Lawrence Berkeley National Laboratory
Recent Work

Title
HIGH TEMPERATURE SPECTROSCOPY AND THERMODYNAMICS OF TITANIUM OXIDE AND
VANADIUM OXIDE

Permalink

https://escholarship.org/uc/item/8k73t4gK

Author
Chang, Shih-Ger.

Publication Date
1972-03-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/8k73t4gk
https://escholarship.org
http://www.cdlib.org/

RECE IV LBL-450
] LANVRENCE 7
KADIATION iAECRI&TORY

. (Y . -
R EEPARYS VNG

ROCUMENTS SECTION

HIGH TEMPERATURE SPECTROSCOPY AND THERMODYNAMICS
OF TITANIUM OXIDE AND VANADIUM OXIDE '

Shih-Ger Chang
(Ph.D. Thesis)

March 4972

AEC Contract No, W-7405—eng-48

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

/

0sy-"1dT



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



(v

LIST OF FIGURES .

TI.

II.

IIT.

~iii-

TABLE OF CONTENTS

LIST OF TABLES « « « « ¢ & o « o v e o o v o o o u v o a v e o o

ABSTRACT . 3 o'... cv..v. . . 3 3 * ‘e . . n.o . . - . . . - . 3 - o.

ENERGY LEVEL DIAGRAMS . v + & v v v v v v i i v o w o u

A,

B.

‘Titanium Momoxide . « « v v v 4 4 4 4w w e e b e .

1. VDiscovered dndvExpectedrElectronic States . . .

2. Permitted Rotational Transitions in the Hund Coupling

Case (a) of °A - °A Transition . . . . . Ce e

Vanadium MONOXide v v v v 4 4 e 4 4 . o . e

1. Discovered and Expected Electronic States . . . . .

o 2.  Permitted Rotational Transitions in therHund_Coupling

Case (b) of *I” - *£” Transition . « « . . . . . . s

INTRODUCTION + v = o oo e o o et e e e e e e

TI{EORY . . o e o o . ..- c . o. e o o e o e e 8 s s e e a o

EXPERIMENTAL 2 o + o & o o o o o « o o « « '« o o o o v o o -

. A .

B.

’ C .

D.

E.

A.

Description of Furnace . . . v v ¢ ¢ ¢ 0 o ¢ & v v w0 o

Optical Arrangement . . . . . . . . e e e e e e

- Spectrograph e e e e e e e e e e e e e “ ..

Procedures . . . . 4 4 e e 4 4ie e e e e 4 e e 4 e s

Temperature Corrections . . . . o « « v v o v 0 o v o o

'CALCULATION OF RESULTS '+ « « & v v v s v v o v v a v o u o

Titanium Monoxide . « v v v ¢ ¢ v v 4 s e e w e e e e

1. Vapor PreSSUTES « v o « o o o o o o o o o o o o o o &

- 10

13
13

18
23
3
k2
.' Lo
L7

. Lo

.
52
57
59
59



. =ive

V. A. 2. The Population Analysis . . .

3. The Band Tntensities . . . .
B. Vanadium Monoxide e e e
1. Vapor Pressufes A

2; The-Pdpulation Analysis < e

'3.l The Band Intensities .. ;

VI. DISCUSSION v v v v v v o o o v v v .

APPENDIX A. Rotational Line Locations of (0,0) Band

a~System and VO'Greenfsystem

APPENDIX B. Computer Program Listings . .

ACKNOWLEDGEMENTS « + « « o o & o o o« o a

¢

REFERENCES » + » o o v ee oo o e e e s

62

7

&

85

11k

120

126

138
139



- Table

11

I1T

IV

VI

VII
VIII

X

XT

XII

XIIT

XTIV

L -V-

 LIST OF TABLES

Observed and estimated eleétronic energy levels of ScF,

CTHO A ZXO . e e e e e e e e e e e e e e e

Molecular states of TiO from the combination of the

‘neutral atomic terms . . . . ¢ . 4 . e e e e e e o . .

Molecular states of Tiovfrom the cOmbinétign of the
divﬁleht afomic ﬁerms’. . .:. ...'. .. . ,.. e e e« .
Molecular states of VO:from the combinéﬁion of the
neutral atomic ErmS . . . . . . 4 e e e o v ..

Molecular states of VO froﬁ»the combination of the

divalent atomic Lerms . « v « « « 4 4 0 v 4 40 e . o .

Absolute oscillator strengths of TiO o and ¥ systems

_(Pfice, Sulzman ahd-Pennér, 1971; shock tube) o« o e .

Relaﬁiﬁe.osciliétor streﬁgths of Tib'a-systém.. e e ..
Relative intensities of TiO é—system ; ;'; .. ; e e e
Relative intensities of TiO ®-system . . . . . .

Relative intensifies of TiO ¢-system.., .f. e e e e e

Relative oscillator strengths of VO green-system .7.v. B

Partial vapor'pressures,bf TiO, TiO- and Ti obtained from

experimental results . . ¢ . ¢ ¢ ¢ ¢ 0 e e e 0 e e .

~ Free energy function of titanium oxides (solid) . . . . .

Free energy function of titanium oxides (liquid) . . . .

Free energy function of titanium oxides (gas)'. c e

Page

17
19

27
28
30
31
3
33

60
63

6L



-vi-

XVI Calculated_#apor pressures of Ti,_Tib,.and TiOg S e 66
XVII Partition functions of TiO . . ; X
XVIIT - Population analyéis bf Tio vapdr over Ti01;6 iiquid phase . T2
XX - Summafy of the results (Tio first ordér_photogfaphic

EXPOSUTE '« & e o o o ¢ o o o o o o o o o 0o 0 o 0 v . C.. T8
XX : Summary of the resulﬁs (Ti0 second order phdtégraphic |
| exposure . . . ... . ; e e e e e e e e e e e e e e e 9
XXI Vcalculdted»free ehergy function and vapof pressure of VO.‘." 83
XXII' Partition functions of VO . . . . . . . . L:- C e e .. 8L
XXIII - Population analysis of VO vapor over VO solid and liquid

phases L Ce e e e e e e e e ... 86
XXIV 1:’Sﬁmmary of the results (VO.first order bhdtogfaphic

CEXDPOSUTE) & v o o o o o o o 0 o o ae e e e e e e C e e 89



[

Figuref

+ w

-3 [e)NNERN )|

10
11
12
13
14

15-23

-vii-

LIST OF FIGURES

Known transitions of ScF, TiO, and ZrO.and;éstimates'of

" the absolute energy of the electronic states . . . . .

