where 19 is the incident intensity at wavenumber v, 12 is the Blackbody emission
intensity, and a,, is the line absorption coefficient. It will be assumed that a, is
zero, except in the small wavenumber interval near to a,. For small path lengths,
the integrals in Eqns. (1) and (2) will be large only withir this narrow interval, so
that the integration need only be performed over this interval. Within this interval,

1° and I are assumed to be constant, at their value of v. Then the two equations

become
&’E, -
mn = I”xj [Lexp('auq.s)] dv (3)
0
and
&’E, , J
T by | 1 expCas) (4)

where jj indicates the two levels involved in the line transition. The absorbed
energy as well as the emitted energy for the line in question are seen to be

dependent on the same integral; this integral is called "effective line width" XU, ie.,

X,.}. = [1- exp(a,,‘}s)] dv (5)
Jo

and has the units >f v (ecm). X,} can be interpreted as follows. If a, is considered
- g

infinitely large, and there is no absorption outside this line, A, can be considered

as the width of a black line centered at v, that produces the identical emission as

the actual line.

Xu can be evaluated for two limiting cases. If the product (a, s) is small
y

(1.e., « 1) an expansion of the exponent in Eqn. (5) gives:




AAECRAE T AN LR i

Ay Y

1- exp(-a,,’_} $) =4, §$-—m——— + ... (6)

Keeping only the first «2rm, Eqn. (5) becomes

@

A, =5 a, dv (7)

where the integral represents the "integiated absorption coefficient.”" The effective
line width is thereforz linear with path Jength, s, regardless of the line profile; a
line with this linear behavior is called a "weak-line." [ "Line profiles” arise because
the upper and lower energy levels, which determine the energy of a spectral “line", are
in reality a distribution of levels; transitions from one distribution ( say,the upper) to
another distribution ( lower) gives rise to a sp. ~ctral line "profile”. Depending on the
statistical nature of these distributions, profiles are called Lorentzian, Gaussian, or
Voigt ( a convolution of Lorentzian und Gaussian). For our purposes, the major
cause of Gaussian profiles is Dopplier broadening, the terisy we will use in this work.

The importance of line profiles cannot be overemphasized .

The other limit concerns a large optical path (optically thick). In this limit,

a, s » 1, the absorption coefficient is written
1]

Vv )

a, = b a, dv (8)

where b, is the line profile. Using the Lorentz profile for b,, substituting Eqn. (8)

U)
into Eqn. (7) and performing integration and rearrangements, it is found that

A, = (@mfa, ) (9)




where v, is the Lorentzian width at half-maximum. Thus, the "strong-line"
approxirmation leads to an absorption varying with the square root of the path

length (s) in contrast to the "weak-line" approximation where it varies linearly with
S.

In a similar manner, an "effective band width", A, can be defined as

A, = [1- exp(-a,,ys)] dv (10)

band

The boundaries of the band can be defined as the wavenumber interval outside of
which there is only a predetermined fractional contribution to a,. As the path
length increases, the width of the wavenumber interval increases slowly due to
absorption taking place in the wings of the line profiles ( the profiles are bell
shaped). Note that B, for the band is the sum of the XU for all the lines that
constitute the band, only if all the XU do not overlap. Since the lines overlap, each

line absorbs less energy than if there were no overlap.

In the derivation of appropriate band models, simplified forms of the
absorption coefficient a, must be devised. The two more common types of band

models are the Regular and Random Band Models.

The most familiar of the Regular techniques is due to Elsasser. In this model,
the individual lines all have the same profile, the same height and the same
spacing. Elsasser’s approach uses the Lorentz line profile (the Doppler and Voigt
profiles may also be used). The absorption coefficient at a specified wavenumber
is calculated by adding all the contributions from neighboring lines. 1If the
specified position is v,, the distance of the centers of the other lines from the
specified wavenumber v, is |v, 0], |v,-d|, |v,-2d], ... . Summing the

contributions results in:




-~Y

W AT AT T

a, dv
.fl, 71% ] (11)
27 T + (v,-nd)”

av,) =

-

where a(v,) is the absorption coefficient at the specified wavenumber (v,), fa, dv
is the integrated absorption coefficient for each line, n is the number of lines
contributing, d is the spacing between adjacent peaks and v, is the Lorentzian
width.

This function is substituted in Eqn. (7). By using the "weak-line" and "strong-
line" limits, analytic solutions are practical, otherwise numerical methods are

necessary.

The Random (or Statistical) band model uses a statistical array of individual
lines. In this case, there can be a random spacing of identical or dissimilar lines.
In order to apply this model, probability distributions of line strengths and

positions must be assumed. Once the nature of a line, and its position, are chosen,

the effective band width &, is calculated from Eqn. (10). Note that A, depends on
the line spacing, the width of the line profile, and the integrated absorption. Since
these parameters rely on temperature and density, it is necessary to know how they

change with temperature and pressure.
22  BAND MODEL PARAMETERS.

An important source of radiation from low-altitude fireballs is thermal
emission due to equilibrium processes in the hot gas. The magnitude of the

radiation is determined by the temperature and the optical absorption properties of

the fireball. For infrared wavelengths, the vibrational-rotational bands of




i

molecular species are major contributors to thermal emission. Particularly
important emitters in a fireball are CO,, CO, NO and NO*. Other potential
infrared emitters include O;, NO,, N,O, H,0, OH and metal oxides (MeO).