Branches of a “A(a) - “A(a) spectrum . . w « « o v o o . .
Known transitions of thé VO electronic states .

Branches of a *27 - %57 SPECETUN « « v o v v 4 4 v o oe . .

,Interhal view of the King furnace . . . . ; o« s s s v e s

External view of the King furnace . . . « « « o« + « « o .

Wiring diagram of the power supply for the King furnace .

Schematic diagram of apparatus for the King»fufnace

emission experiment . . . . . . 0. 6 0 e e e 0 e

Tﬁe correlation of temperature readings betweenv#l and

 standard optical pyrometers . . . . ¢« . J0 o . @ o
,MTemperature_correctiOn for the transmission.loss of windgw .

'Temperature correction for the emissivity of metal oxides.-

Phase diagram of'tiﬁanium—oxygen system . . . .. . ..

_'interpolated vapor pressure of TiO over Ti0; ¢ Phase . .

Heatvcontent‘and entropy of VO (éolid) e e e e i e e e
Ti0 and VO spectra: - The dashed theoretical profiles are:
shifted vertically upward relative to the solid observed

ONES o o o ¢ o o & ¢ o % o o s s o o o 0o s 0 0 o o o

Page

5
. 12
.1
.22
.43
.v L5
. L6
. 48
. 53

25 -
; 56
.: 61
. 67

81

. . 90-113



1>

16

17

18

19

~viii~

710 spectrum, plate’I-30-3, first order spectrographic
exposure, gas température: 2152°K. The broken iine
‘the tungsten wall is 2022°K

exposure, gas temperature: 2237°K. The broken line

indicates the intensity of 4.778% transmission of the

the tungsten wall is 2096°K " . .

tungsten wall radiation. The brightheSs'temperature of

the tungsten wall is 2172°K .

Tio0 spéctrum, plate II-22-1, second order sPectrographic
exposure, gas temperature: 2292°K. The broken line
indicates the intensity of 50.5% trénsmissidnﬂof the

ﬁungsten wall radiation. The brightness température of

the tungsten wall is 2145°K .

TiO spectrum, plate II-25-1, second order spectrographic

exposure, gas temperature:'2328°K. The broken line

exposure, gas temperature: 2323°K. Thé brbkeh line

- indicates the intensity of 4.596% tranémiséioh of the

'tungsten'wall radiation. The brighthe?s“ﬁemperature of

TiO spectrum, plate I-26-2, first order spectrographic

tungsten wall radiation. The brightness temperature of

TiO spectrum, plate I-3h-3,'firét_Qrder'spéctrographic_

.

indicates the intensity of 50.5% transmission of the"

tungsten wallvradiation. The brightness temperature: of

‘the tungsten wall is 2176°K .

- indicates the_intensity of 13.686% transmission of the -

=
. 92
. 94
. %
. 100

.\;/..



»

20

2l

22

23

—ix-

Tio spectrum, plate II-20-1, secdnd order spectrographic

_exposure, gas temperature: 2406°K. The broken line
indicates the intensity of 50.5% transmission of the

tungsten wall radiation.' The brightneés temperdture-of

~ VO spectrum, plate 15-2, gas temperature: 2055°K. The
~broken line indicates the intensity of 4.883% transmission

_'of the tungsten wall radiation. ,The,brightness temperature

the tungsten wall is 22l K C e e e e e e .. . 104
" VO spectrum, pléte'243; gas téﬁpérature: 19956K. The

broken line'indicatésAthe iniensify of 6.35% transmissionb
“‘df the tungsten wall fadiation. The brightness temperéture

of the.tunéstén wall is 1882°k . . . . . ;;. C. . 108

of the tungsten wall is 1936°K . . . . . . « . .« . « & « .- 110

VO spectrum, plate 19-3, gas temperature: 2130°K.  The

of the_tungsten_Wall 18 2002°K « v v 4 v e e e e e e

‘broken line indicates the intensity of’4,132% transmission -

~of the‘tﬁngstén wall radiation. The brightness ‘temperature

. 112



-X -

- HIGH TEMPERATURE SPECTROSCOPY AND THERMODYNAMICS OF. -
TITANIUM OXIDE AND VANADIUM OXIDE

. Shih-Ger Chang
Inorganic Materials Research Division, Lawrence Berkéley,ﬁabofatory,
~and Department of Chemistry; University of California
‘Berkeley, California 94720

 ABSTRACT

Absolute emission measurements of. (0,0) baﬁdipf‘TiO a-system and
VO green system were made on;photographié plateé. The TiQ_vapofs were
in equilibrium with Ti0O; o liquid phase at 2140 to 2400°K and VO vapors

were in equilibrium WithlVO solid and-liquid phases'at 2000 to 2150°K

in an eléctric.furnace. The integrated radiance of the band were deter-

mined by‘matéhing the observed profiles with the'profiies determined.
theoretically. | |

The radiance ﬁeasurements and equiiibrium“paftial vapor pressures
of Tid and‘VQ from mass spectroscopy and thermodynamic data yield:

£ = 0.144 for Ti0 .(0,0) band C*A-X’A transition, and £_, = 0.0058 for

VO (0,0) band c*s”-X*L” transition. - These correspond to an upper bound

of radiative lifetime of 2.82 x 107® sec. for v' = 0 C°A state of TiO

and 8.65 x 1077 sec., for v' =0 c*s” state of VO.