A procedure has been developed for the NORSE’ code that uses band
absorption models to calculate fireball thermal emission. These models require
the fireball sight-path length, the average pressure over the path, an isothermal
temperature of the emitting gas, and the population of species in the fireball. The
spectral radiance of the path length is then calculated as a function of

wavenumber. The models described in Section 2.1 include:

0 Elsasser model. This mode! is appropriate for a band of lines with
uniform intensity, width and spacing.

0 Random Elsasser model. This model assumes n randomly
superimposed Elsasser bands. The limit n corresponds to the statistical
model, while n = 1 corresponds to the Elsasser model.

0 Statistical model. This model assumes lines with arbitrary strength and

width distributions, and random spectral frequency.

For molecules of the asymmetrical top ( three moments of inertia, all unequal)
form, such as H,O, the rotational structure is quite irregular, and the statistical
model is clearly preferred. Symmetric top ( rotor ) molecules, such as diatomic or
linear polyatomic species, have more regular rotational structures. Such a structure
is best described by the Elsasser or random Elsasser models for lower
temperatures. At elevated temperatures, many such regular bands will overlap. If
the number of bands is n > 10, there is little difference between the predictions of
the random Elsasser and statistical models. Since the statistical model offers the
advantage of rapid calculation, and requires a minimum number of parameters to
be determined from often scanty data, it is used in the fireball thermal emission

model.




In many situations, lines show both Doppler and Lorentz profiles characterized
by broadening widths denoted by v, and v,, respectively. If v, » v,, the
absorption predicted by a pure Lorentz line shape is an excellent approximation.
The corresponding approximation does not hold for 7y, » 7,, however. In this
case, the center of the line will reflect the Doppler profile, while the wings will
reflect the Lorentz shape. For small path length, the absorption is well
approximated by a pure Doppler line shape. For larger path lengths absorption by

the line wings will dominate, so the Lorentz profile is needed.

Stephens discusses the details of the transmission model. Of interest herein is

the fact that in either limit of Doppler or Lorentz shapes, the value of transmission

ik

over an optical path of varying temperature, composition, and pressure (affecting
the Lorentz profile) can be reduced to functions of v,,y,, pressure, and so-called 7
weak-line parameters, average line strength, SOD, and effective inverse line ‘

spacing, DEI, for individual species. For temperature T and wavenumber v

SOD(Tv) = i S,/bv (12)

DEI(Tyv) = | ‘(Si)"'/Av]g /SOD(T,V) (13)

where Av refers to a small wavenumber interval within which there are a limited

number of individual quantum mechanical lines of strength S,.

Thus, calculations of radiation transport are reduced to calculations involving
the weak-line parameters SOD and DEI which approximate molecular absorption

processes as a function of energy and temperature.




SECTION 3
SAMPLE CALCULATIONS

A sample transmissivity caiculation for CO, gas in LTE is presented. The data
used for this calculation are a subset of the CO, data presented in section 5.2 of
this report. For simplicity, only data for the 626 ( the 626 label denotes the
1%0.22C1%0 molecule ) isotopic species of carbon dioxide will be used. The
temperature, path length, and mole fraction for the absorbing CO, gas are chosen
to match the experimental conditions as reported.” This exercise will show how the
data contained in this volume may be used to predict transmissivity and emissivities

using the statistical band model approach.

The transmissivity predicted by various forms of the statistical band model is

given by:

7 = exp[ -F(x)(2ry./d,) ] (14)

where the curve of growth for the particular model is defined as, - In(r). The

variable x is defined here as:

x = (S/d), u(2ny,/d,)’ (15)
where
T is the full width at half maximum for a single line with
Lorentzian shape
T = 1T/ T) (16)
d, is the mean line spacing

10




P~

(S/4d), is the weak-line parameter
u is related to the number of absorber/cmitters
u = Lx P(T,/T) (17)

where X is the mole fraction of the absorbing/emitting species, P is the pressure, T
is the temperature, L is the path length and n is an empirical parameter which is
usually about 0.5.

Here it is assumed that all lines have the Lorentz shape and equal widths.
The function F(x) is determined by the distribution of line strengths. For example,
the probability distributior

P(S) « (1/S) exp (-S/S,) (18)
results in
F(x) = (1/m[(1+2mx)" -1 ] (19)

As x - 0 the function F(x) becomes proportional to x and the curve of growth
is said to be in the linear (weak-line) region . The square root (strong-line) region
of the curve of growth obtains when x » ». The curve of growth or F(x) is then
proportional to (x)* . Different choices of the distribution function P(S), will result
in the same form for the curve of growth ( or F(x) ) for the asymptotic regions.
However, for intermediate values of u ( where x = 1) the various curve of growth
functions will be different, with the exponential S probability distribution having

the largest change between the two asymptotic forms®.

The statistical curve of growth which results from the distribution function

given in Eqn. 18 is assumed and predictions are made of the transmissivity for a

11




given optical depth and temperature. In Figure 1 the weak-line parameter as a
function of wavenumber is plotted for the 626 isotopic species of the CO,
molecule for a temperature of T = 292 °K. The weak-line parameter is the
absorption coefficient for the linear region of the curve of growth. Note the strong
P and R branch lobes from the v; fundaniental transition locaed about the band

center near 2350 cm™.

(626) CO, T=292°K

f.intra calculation

70

60 —

50 ~

40 -

S/d (atm™ cm™)

30

20 -|

10

l T
2250 2300 23890 2400
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Figure 1. Weak-linc parameter for 626 CO,.




In Figure 2 the inverse line spacing parameter is displayed as a function of
wavenumber for a temperature T = 292 K. The two band model parameters
listed in this report are the weak-line parameter (S/d), and the strong-line
parameter used by Malkmus’”. The strong line parameter is related to the inverse

line spacing parameter by

A = (S/d,em/d)! = x/u (20)

(626) CO, T=292°K

1
10 :r
] TRA CALCULATION
=
N
f=
S
0
o 10 7
.E -
= .
R |
™~— -
-1
10 i i i
2250 2300 2350 2400

WAVENUMBER (cm™)

Figure 2. Inverse line spacing for 626 CO,.
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The weak-line and inverse line spacing parameters are input to the statistical
model ( Egyn. 14 ) with the optical conditions of a homogenous sample of gas at a
temperature of T = 292 °K. The patii length is 9.84 cm and the total pressure of
the gas is 0.6128 atm, with the mole fraction for CO,, X = 0.0230. The statistical
band model gives the transmissivity shown in Figure 3. This predicted
transmissivity curve agrees with recent experimental data taken under the same
conditions’.

(626) CO, T =292 °K

0.8 - Statistical band modal

P = .6128 atm
— L =984

0.8 X = .Ong

0.7 4

0.6 -

0.5

0.4 -

0.3

TRANSMITTANCE

0.2+

0.1

0 I 7
2250 2300 2350 2400

WAVENUMBER (cm™)

Figure 3. Transmittance for 626 CO,.
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SECTION 4
DIATOMIC MOLECULES

Local thermal equilibrium emission spectra for all diatomic molecules within
the spectral ranze 10 - 10,000 cm™” nave been computed using the DiAtomic
Thermal Emissions (DATE) code®. In the case of certain molecules, NO, N,, N3
and O,, data available in the spectral range 5,000 - 100,000 cm™ was obtained from
the VisiDyne Corporation using a database developed by the Air Force Weapons
Laboratory (AFWL) ir the late sixties ard used by the RADjation FLOw
(RADFLO)j code.

The band strengths giver in this section are listed in cm? at:” at STP.

15




41 CARBON MONOXIDE (CO).

Data for the CO molecule in the spectral range 10 - 12,000 cm” has been
computed using the DATE code.

Table 1. Spectroscopic data for CO.
X'zt

2169.8233 wx,= 132939  wy, = 0.01158’
-1119x10°° wa, = 285x 10" b, =494x107
0.017513 B, = 1.931271 v, =296x 10°

[4

S, = 260.01 S, = 2.067 S5 = 0.0132f

1,(300°K) = 0.06}

Data Source:
"J.T. Yardley, J. Mol. Spectrosc. 35, 314 (1970).
TR.A. Toth, R.H. Hunt, and E.K. Plyler, J. Mol. Spectrosc. 32, 85 (1969).

*Fit to the data of D.A. Draegert, and D. Williams, J. Oot. Soc. Am. 58 1399
(1968).
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42  HYDROXYL (OH).

Table 2. Spectroscopic data for OH.

Ground Electronic State

373521 e’ wx, = 8282 cm™”’
0714 cm®* B 18.871 ecm™*

we
a e

S,y = 120 atm’ cm™®

71,(300 °K) = 0.06

Data Source:

'W.S. Benedict, and E.K. Plyler, High-Resolution Spectra of Hydrocarbon Flames
in the Infrared, Energy Transfer in Hot Goses, National Bureau of Standards
Circular 523, p. 57 (1954).

D. Bastard, et al, Spectroscopic Hertzienne -- Etude experimental dela saturation
de I'absorption hertzienne du radical OH, C.R. Acad. Sc. Paris, vol 284, Series B,
p. 445 (1977).
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Figure 34. Weak-line parameter for OH at 200°K.
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43  NITROGEN (N,).

The Nitrogen species were calculated by the VisiDyne™ Corporation from the
RADFLO opacity data base developed by the Air Force Weapons Laboratory in
the late sixties. Data for the weak-line parameter for N, and N3 in the visible

region (5,000 cm™ - 100,000 cm) is available. There is no inverse line spacing

information available in this region.

Data Source:

"H. Smith, T. Keneshea, VisiDyne Corporation, private communication (1986).
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Figure 59. Weak-line parameter for N, at 1500°K.

74

10




weak line parameter (atm™ cm™)

N

T LT

10"

-2

10

10°°

T4 L 1T B O T141) B Y R R 1111 S SR W R L TIN1 Y

-4

10

-5

(O 1Y W T 1111 I T 011 M B

[ Y 1 | S T S S N 1 ] N ) i 1.l it

10° 10° 10' 10
wave number (cm™)

Figure 60. Weak-line parameter for N, at 2000°K.




cm™)

weak line parameter (atm

10

ol
>~

-—
Ol
v

]
o

-—
()

1
~

k] LI T O T k4 LA S N N N 3 1 i S e a——. L

3

4

10° 10 10
wave number (cm™)

— —
S, S}
[ ~
Q. [T Inn T TInn 1T nn] ln.uﬂ'”_?'rr.'ﬂfﬂ T3TTC

—

Figure 61. Weak-line parameter for N, at 3000°K.

76




cm™)

weak line parameter (atm

[ —

-1

-2

10

I B R R I N T R R L1 R AR R L1

LR

10°

LR RILLY

10

I EXIBY

-5

10

—6

10

IR ORI LRI

-7

T
!
|

oot Ty

10

10

10° 10 , 10’
wave number (cm™)

Figure 62. Weak-line parameter for N, at S000°K.

77




IO R -
— T L el et -~
P RS
<
L
—
.m\lu.f\
- - I S S ——
A\
#
__E_.: IS THITE kn_:: [ HIlITA N ﬁ_:... : ggsep e v veey e @ apery v o 3 313 :
p 5 7 I 2 B D
", o~ - (2] )
(] o o o [ o o o o Q
- Rt — -~ — ~— - - ~— ~—

(, . wo  wyp) sspewoind Bul| MDOM

10° 10’ 10°

wave number (cm”)

10°

Figure 63. Weak-line parameter for N, at 7000°K.
78




cm™)

weak line parameter (atm

-3

.mﬂ'] LBLRLILL: S R DL M AR I L 111111 T T T TP

-t

o,

[V}
T s

L] : T S ST

10° 10 10
wave number (cm™)

Figure 64. Weak-line parameter for N, at 10000°K.