-
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I. ENERGY LEVEL DIAGRAMS

A. Titanium Monoxide
1. Discovered and Expected Eiectronic States
‘The electronic spectrum cf Tio has-been extensiveiy studied during
the pest four decades. Eleven band systems‘containing'fiﬁe triplets
and six_singlets have been_observed. HoWever, only six band systems,
three triplets (o, 7, ) and three singlets (B,vﬁ,'¢).heve teen rather
thoroughly-analyzed.

AmongAthe triplet systems, rotational analysis'of (1,0), (0,0) and
(0,1) bands of the a-system in thevblue—green were.carriedgout by |
Chrlsty (1929), and ass1gned to a BHc; S transition. |

Vlbrational analysis of Y—system in the red by Lowater (l§29)
snowed that the lower state of the Y-system is the same as the-lowern
state of the a-system as analyzed by Chrlsty. 'From the'fact that tne :
presence of strong Q branches in the bands of the Y-system that
require:ﬁA-; 1, Lowater,concluded that the Y-system wes produced by
an A3Z -'Xzﬂktransition, since he pronosed thet the Ti0 molecule might
resemble the electronic conflguratlon w1th the Ca atom. This implies‘
that O, hav1ng galned two electrons from Ti, resembles as an 1nert Ne
atom, whlle Ti, having lost_twovelectrons, resembles Ca. Rotational
’ anaiysis'cn (1,0); (o, O)tandt(o,l)’bends of the Y-system in.the-red
were. carrled out by Phllllps3 (1951) The fact that the violet, central,
and red sub-bands had the combination dlfference AQFs"(J) DoF2" ()

and AlFl"(J) respectlvely together with the eqpatlons of Budo! su for
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the terms of a 3H“state (i.e., the terms F3(J)-were highest, foildwed
by Fg(J) and Fl(J)) led Phillips to suggest that the upper ‘electronic
state of the T- system must have a greater triplet spllttlng than the
, ground state X I -Therefore,vlt could not be e 3y state which is a
single state for a non-rotating'molecule;' The,transitidh A?A i
'was:then7assiéﬁed, since the presence of a strong'Q branch iﬁ each ef
. the subebands required that A %’tlﬁ

Rotationdl analysis of triplet system of ZrO was carried out by -
Uhler5’(195h). .The a, B and T Systems.were'determiﬁed £0 be due“to
A - 3A»,3H ;;?a and ~& -»3A transitions respeetively. He then'sug-

gesfed;tﬁat”the-blue-green and red band systems‘Of TiOvb& analdgy to
.‘the @ and 1 systems of ZrO were a AN and a 3¢ - A transition '
respectively. _ |
~ . Rotational analysiS'of‘ﬁhev(O,O) band of‘the Y'-system in the :

yeildw-red was'cafried_out‘byiPhillips6 (1969). The lower state wes
shown to be the same as the lower state of the o and Y system by
comparlng comblnatlon dlfferences. From the fact that neither the @
nor the v system show the A—type doubllng which could be expected if
the common-lower state was H, and the ppesence qf strong Q branches,
he assigned the y'-system to a B3H'-AX3A transition: Traﬁsitions
producing the o and v systems were then changed to C°A -'annend
A3¢ - X°A respectiVely. |

Among the singlet systems,:the 20'0) sequence‘bf.thelﬁ-syStem in

the orange reglon was observed by Lowater (1929) From the fact that

each band in the sequence has only one very strong Q head and a weaker-
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R head £ogether with the previouslyrmentioned tﬁeory of the similarity‘
bétween the energy level Scheﬁe of the TiO moiecule and the_Ca:atom,
Lowater assigned the system to a n -’lZ‘trﬁnSition. A rotational
-analysis‘of the (0,0) band was.éerformed by Phi;lips7 (1950)-who con-
cluded that fhévB-éystem ﬁas.due'to 1@ -‘a%A trahsition.: |

The & system lies,in the infrared region. Débronrafin8:(1937)
ﬁade a vibrationalvanalysié of.this_System‘using the results of Wurh
- and Meister9-(l937) and tried to identify the system as‘tiiplet
transition,vjz - éH, with the samé lower state as~the a-system deter-
mined by Christy (1929),.while Wurm:and,Meisterbhad suggestéd that
this system.might‘be associated withtalsinglet transition. A'rota-
| tioﬁal'anaiysis of‘(0,0) band was made by Phillips7 (1950) and the
Systemnwas assigned‘to a m - lAitransition; _

The‘¢ Systeﬁjwas first observed by Wurm and Meister9 (1937){ A
Rotational analysis on (0,0) and (1,0), (é;l) bands weré.performed

by Pettersson et a1.10,11

(1959,1962). Péttersgqh sﬁdwéd fhe-system
tq be due to the ' - *z* transition by comparing the cambination
difference with & system and from the fact that the R branch is
stronger than P Branch that required AA = +1. |

Five other band éystems ﬁere‘observed fecenfly. Fbgr of them in
the_ﬁltfaviolet region were Observéd in a flame spectruﬁ by Pathak
a.n_d_Palmexl'q"2 (1970). They i‘dentified.a..tripl.et—triplet system: -
D-X"A at 3000-3260 ﬁﬁ three singlet-singleﬁ systems: iz - lA at
3286-3545 &, 1= - gt at 3u88-3545 R and one at 3755-3820‘A with

either T or the A as the lower state which was proposed simply from
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ité éppearance. A system in the neai—infrared'regiqn was observed in

a neon métrix by Weltner, Jr. et a,l.13 (l97l)-and assigned ﬁo.an

BT - XBA transition. Detailed rotational study on these new bands,

has nqt yet been reported.\‘: | ' R | E N »
Prediction of TiQ'undiéc6§ered elec§roni¢ énergy le&elsfwas méde ’

by BréWerfand Gréen.lh They compared thé‘eleétroﬁié’spectia of scandium

fiuoridez‘titanium.oxide and_zirconium oxide. ‘Thése mbiecules aré iso-

electronié in valencé electrons. Hencé fheir molecular Qrbitals afév

'comparabie'énd the trend of electronic energy levels should show

‘“,1 simiiarity. Figure 1 and Table T reprpduée_theif compilation and pre-

| dictions. 'In view of the t:end'of_enérgy51evéisftqggthé;_withltheé :
arguments of MO-ligand field theory relationships gi&gﬁ by’Jorgensen;l5
wé would expect the order ofiorbitéls wiﬁh iﬁcréasing energy to.be

so, 45, dr, dd, pr. Hence, for-$cF, Ti0 and ZrO W§ would expect three
moléecular states 3Zi; lZ+, T from the moleculﬁr’ofbitalFQBgvto lie

+

in the infrared region; furthermore, 32', ) R A states from the - |

dng'orbitél and iZ+ state from the d02 orbital to lie somewhere in
the visible or ultraviolet region.. |

Another approaéh to_predictingvthe_undiscovered molecﬁlar states
is_ﬁo consider the states which will arise by the combiﬁation Qf the
constituent atomic states. _Thebground state of titanium:is ZFAfrom
the 3d%4s® configuration.  The lowest excited state is S5F (~0.67 kK) o o
from the 3d”hs configuration followed by 'D («10.73‘kK) from 3d24s2; o |
and “p (~ 0.85 kK) from 3dZhsZ. TébleII lists the states which arise

'_ from the combination of ground state of'oxygen (3P from the 2s22p*
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TABLE I

" Observed and estimated electronic energy levels

“of ScF, ‘Ti0 and”ZrO,"invcm"ll x 1077

. »'Mélééuiar ofbitdl
.. configuration

 Molecular

state

ScF.

3 Tiov —

Zr0

n

- 80

sO ‘ as -
50 . dx

. dd - damn

so do
dad - do
so prt

ac - pr

0.0

10.7

15.3

18.3
19

20.3

1
6.1 .

21.9

ok

ook
26.8

27;2"

31

32

2.8

0.0
0.6

11.9

C1h.1
16.2

8.4

19

137

19.3
22

22

25

25
29
30
33

0.0
1.0
5.0

11

16.7

- 18.7

20

21 -

1k
16

22.5
ok, 3

.25

27.

27 .

31
32
35

34.9

"y
o
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TABLE IT

Molecular states of TiO from the combination

of the neutral atomic terms .

) Ti - | 0 Molecular staﬁés of fib Multiplicities'
state stgte :
e P ne@, a3, 1), T, e L5
SF T, v¢(2)’, A(3),.H(‘_3),v if, 2"(3’) 3, 5,7
lﬁ P9, A(2), 1(3), ,Z'(e_.), i | 3
3p P A,'n(e), =7, ey 1; 3,5
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configuraﬁion)'with the low-ljing stafes of Ti.: As expected “ﬁhere is
a tremendous number of states from Just cons1der1ng the. comblnatlon of
a few low lylng exc1ted states.' Because for a transltlon metal the
open shell d electrons glves rise to atomlc states of hlgh angular
"momentum, coupllng of these momenta to those of the P states of oxygen
would give a large number of molecular states. It is apparent that
» this approacn givesviistle usefui infofmation.about'fhe low-lying'
moleculsr states of TiO. -
.Brewer-end.Rosenmlattl6.celculeted the electronic partition
functions of a gaseous diatomic oxides of a transition elements by
using the'low-lying eleotronic states of the doubly charged gaseous
ion as celcnlated_from the energy levels’listeq by Moore.:'l'7 In tne
theoretieal eelculation of heat of'formaﬁion of meta; monoxide,
_howeVer,vBmewerband Masficle‘shomeq that a M'O™ model is more reasonable
than MZ*0?". Prediction of lov-lying molecular states of TiO based on |
Ti* with 0" (®P) would be still very complicated. - Table TIT lists the
stetes_arising from the combination of the ground’statetoffog':(}s)
with aﬁfew low;iying states of Ti2+. They are 3d2 °p (gfound state),”

3d%

'D (~8.5 kK), 3¢ P (~10.6 kK), 3@ 'S (~14.0 kK),'3d2 o
(~14.4 kK), 3d4s 7D (~38.2 kK), and 3dks D (.é i+1."-7 KK). Tt is
obvious that the trend of energy levels predicted in this table
coincide xery well With those obtained>from'experiments‘and'from the
molecular orbital estimation as shown in Table II..

;
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TABLE IIT

Molecular statesbf TiO from”the'combination

of the divalent atomic terms

Eii* : SE' ‘Molecular state of TiO | Multiplicities
..state s ate»» . o . -

g 1 e a0, . B 3

D i's.‘ o, T, st 1

’p s fﬁ, = 3

ls | s =t 1

'lG g »P; &, A, I, = 1

3p is A, T, }:* 3

'p 's a, 1, =F 1
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Permitted Rotational Transitions in the Hund Coupllng Case (a) of

A - A Transition

There are three different angular momenta in a molecule; electron

spin, electronic orbital and nuclear rotatlon._ In case (a) the resultant

electronlc angular momentum ) along the 1nternuclear axis, and the nuclear

rotation angular momentum N»form the total angular momentum J.

19,20

That means that @ is the component of J. Hence, J cannot be smaller

than itsvcomponent'Q;' Therefore for a given Q;we have

J o= O, w1, %2, ...