79

10




REIICU NS IR S R R |

-1

Ty

weak line parameter (atm™ cm™)

IR R R L N R R T U S S AR TLIL

LRI

44t g3 ' [N S B A

10° 10° ‘ 10
wave number (cm™)

Figure 65. Weak-lire parameter for N, at 12000°K.

80




weak line parameter (atm™ cm™)

10 g .

10° g /

10 E /

A

i et ‘\v/ \\ /

1o'2é /

10“é -

10“%

10‘5;

1o‘°£;

10": bt SR — -
10 10° 10° 10° 10

wave number (cm™)

Figure 66. Weak-line parameter for N, at 18000°K.

81




weak line parameter (atm™ cm™)

10

10°

10

10

.nuﬂ‘ linm lllllm

10

B

-2

10

T

10

T Hum‘i T

-4

10

10

T Is

-6

10

LB XL

-7

[N IR} 3 [ B T )

10

-

3

10° 10’ 10'
wave number (cm™)

Figure 67. Weak-line parameter for N3 at 5000°K.

82

10




cm™)

weak line parameter (atm

-1

10°

RELERIIIH

—
o,
v
IR RLLLY uumﬂ T

(gt i [N} . sy

L]

10 10° 10 ' 10'
wcve number (cm™)

Figure 68. Weak-line paramerer for N3 at 7000°K.

83

10




10°

10

10

-1

10

107k

©
R R L S R L S N R RS A A R 1111] uum‘y
st

10°° \

10

weak line parameter (atm™ cm™)

IR T LU SR SR EELL

-5

10

TP Il

10

LRI

10-7 . - i, - L S S S ‘3 L "1'11:‘ 2 {1 xs
10° 10 . 10 10
wave number (cm™)

<)

Figure 69. Weak-line parameter for N3 at 10000°K.

84




weak line parameter (atm™ cm™)

T VSN T e snumﬂ IR R AL R LT L S R LU N N R R LY B R L M MR KL

. E B S | il 1 LINNE IR S8 0 U8 | | ) IS Lt J

F SESUE S S B 55 0

10

10° 10 . 10'
wave number (cm™)

Figure 70. Weak-line parameter for N3 at 12000°K.

85

10




weak line parameter (atm™ cm™)

A

— a—h
Q, Q,
SRR LRI I R P11 S N R AU

107

10°

10"

10

FRE X111 G B R 111 S S R R R 11111 rrr.'rﬂ IR R RIS

-5'

10

IIREE1LL

107

10

10’ 10° , 10'
wave number (cm™)

Figure 71. Weak-line parameter for N3 at 18000°K.

10




A A I A L A A A A LA Sl i S

44  NITROGEN OXIDE (NO).

Data for the NO and NO* molecule in the spectral range 10 - 12,000 cm™ has
been computed using the DATE code.

The Nitrogen oxide was also calculated by the VisiDyne-CorporationII from the
RADFLO opacity data base developed by the Air Force Weapons Laboratory in
the late sixties. Data is available for the weak-line parameter in the visible region

5,000 cm” - 100,000 cm™). The inverse line spacing is not available in this region.
g

Table 3. Spectroscopic data for NO.

1904.087°  wx, = 14.044" )
0017612 B, = 1.70509" A, = 123.61

€

S;p = 12507 S, = 2111 S, = 0.0458¢

1,(300°K) = 0.040°

{
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Data Source:

"M.D. Olman, M.D. McNelis, and C.D. Hause, J. Mol. Spectrosc., 14, 62 (1964)
tU.P. Oppenheim, Y. Aviv, and A. Goldman, Appl. Opt. 6, 1305 (1967).
¥B. Schurin, and R.E. Ellis, J.Chem. Phys., 45, 2528 (1966).

%Fit to the data of: L.L. Abels, and J.H. Shaw, J. Mol. Spectrosc., 20, 11, (1966).
I, Smith, T. Keneshea, VisiDyne Corporation, private communication (1986).
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Figure 91. Strong-line parameter for NO at 1000°K.
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Figure 93. Strong-line parameter for NO at 2000°K.
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Figure 94. Strong-line parameter for NO at 3000°K.
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Figure 95. Strong-line parameter for NO at 5000°K.
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Figure 99. Strong-line parameter for NO at 18000°K.
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Table 4. Spectroscopic data for NO*.
Xzt

v, = 2377.1
o, = 0.0202

S, = 70.831

7,(300°K) = 0.04}

Data Source:
"E. Miescher, Helv. Phys. Acta., 29, 135, (1956).

tH.J. Werner, P. Rosmus, J. Mol. Spectrosc., 96, 362, (1982).
‘Estimate.
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Figure 102. Weak-line parameter for NO* at 200°K.

120




weak line parameter (atm™ cm™)

-'1'1 LR L NN R R 20 S BRI St M 411 aE W R P11 |
i

)

—_—
Ol
~

-l

10°

—_—
ol
w»

)
-3

3

Ol
~

—
ol
-
Q. [T ommy T T T T T 3 I‘Q\
]

10’ 10° , 10°
wave number (cm™)

—
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Figure 104. Weak-line parameter for NO* at 500°K.
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weak line parameter (atm™ cm™)
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Figure 110. Weak-line parameter for NO* at 5000°K.
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129




weak line parameter (atm™ cm™)

107

N\

10°

10

N

10

AN

o

10

107

1
w»
T T30 x»h\“m\ﬂ_m IR R L LU R LU R LU B L) lllllﬂT

.