By -considering theiquantumlnumbers_and'the symmetry properties of

the energy levels, thevfollowing selection rules can be derived for

case (a) A - “A transition.

negligibly small foi not too large J values in A states.

i) The component of the spin along the internuclear axis does not
alter, A% = 0. Therefore there are only'threeVSub-bands:"

3

3 3 3 3 3
A - TA, ‘AQ - TA, and T4y - Az‘

1) For electric dipole radiation,.theitotal angular momentum
quentun‘number must satisfy the rule AJ = 0, il; fherefore.if we
disregard A-tyne doubling, each subfband hes‘e'P, a Q and an R
breneh, hence each band has.three heads, but here the Q Braneh-is
weak and 1ts 1nten31ty decreases rapidly with increasing. J, s1nce'

IAA O. 19 If we take account.of_the A-type doubling, each llne

vsplits into two components. However the A-type splitting is

el,22
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iii) Positive terms combine only with negative, and vice versa.

e - +‘<-7/—'>+, .._<--7t—>»;
According to these rules , permitted rotational tr_a.nsitions of

A - ZfA system were drawn in Fig. 2.
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B. Vanadium Monoxide

1. Discovered and Expected Electronic States

The_electronic-spectrum of VO has been studied less than that of
Tio. Only'four systems have been observed. They are in the violet,
green-yellow;'red-infrared and infrared regions-(Fig. 3).  The green- ’

yellow and red-infrared band systems are better understood. ‘Complete

, analysis ofrthem, however, has still not been carried.out.

Vlbratlonal analy31s of: VO in the green yellow reglon was first

undertaken by Mecke 23 (1927) and then by Fergusson (1932).

rotational structure analysis of,the'bands,(o,l), (0,0) and (1,0) was

'carried'outvby.Mahanties (1935). His analysisfrevealed that each band

consisted of two R two P as well as short, strong Q branches. Because

of thls and the fact that none of these branches showed any A- type

doubllng, Mahanti ass1gned this system to 2A - 2A transition. The
rotatlonal analys1s was relnvestlgated and extended to (2 O), (l 0),

(o 0), (o 1) and (o, 2) bands by Lagerqv1st and Selln (1957) - The

‘absence of the Q-branch and the A-type spllttlng and analogy to the

p

transitions of NbO and TaO molecules (determined by Unler” in 1954),

'molecules isoelectronic to VO in -valence electrons; led_Lagerqvist
and:Selin to conclude that the green system was produced by an A - 2A

~transition.

By taking the ligand-field and MO theories into consideration,
Jorg_ens.en15 (1964).pointed out as arbitrary the assigning the ground

state of VO as “A which corresponds to" low spin 53ior 026,- He Suggestedv
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that eit'hef *% or 25 arising from the 0% orbital was also pdssib_le
to be the grouhd state of VO. The ab initio calculations of VO by -
Carlson and Mbser27b(l966)‘Showed1£hat‘fhe‘grouhd'stafe of VO is ‘=7,
- In addi#ion to the fduf brénchés, twd R and fwo P, analyzed by
Lageerisﬁ and Séiin; Richard aﬁd Barrow28’29;k1968) found four more
bfoad 1ine'brahches, two more R and two'mQre'P, in thé green é&stem}

Rotational analysis of bands wéie pefformed. The energyvlevelsvweré

found to bé determined by,anvintegral'quanfum nﬁmber K rather than half

integral J, so that the transition of the greensystem was reassigned

to “Z7 (case b) - *z” (case b). The ESR spéctrum'of VO isolated in

argon matrix was_ihvestigated by Kasaiso (1968). From his work, the

. electronic ground state waS'further'proved to be‘a342‘étate;

Vibrational analysis of the system in the red”région was carried
out by Kéenan and Schroeder3l (1952). Thé'vibrational constants for
the lower levels of this systém are almost equal to those of the lower

level of the green-yellow systém, This indicated that both systems

_were due to the same lower level. Keenan and Schroeder suggested that

the . red System might ihvolve quartet terms because of thgvgreater
campléxiﬁy of the bands. Rotatiénal analysis in parts of (l,O)vand
(0,0) bands were done by Richards and Barrow28_(1968). Lower 'state
combination-differences were found to Be in.exéeiléﬁt-agréement with

those observed in the green bands. The upper state energy levels were

determined by a half integral quantum number J. The system was cqn-'

cluded to bé a “I - X*T” transition.
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 Some 1nfrared bands were observed by Lagerqvist and Selin3 (1957).
The high 1ntens1ty of the system led them to suggest that the trans1tion
might be to the groUndistate._»

'None.of the_molecules'which are isoelectroaic:in valenee electrons
.WithAVO"have been Qell studied so far. Therefore,lit would be very

difficult to estimate.accurately the trend of energy levels of the

electronic states of VO as it had been done for TiO by Brewer and Green.l¥

Howevertthe low—iying electronic states of VO may be'predicted‘fram the
combination of the low—lying V(I) with O(I)‘and better yet from the
combihatiqn of V=¥ with 0%° atemic'states. | |

The electronic_ground state of oxygen atom is ~P and’the lowest
exeited states are lD'(~1i5.9 kK) aﬁd.ls («;33.8‘kK).'.They‘both‘eome

from the 2s22p* configuration. The lowest state of the vanadium atom

is a 3d°4s® *F term followed by 3d"‘hs ep (~ ~0.2 kK), 3d*ks *D (~o. 85 KkK),

and 3d31+s2 4P ( ~ 0,95 kK) Table IV lists the states which arise from
the combinatlon of ground state 0. w1th the low- lying states of V.

There are thirty six molecular states arising from ground-state atoms
alone. .There are, furthermore, many electronlc molecular states
arisiné from low-lyingvexcitedvatomic states.7 It_is difficult to
predict the trend of energy levels for these’ﬁoiecﬁlar states_since
molecules in lew-lying molecﬁlar.states may dissociate to excited atoms.

In general, the weaith-of molecular electronic states suggests the

possibility of perturbatieh, predissociatien‘ahd,many allowed electronic

transitions.
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- TABLE IV

Molecular staﬁés of VO from the combination

_of”the neutral atomic terms-

state state -Molecu;ar state of VO Multiplicities
4 3. ‘ - by o
F P F: ¢(2):‘A(3): H(,3)J z ’ Z (2) 2: _)"': 6
P 4 42), 1(3), 2(2), I 4, 6, 8
“p. P e, 4(R), (3), (), TT 2, k4,6
-l 3

P 2, I(2), z‘,.z*(e)' | 1 - e;vu;'é
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- As has been discussedvby Breﬁer7and Rosenblatt,l6 we may combine
the low—lying’V2+ and ng'afpmic‘States to-prgdict the_low-lying
molecular electfohic,states of VO. . This method hés be¢nvvery useful
" for Tio (coﬁpare‘Table I ahd IIT). The lowest staté of ng.is a

5

3d P term followed by 3d> 2P (~1.13 kK), 3d> *P (~ 1.16 kK), 3d° 2
(~1.20 kK), 33> 2D (~1.63 kK), 38> %H (~1.69 kK), 3a%Us *F (~bh.h2 KK)
- and 3d%Ls °F (‘~u.95 kK). Table V lists the prédictea‘vo molecular |
states'which»afiSe from the combination‘of.these'low-iying states of
1 v2* with the ground state of 0" which is a 2s°2p°® 'S term.
2. Perﬁitted'Rotational Transitions in the Hund Coupling Case (b)
of *27 - *2” Transition L
For’a'éif terﬁ, the electronic orbital angﬁlar momentum A'= O.°
That means- that there is‘no magnetic field in the direction of'the"
internucleér axis{ s§ that thevspin véct§f S iévnoﬁ coupled to the intér—
nuclear‘éXis. Théreforé Q is'hot défined.ahd conSequently nb splitﬁihg '
océurs as long és thevmdlecuies do nbt'rotate, Thé”anéular momentum of
nuclear'rotation; N, is thereforeiideﬁtical withvthe quanfum_number K;
the totél aggular momenfum apart from‘spin. K can.have all integrai
valueé_frcm 0 up. The_angulé: moméhth-and S fhen'form e resultant J
which genérally represents the t§tai angular*moméntﬁm inéluding sp;p.

The possible values of J for a given K are given by'“
J = (K#8), (K#S-1), (K#S-2), +-evveeee|K-5]

Since 8 = 3/2 for *L state, each level with a'givén K consists of four
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'TABLE: V

Molecular states of VO from the combination

of the divalent atomic terms

e »Sgi;e‘ :‘Moléqu;ér states:o?:VOF' ."Multipliéitie;
ap l»S s _4, II,Z'

ep ls' I, 5

4p 1g W,z

.'2G’ 1g D, ¢, 4, I, s+

D 's AT, st

%" s H,vP,-é,'A, M, £

P g &, &, T, =

- g o, _4, M, 5
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components eXcéﬁt.for levels with K=$v031 whichiéontain one and three
' cdmponeﬁts resﬁectively.

For a £ state, the parity of the rotatidﬁaliie§el with eveﬁ‘quantum
number'Kvis "négativeﬁ and the parity of the*fotational lévéi with odd
-quantuﬁ nuﬁbér K is "poéiti#e". Because the téﬁalfwavefunctions (in-,
-cluding fotational;'Qibrational and»éléctronic pérté) with evéh K
changes its.éign and the‘wafefuncﬁion ﬁith odd K aoés ﬁot"change'its
sign with respect to a réflection at the origin. |

By'evaluating the transition matrix elements of the eleétric dibole
moment and considering'tﬁe duaﬁtum.nﬁmﬁers and symmetry‘propefties of
the initial and final states, the selection rﬁleé ﬁhat hold for *r” -

*2” transition can be shown to be the following:

i) Positiveiterms can only make transition to negative terms,

and vice versa.'
b > 5; + §%7L€> +, - ?é7Le> - '

ii) Since both;42' states belong to case (b), the quantum number

of the total angular momentum apart from spin, K, is defined.

Therefore 2K = +1 (AK = O is forbidden for £ - £ transition).

iii) The selection rule for the total angular momentum quantum

number AJ = 0, +1, must also be satisfied.

In the satellite branches for which AJ # AK, the intensity falls'
off,very rapidly with increasing K. These satellite branches:always
lie very near to the corresponding main branches with ﬁheisame AK but

having AT = AK. = The intensity of the satellite'branchés is always
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small compared to that of the main»bianchesfas long as cése (b) aPPiies

to both states. Therefore, the-permittedvrbtational transitions of

4o

) MR Y system'éan be drawn, asfin_Fig; 4. 'Thé'trénsiﬁions contain

- eight main branches and ten satellite branches.

However, for the VO x*z” states, as described by Richards and.

28,29

Barrow, - and'Kasai;so because of the nuclear magnetic hyperfine

‘coupling'of.the unpaired -electron spins with the 5V nucleus of spin

I= 7/2,'the total angular momentum is described by quantum number F

rather thén by J, where
F o= J+I, J+I-1,+*++*+ [J-I|.