10

10° 10 , 10
wave number (cm™)

Figure 112. Weak-line parameter for NO* at 10000°K.
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Figure 114. Weak-line parameter for NO* at 18000°K.
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Figure 115. Strong-line parameter for NO* at 200°K.

133

10



107 O m

107

10! \

10°

T 1T 117

strong line parameter (atm™ cm™%)

-6

10

|
]
10“7 3 1 N A 1\{ ). g [ i 1 [ 110 1 1 [

10 10° 10 , 10' 10
wave number (cm™)

PR l“‘ LR RILIY LR RLIL
S,

Figure 116. Strong-line parameter for NO* at 390°K. 'f

134




. - -2
strong line parameter (atm™ cm™"?)

\

|

S VSIS S S N 2 LQ!!!’! gt i s F 1 I

10 10° . 10
wave number (cm™)
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Figure 118. Strong-line parameter for NO* at 750°K.
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Figure 121. Strong-line parameter for NO* at 2000°K.
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Figure 123. Strong-line parameter for NO* at 5000°K.
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Figure 125. Strong-line parameter for NO* at 10000°K.
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45 OXYGEN (0O,).

The local thermal equilibrium emission spectra for the Oxygen molecule was
calculated by VisiDyne Corporation” using an Air Force Weapons Laboratory
opacity data base developed in the late sixties. Data for the weak-line parameier

for O, in the visible region (5,000 em? - 100,000 cm™) is available. There is no

inverse line spacing information available for this molecule.

Data Source:

"H. Smith, T. Keneshea, VisiDyne Corporation, private communication (1986).
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Figure 128. Weak-line parameter for O, at 200°K.
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SECTION 5
POLYATOMIC MOLECULES

The local thermal equilibrium emission spectra for polyatomics have been
computed from a variety of sources including Triatomic Thermal Emission code
(TATE), Air Force Geophysical Laboratory Line Atlas and the Air Force Weapons
Laboratory Opacity Database.

5.1  AMMONIA (NHj;).

The local thermal equilibrium emission spectra for Ammonia has been
developed from the Air Force Geophysical Laboratory line atlas for 200, 300, 500,
750, 1000 °K.

The NH; molecule has been included within the NORSE LTE data base
because of its contribution to ambient atmospheric absorption. The inclusion of Y

accurate parameters for this species above 1000 °K is felt to be of low priority.
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52  CARBON DIOXIDE (CO,).

The weak-line and inverse line-spacing parameters for the eight most abundant
isotopic species of CO, were calculated using the LTE smeared-band model code
LINTRA". The model requires band strengths and molecular constants for the
contributing transitions; these constants were obtained from the Air Force
Geophysical Laboratory!. Theoretical calculations for excited bands of the 626
isotopic species of CO, were obtained from VisiDyne!. The smeared band model
correctly accounts for the increased population of the rotational states with
increasing temperature.

These band model parameters were calculated for each wavenumber between
100 cm™ and 10,000 cm” and then averaged to obtain the required resolution for
the NORSE optics database. The temperatures at which these calculations were
performed were 200, 300, 500, 750, 1000, 1500, 2000, 3000, 5000, 7000, 10000,
12000, 18000 °K. The band model parameters calculated for temperatures much
above 1500 °K are deficient due to the lack of essential experimental and
theoretical data.

Data Source:

"LINTRA, (LINear TRiAtomic) smeared-line band model Fortran code developed
by R. Parker, Physical Research Inc., 1987.

TL.S. Rothman, Appl. Opt., 25, 1975 (1986).

'R.B. Wattson, L.S.Rothman, J. Mol. Spectrosc., 119, 83 (1986).
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5.3 DINITROGEN OXIDE (N,0).

The Data Curves for N,O at temperatures < 1000 °K have been generated
from the Air Force Geophysical Laboratory Line Atlas”. At temperatures above
1000 °K the curves were generated by combining the Air Force Geophysical
Laboratory spectra at high temperatures with the "Boxcar" shapes!.

Data Source:

‘R.A. McClatchey, et al, AFCRL Atmospheric Line Parameters Compilation ,
AFCRL-TR-73-0096, Air Force Cambridge Research Laboratories, (January 1973)
1982 version of the data tape.

'L.E. Ewing, Modeling Detail in the Weapon Optical Effects Code (U) , 69TMP-
77, General Electric -- TEMPO, (October 1969) (Secret-Restricted Data).
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54 METHANE (CH,).

Local thermal equilibrium emission spectra for Methane has been developed
from the Air Force Geophysical Laboratory line atlas for 200, 300, 500, 750,
1000 °K.

The CH, molecule has been included within the NORSE LTE data base
because of its contribution to ambient atmospheric absorption. The inclusion of
accurate parameters for this species above 1000 °K is felt to be of low priority.
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Figure 206. Strong-line parameter for CH, at 300°K.
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55  NITRIC ACID (HNO,).

The local thermal equilibrinm emission spectra for Nitric Acid has been
developed from the 1982 Air Force Geophysical Laboratory Line Atlas for 300 °K.

The HNO; molecule has been included within the NORSE LTE data base
because of its contribution to ambient atmospheric absorption. The inclusion of

accurate parameters for this species at other temperatures is felt to be of low
priority.
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Figure 212. Weak-line parameter for HNO; at 300°K.
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5.6 NITROGEN PEROXIDE (NO,).

The local thermal equilibrium emission spectra for Nitrogen Peroxide was
taken from the Roscoe IR database for the spectral region < 5,000 cm”. In the
spectral region of 5,000 to 100,000 cm” the data was developed by the VisiDyne
Corporation" using a Air Force Weapons Laboratory database developed in the
late sixties.