Thus for each of the four multipiet rotatidnal.leVels_ﬁhere are eight

‘hyperfine components. Tt seems likely that perturbation might take

place amqng these magnetic hyperfine sublevels provided that the Kronig's

selection rules™ for perturbation are satisfied.
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II. INTRODUCTION

The Tib'bands form the most prominentrCharacteristicsIof the:
spectra of the MAtype stars, reaching'their'maximum.intensity at the
MB type. ‘The VO bands are also present in all the spectra of Metype
starts of t&te M7 or later become very strong lnhthe coolest long-
period varlables As the temperature decreases, they increase in |
'strength relatlve to the adJacent T10 bands. The TiO and VO might also
- tlay an important'role‘when,the hypersonic vehicles reentry into the
atmosphere; | |

Relative oscillator strenéths of'bands in the'stectra are needed
_btoiget_the information on the.molecular temperatures, and the absolute
'oscillator strengthsvof the bands are'needed.to.determlne the concen-.
tration of'molecules in the sourcest There are several methods whlch
can be used to determlne the oscillator strength of hlgh temperature
molecules, bBrlefly, these methods can be lelded into two categor1es,33
the methods which‘are independent of the molecularvdensity N,‘and the_
methods‘which do require the‘kn6wledge of N..Forvexperiments of the
‘ first.category, such‘as Direct decay and Phase-shift methods, the v
oscillator strenéths are-obtained by measuring the'radiative lifetime
of excited states. Generally, the rate of dlsappearance of the exc1ted
molecules by emission of llght is con31dered to be the flrst order, and
the radlatlve llfetlme of an ex01ted‘state 1s-def1ned as the tlme re-
dulred for the number .of molecules in the ex01ted state to reach l/e of :

the 1n1tial number ex01ted ;Hence, the_llfetlme is just the inverse of

the decay rate constant.
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34,35,36

:Direct'decay method is the most direct lifetime measurement.
It uses a»short'pulse of radiation'(light or electrons) or a continuous
‘supply of‘excitation3energy and a fast'switch (such as a?Pocket cell,
Kerr cell ‘or thyratron)vso that.decay of the abSOrbed radiation, in
terms. of the fluorescence light 1ntens1ty, can be observed as close in
time as pos51ble to the 1n1t1al exc1tat10n.

Phase shift method37 hl

‘measures the phase shift between'excited

pulses of resonance radlatlon and: the correspondlng fluorescence radlatlon

~ pulses. ,The'shift "Anﬂiis related to tbe lifetime T by tan A¢>=<DT,

where w is the modulation frequency of the exCited_radiation{
For'enperimentS'of'the second category,'tbe'oscillator strength is

usually determlned from absolute 1ntens1ty of emitted or absorbed radi-

- ation. Here, the thermal llght sources such as high- current arcs,

u3’hu'and furnaces of the King.typeh5’h6

shock tube ‘are used.

| In.principle,'methods of the first category Should.give more
accurate resuﬂts,'since'they do,not need the knowledge of vapor'pressures
which are always.uncertain for hlgh.temperature_nolecules. However;
’because of nany technical difficulties invgeneratlng beam of hlgh
temperature molecules, the mixing of fluorescence signal with large y
‘amount of scattered llght due to hlgh tqnperature background the
limited. Aintensity of a resonance exciting light source in the optlcal
excitation method, . the cascadlng contrlbutlon from many high energy
-levels in the electron exc1tat10n method and many other problems, these
first category methods have,not been easy to apply; The‘thermal'llght
- source used in the_second category method employedjin this reSearch was

a furnace of the King type.
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Relative 1ntegrated radiances of bands of the T10 a-system in-
emission were measured by Ph:Llllps)+ (1953), using a King-type furnace
andva photoelectric scanning technlquevto'produce:the band profiles.
Franck-Condon factors of the TiO'Y-s&stem_were'calculated by Fraser,
Jarnar;n‘end I\Ticho].lsh8 (1953), nsing'Morse potentiels"to eveluate the

'overlep integrals of vitrational wave functions. Tawde andehendratreya'.L_}2
t(l955) measured the_vibrational transition probebilities of the TiO
a-system by exciting the TiO in carbon‘arc.in air at atmospheric pressure.
The photographic photometry technique Was used anddthe peak ralues near
the band heads were taken for estimation of intenSities'of bands{ Their
experimentelvresults were then compered to those_calculated'fram
Hutc_hisson'stheory,.u9 Ortenbergso.(l959j calculated the Franck-Condon
fectors of the_d-system of the TiO molecule using‘the Morse‘simplified
potentiai method.sl He then gave the relative transition probebilities
. of the bends by considering the dependence of the electronic trensition
moment.on‘the internucieer separation. ,Prasad52’53 (l962,l963)7elso..
used the Morse'potential method of Fraser and Jarmain to calculate the
Franck-Condon fectors of the TiO d-system. However, nis.results were
 different from that calculated by Ortenberé. Morsepotential Franck-
Condon factors of three s:Lnglet systems, B, & a.nd @ were computed by |
Linton and Nlcholls (1969) The relative 1ntens1t1es of the bands in
all-three-systems were»calculated by only cOnsddering tne populations1,
:and frequency dependence ofﬂthe bands and assumingrthat the electronic
transitlon moments were constant over the systems. vLinton and Nichollsssd

(1970) measured the radiances of the a and B systems of TiO emitted in
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a shock tube hy driving helium into a mixture_containing'TiOZ powder,
argon and oxygen gases. Thebvariation of the electronic transition
moment - of the bands w1th respect to the (0 O) band were determlned by
comparlng thelr 1ntegrated radlances.
The absolute osc1llator strength of TlO molecule has not'heen investi-
gated until recently Prlce, Sulzman ‘and Penneru (1971) measured the
k.absolute radiance of « and Y bands of TiO by comparing the radlance of
avstandard tungsten'lamp to that emitted from the'shock-heated TlO,gas'
v which wasbproduced by reaction betWeen gaseous TiCl4 and Oz in Ar.
Relative v1brat10nal transition probabllltles of the VO green
system were measured by Tawde and Chandratreyal'L (1955) us1ng a carbon
arc and photographlc technlque. Their experlmentalrresults were com-
pared with those calculated from HutchiSSOn's'theory;' Substantial
difference between these results led Tawde and Chandratreya to conclude
that mass asymmetry of the constltuent atoms had to be taken 1nto account
when Hutchlsson s theory was applled to dlatomlc molecules. Franck-
Condon factors for the VO green- System were calculated by Prasad5 (1963)
band Murthy, Setty and Sumathl57 (1963) using Morse potential functlons.
.The absolute oscillator strength of the VO molecule has not been determlned yet.
. The results of the prev1ous work on the relatlve osc1llator
strengths of the TioO d-system_and the VO green system, relatlve
intensities'of the TiO B,vo; and ¢ systemsvand the‘absolute oscillatOr
strengths of,TlO a and vy system are summarized in thebfollowing Tables‘