The calculation of the LTE NO, curves is discussed in ROSCOE Manual
Volume 28°. The calculations (< 5,000 cm™”) were performed with the TATE
Codef.

Table 5. Spectroscopic data for NO,.

Ground Electronic State
0= 13268  w,=7513°"  w,= 16328
XII = . XZz = "1.6§ = '16.0
XIZ . § X]3 = “29.5 = '11.3§

A, = 80012 B, = 043364  C, = 041040

7,(300 °K) = 0.10}

Data Source:

"J.G. DeVore, and T.L. Stephens, Band Model Parameters for Thermal
Emission (U) ,.72TMP-20, General Electric - TEMPO, (June 1972) (Secret).

ITL. Stephens, V.R. Stull, A.L. Klein, and J.D. Losse, The ROSCOE
Manual, Volume 28-Molecular Band Models for Thermal and Optically
Pumped emissions (U) , GE78TMP-52, General Electric -- TEMPO (June
1978) (Confidential).

‘Estimate.
¥Inferred (See The ROSCOE Manual Volume 28, GE78TMP-52).
)3] Smith, T. Keneshea, VisiDyne Corporation, private communication (1986).
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Figure 215. Weak-line parameter for NO, at 200°K.
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Figure 218. Weak-line parameter for NO, at 750°K.
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Figure 230. Strong-line parameter for NO, at 1500°K.
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57  OZONE (O,).

The local thermal equilibrium emission spectra for O; was taken from the
ROSCOE LTE data base.

The computation of this data was performed with the TATE code”. The
calculations are described in The ROSCOE Manual, Volume 28,

Table 6. Spectroscopic data for O,.

Ground Electronic State

o, = 11231 w,= 7194  w, = 11011
xII 2.0 x22 = “1.0 X33 = '15.

XIZ "11. xl3 = ‘39. XZ3 = "21.
A, = 355196 B, = 0444917 C, = 0.39476

7,(300 °K) = 0.11

Data Source:
"J.G. DeVore, and T.L. Stephens, Band Model Parameters for Thermal Emission
(U) , 72TMP-20, General Electric - TEMPO (June 1972) (Secret).

'T.L. Stephens, V.R. Stull, A.L. Klein, and J.D. Losse, The ROSCOE Manual,

Volume 28-Molecular Band Models for Thermal and Optically Pumped Emissions
(U) , GE7T8TMP-52, General Electric -- TEMPO (June 1978) (Confidential).
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Figure 241. Weak-line parameter for O; at 1000°K.
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Figure 242. Weak-line parameter for O; at 1500°K.
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Figure 243. Weak-line parameter for O; at 2000°K.
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Figure 244. Weak-line parameter for O; at 3000°K.
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Figure 246. Weak-line parameter for O; at 7000°K.
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Figure 249. Strong-line parameter for O; at 500°K.
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5.8 SULFUR DIOXIDE (SO,).

The local thermal equilibrium emission spectra for Sulfur Dioxide has been
developed from the Air Force Geophysical Laboratory line atlas for 200, 300, 500,
750, 1000 °K.

The SO, molecule has been included within the NORSE LTE data base
because of its contribution to ambient atmospheric absorption. The inclusion of

accurate parameters for this species above 1000 °K is felt to be of low priority.
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59  WATER (H,0).

The local thermal equilibrium emission spectra for H,O was taken from the
ROSCOE LTE data base.

Low temperature {200, 300, 500 °K) H,O data was derived from the Air Force
Geophysical Laboratory Line Atlas’. For temperatures above 500 °K the curves
were extracted from the WOE fireball LTE parameters! except in the spectral
region 2000 - 5000 cm” were ROSCOE-IR results were used. Both the WOE high
temperature data and the ROSCOE-IR data are based on measurements

preformed at Convair'.

Data Source:

‘R.A. McClatchey, et al, AFCRL Atmospheric Line Parameters Compilation ,
AFCRL-TR-73-0096, Air Force Cambridge Research Laboratories, (January 1973)
1982 version of the data tape.

1J.G. DeVore, and T.L. Stephens, Band Model Parameters for Thermal Emission
(U) , 72TMP-20, General Electric - TEMPO, June 1972 (Secret).

'C.C. Ferriso, C.B. Ludwig, and A.L. Thomson,J. Quant. Spectrosc. Radiat.
Transfer 6, 241 (1966). C.B. Ludwig, Appl. Opt. 10 (1971).
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Figure 276. Strong-line parameter for H,O at 200°K.
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SECTION 6
METAL OXIDES

LTE information for all of the metal oxides within the spectral range: 10 -
10,000 cm™ have been computed using the DATE code. The DATE code has
been discussed in detail in Reference 3.

6.1 ALUMINUM OXIDE (AcO).

Aluminum Oxide at temperatures from 200 - 18,000 °K was calculated using
the DATE code.
Table 7. Spectroscopic data for A2O.

X %t

. = 97923°  wx,

697" A, = 123.61
@, = 0.0058° B,

64136° E, =00

S = 20401 S, = 1.05t S, = 0.00381"
71,(300°K) = 0.04°

Data Source:

‘B. Rosen, ed.,Spectroscopic Data Relative to Diatomic Molecules, Pergamon
Press, New York (1970).

YH.H. Michels, Diatomic Oxide Vibrational Band Intensities , United Aircraft
Research Laboratories, K921094-4 (May 1971).

'] K. McDonald, and K.K. Innes, A Low-Lying Excited Electronic State of the
A2O Molecule and the Ground-State Dissociation Energy, Journal of Molecular

Spectroscopy, 32, pp 501-510 (1969).
SEstimate
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Figure 288. Weak-line parameter for A2O at 200°K.
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Figure 294. Weak-line parameter for A2O at 2000°K.
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Figure 303. Strong-line parameter for A2O at 500°K.
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Figure 304. Strong-line parameter for A2O at 750°K.
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Figure 307. Strong-line parameter for A2O at 2000°K.
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Figure 310. Strong-line parameter for A2O at 7000°K.
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6.2 COPPER OXIDE (CuO).

Table 8. Spectroscopic data for CuO.

X

w, = 6337 wx =45 A, =27500
@, = .0058t A, =2750' B, =053530' E, =00

S, = 450.}

7,(300°K) = 0.04°

Data Source:
"A. Antic-Jovanovic, D.S. Pesic, and A.G. Gaydon, Proc. Roy. 307 399 (1968).

1J.S. Shirk, and A.M. Bass, J. Chem. Phys. 52 (1970).

'T.L. Stephens, and J.G. DeVore, Band Models for Calculating Fireball Thermal
Emission (U) , 71TMP-35, General Electric-TEMPO, Santa Barbara, California

(May 1971).

SEstimate.
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Figure 332. Strong-line parameter for CuO at 750°K.
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Figure 336. Strong-line parameter for CuO at 3000°K.
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Figure 337. Strong-line parameter for CuO at 5000°K.

367

10




strong line parameter (atm™ cm™"?)

10
10°
10
10
10

10

10°

10

10

—
(o]

-—
o, ,
~ o

T T30 LRI

-2

~4

1
w»

T I 7 uum'f

R LU RS R B R S L I S B R P L) B R R 2111

5
\
\
\’
|

|

[ T [ - - Py : S NSRS 3 n NERE]

—

3

10 10° ‘ 10 10°
wave number {(cm”)

Figure 338. Strong-line parameter for CuO at 7000°K.

368




T LI 5 LT § T

strong line parameter (atm™ cm™"?)
=)

—
O,
-~
E O L1 O R0 [ YOI E A S K11 RN S B BT ISR N 18 R A1

10 10° 10 ' 10' 10’
wave number (cm™)

Figure 339. Strong-line parameter for CuO at 10000°K.




strong line parameter (atm™ cm™"?)

—

TTTIN T O T Ly v iy

IR RRLL

-3

T T IO

-4

10

-5

10

-6

10

[~TTTOI] C S Ise0 ¢ fetil

107

el J - i b J i1 .

10’ 10 ‘ 10'
wave number (cm™)

Figure 340. Strong-line parameter for CuO at 12000°K.

370

10




strong line parameter (atm" cmri/z)

10°

10

10° |
10™
107
107
107
10°°
10°°

107

T T

T T Tailing HREELILY I IERELLS

16

10’ 10 , 10°
wave number (cm™)

Figure 341. Strong-line parameter for CuO at 18000°K.
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63  IRON OXIDE (FeO).

Table-9. Spectroscopic data for FeO.
X’

o, =880.53°  ux =463
o, = 0.00376 B,= 0.51271

€

S,y = 450

74300 °K) = 0.04!

Data Source:
‘R.F. Barrow, and M. Senior, Nature 223 1359 (1969).

K. Wray, AVCO, Mass., Contribution to DASA/ARPA Working Group, p. 26
Palo Alto, Ca. (October 1970).

tEstimate.
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Figure 349. Weak-line parameter for FeO at 1500°K.
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383




weak line parameter (atm™ cm™)

10°

10°

10

10

10"

10

10°

\
LJE

° =
TTTIN T S iy T T TInn & evsnn] T L aanm T RT3 T Ty

107k

107k

10°k

S N S S IS 3% § il S S SR I b #'\‘!)"' ] | b I

107
10

10° 10° 1 10
wave number (cm™)

Figure 353. Weak-line parameter for FeO at 7000°K.
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Figure 354. Weak-line parameter for FeO at 10000°K.
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Figure 355. Weak-line parameter for FeO at 12000°K.
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Figure 357. Strong-line parameter for FeO at 200°K.
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Figure 359. Strong-line parameter for FeO at 500°K.
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Figure 360. Strong-line parameter for FeO at 750°K.
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Figure 361. Strong-line parameter for FeO at 1000°K.
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Figure 364. Strong-line parameter for FeO at 3000°K.
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64  LITHIUM OXIDE (LiO).

Table 10. Spectroscopic data for LiO.

X

0, = 848.6° wx, = 54t
@, = 00128 A =-1120

S,y = 450.!
7(300°K) = 0.04

wx, = 5.6' E, = 2800."

B, =135

e

1(300°K) = 0.041

Data Source:
"S.M. Freund, E. Herbst, R.P. Mariella, Jr., and W. Klemperer, Radio Frequency

Spectrum of the X “Il State of “Li’%0 , (preprint), Harvard University (1971).
"Estimate.
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6.5. MAGNESIUM OXIDE (MgO).

Table 11. Spectroscopic data for MgO.

= 3563.30°

7,(300°K) = 0.04}

Data Source:

'B. Rosen, ed.,Spectroscopic Data Relative to Diatomic Molecules, Pergamon
Press, New York (1970).

M. Yoshimine, J. Phys. Soc. Japan 25, 1100 (1968).
{Estimate.
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6.6  SILICON OXIDE (SiO).

Table 12. Spectroscopic data for SiO.

X Izt

w, = 124144° ox, =592"
e, = .00504 B, = 0.72675

S, = 906" S, = 428" S, = 0.020

7,(300°K) = 0.04

Data Source:

'B. Rosen, ed.,Spectroscopic Data Relative to Diatomic Molecules, Pergamon
Press, New York (1970).

YH.H. Michels, Diatomic Oxide Vibrational Band Intensities , United Aircraft
Research Laboratories, K921094-4 (May 1971).

'Fit to the Oscillator Strength data in Note 1.
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Figure 446. Strong-line parameter for SiO at 1500°K.

480




10°

4
o
(o]
(]
[}
N
1e =
———— . Q
m, . (7]
T 5
T—— o &
]
— .I’ll/ m mw
l/ll’ o m
o
r[ ¢ 0 m m
T b I <
—t o,
[ o .E
W -
on
E =]
o)
E =
ard
w
U — R U SV S S © o~
- <t
<
(5]
oot
=
.20
(43
Reere s o dpverseg v goirery x Joeeesr t hprpxoe w ey o Angetzp g Lreedr o p lpXpbrr X duotiz f o)
", o~ o D 5 v b < < R
2 & ' v 2 2 e 2 e 2 @

wd  wyp) Jajpwoiod aul buoays

Au\_l




strong line parameter (atm™ cm™"?)
4

10°

10'7 i 2 i ‘/21 . : L R

10 10 10° , 10' 10°
wave number (cm™)

IR RS I I N L R B AL B B U B R S L B A R L R AR R L1 S N W R R0 1!11!"71_1'1111'“'

Figure 448. Strong-line parameter for SiO at 3000°K.
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Figure 449. Strong-line parameter for SiO at S000°K.
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Figure 450. Strong-line parameter for SiO at 7000°K.
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Figure 451. Strong-line parameter for SiO at 10000°K.
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Figure 452. Strong-line parameter for SiO at 12000°K.
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Figure 453. Strong-line parameter for SiO at 18000°K.
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6.7 TITANIUM OXIDE (TiO).

Table 13. Spectroscopic data for TiO.

w, = 1008.26' wx, = 4.13! 7
e, =.0031" A, =483 B,=.5354'E, =00

S, = 149.0' S, = 549 S, = 0.076}

Data Source:
“1.D. Phillips, Astrophys. J. 169, 185 (1971).

tB. Rosen, ed.,Spectroscopic Data Relative to Diatomic Molecules, Pergamon
Press, New York (1970).

*H.H. Michels, Diatomic Oxide Vibrational Band Intensities , United Aircraft
Research Laboratories, K921094-4 (May 1971).
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Figure 456. Weak-line parameter for TiO at 200°K.
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Figure 457. Weak-line parameter for TiO at 300°K.
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Figure 465. Weak-line parameter for TiO at 7000°K.
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Figure 467. Weak-line parameter for TiO at 12000°K.
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Figure 469. Strong-line parameter for TiO at 200°K.
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Figure 470. Strong-line parameter for TiO at 300°K.
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Figure 472. Strong-line parameter for TiO at 750°K.
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Figure 473. Strong-line parameter for TiO at 1000°K.
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Figure 475. Strong-line parameter for TiO at 2000°K.
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Figure 476. Strong-line parameter for TiO at 3000°K.
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Figure 477. Strong-line parameter for TiO at 5000°K.
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Figure 478. Strong-line parameter for TiO at 7000°K.
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Figure 479. Strong-line parameter for TiO at 10000°K.
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Figure 480. Strong-line parameter for TiO at 12000°K.
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Figure 481. Strong-line parameter for TiO at 18000°K.
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68 URANIUM OXIDE (UO).

The emissions from the Uranium Oxide molecule and Uranium Oxide Ion
were calculated with the DATE program.

Table 14. Spectroscopic data for UO.

X3

w, = 7832" wx, = 509
@, = .0028¢ ,, = 0368

S, = 450}
7(300°K) = 0.04°

Data Source:
"The symmetry of the ground state is not known. However, the nature of the state
will affect only the strong-line parameter to any significant degree.

tu, is calculated using the band center (773 cm™) given in Note || along with an
estimate of 0.0065 for x.. See Note §.

'T.L. Stephens, and J.G. DeVore, Band Models for Calculating Fireball Thermal
Emission (U) , 71TMP-35, General Electric-TEMPO, Santa Barbara, California,
(May 1971).

SEstimate.

IH.). Leary, et al,, High Temp. Sci. 3, 433 (1971).
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The SOD and DEDs for UG* were calcilated in 1985. The source of the

molecular constants that were used in these calceiations is unknown.

Table 15. Spectroscopic data for UO*.

Ground Electronic State

925.00 wx, = 2.70
0020 B, = 0330

S, = 1190.0

7,(300°K) = 0.04°

Data Source:

"Estimate.
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Figure 525. Strong-line parameter for UO* at 200°K.
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APPENDIX B

GLOSSARY

Nuclear and Optical Radar and Systems
Effects code.

Local Thermal Equibrium.

Inverse line spacing.

Strength Qver line spacing (Distance).
RADiation FLOw Code.

LINear TRiAtomic smeared band model.
Weapons Optical Effects code.
TriAtomic Thermal Emissions code.

Standard Temperature and Pressure.
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APPENDIX C

LIST OF SYMBOLS

Area

Malkmus strong-line parameter

Effective band width

Effective line width

Line absorption coefficient

Line absorption coefficient where ij indicates the upper and
lower levels involved in the line transition
Line profile

Energy absorbed

Energy emitted

Intensity at energy v

Blackbody emission intensity, at energy v
Pressure

Probability distribution function
Temperature, Absolute

Path length

Adjusted path length

Mole fraction

Doppler width

Lorentzian width

Energy

Solid angle
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LIST OF SYMBOLS (Continued)

Spectroscopic constant
Spectroscopic constant
Spectroscopic constant
Spectroscopic constant
Spectroscopic constant
Band Strength 1-0 transition
Band Strength 1-0 transition
Band Strength 1-0 transition
Lorentz Line Width
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