VI-XT.
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TABLE VI

- Absoluate oscillator strengths of TiO

" a- and Y-system ‘ }
(Price, Sulzmen and Pemner, 1971, shock tube)
. o ‘_Bénd head  Center of wavelength .
vio.v (B) " observed (&) . value
4956.85 . S
1 0 L4955.09 4969 0.051 + 0.011
| 495k.55 - |
o 5169.30 e o |
'@ SYSTEM' - 0 O  5167.36 5183 © 0.030 * 0.0056
o 5166.86 o
5451.32 o I
0 1 5448.86" 5460 o 0.052 *+ 0.0087
514.48,31;_ - : s
: . 6713.9 _ A S
1 0 6680.8 - - 6734 - 0.19 £0.071
| 6651.3 R |
| | 7125.5 a - |
v SYSTEM O O - 7087.7 : 47 0.089 + 0.036
G 705k.3 R |
. | T671.5 | | | B
o 1 7627.7 7689 T 0.17 £ 0.072

7589.1




" Relative oscillator strengths of TiO a-system
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| TABLE VIT

Phillip 1953

Tawde and Chandratreya 1955

v }V" ¥ (i)] ‘King-furnace expt. Hutchisson's theory  Arc expt.
3 0 L8y
b1 4626 0.3333 1.0238
5 2. 4669 0.4667 ' 1.1905
2 0 46l 0.652 " 0.4e22 0.5000 -
3 1 L8ok - 0.829 0.5111 0.5000
y 2 L4848 - 0.757 0.4e22 0.6191
1 0  hosk 0.962 _ 0.8202 0.8810
2 1 5003 0.740 0.4000 0.2381
o 0 5167 1.000 1.0000 .~ 1.0000
1 1 5240  0.162 0.0089 0.1429
2 2 5260 c—— ——
'3 3 5308 0.5556 0.u762
4 4 5339 0.5778 1.071k
0 1 548 0.877 - 0.9778 0.4524
‘1 2 sho7 0.550 0.84kk 0.2619 |
2 3 5546 | | 0.3778 0.571k4
o -2 5758 0.5889 0.3095
1 3 35810 $1.1333 0.8571
2 4 5862 1.22292 0.7857 -
3 5 . 5915~f 1.2000 0.9524 .
0 3 6105 0.1333 . 0.4762
1 4. 6159 ~0.4000 0.5000
2 5 6215 0.59 1.4048"

| (continued on next page)
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TABLE VII continued

, % Ortenburg 1959 Linton and Nicholls 1970%
V‘. .Y (R) (Morse'potential) (Morse potential & shock tube)
3 0. ks8h 0.2287

4 1 k626 - 0.3952
5 2 k669 0.4767
2 0  L761 0.633 0.5245 -
3 1 L8k . 0.649 0.5628
L2 ueu8 0.3832

1 0 hosk ~ 1.063 0.7814
2 1 5003 0.51k4 - 0.4009

0 0 5167 ‘ 1.000 - 1.0000
11 52k

2 2 . 5260
3 3 5308
5 4 5359 o |
0 1 54k8 -~ 0.781 . 0.9658"
1 2 skgr o6 - ' 0.6106
2 3 5546 | ' | |
o 2 5758
1 3 5810
2 4 5862
3.5 5915
0o 3 6105
1 L 6159
. i

6215
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TABLE VIII

~  Relative intensities of TiO B-system

. w - A R head Linton and Nicholls 1969

0.0k45

Voo v () CIv'v" (cale.) Iv'v" (abs.)
: : , (at LOO0°K) (shock tube)

1 0 5326.8  0.071 0.13

2 1 5358.ov 0.098 0.20

3 2 5389.7 0.100 0.19

L3 5422.1 0.091 - 0.16

5 k4 5455.1 0.075 -

6 5 5488.7 0.059

o 0 15597.6 1.000 1.00

1 1 5629.3 0.591 0.57

2 2 . '5661.6 . 0.341 0.47

3 3 5694 .5 0.191 0.28

L I 5728.0 0.103 0.16

5 5 5762.2 0.052 |

6 6 5798.1 0.025

0 1 5932.6 0.062 '

1 2 5965. 4 0.083

2 3 5998.8 0.082

3 b 6032.9 0.072

b 5. 6067.7 0.058

5 6 6103.1 |
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~ TABLE IX

Relative intensities of TiO S-System

w X Rhead  Linton and Nicholls 1969

Y R ~ Iv'v" (at 4000°K) (calc.)

S| 0 8198 0.231

2 1 8269 0.229

3 2. 8341 0.188

L 3 8h1h ©0.135

5. 4 81488 0.089

6 5 8563 0.05k4

0 0 8860 1,000

1 1 8937 0.429

2 2 9015 10.169

3 3 9095 0.058

4 I 917k 0.016

o 1 9729 0.147

1 2 9815 0.166

2 3 9901 0.139

3 y 9989 0.102
b5 10077 0.069

5 6 10168 0

.Oll
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TABLE X

Relative,intensities”of'TiQ.¢fsystem,

' Band'origin

Linton and Nicholls 1969

Vf v (R) - Iv'v" (at 4000°K) (calc.)
2 0. 9198 0.145
3 .1 9299 0.195 .
. 2 9kol 0.171
5 3 950k 0.122°
6 ok 9607 0.075
1 0 10032 -0.507
2 1 10145 - 0.373
3 2 10258 0.190
b 3. 10373 0.076
5 ok 10487 0.023 .
o - 0 11042 ~1.000
1 1 + 11169 ©0.175
2 2 11298 0.009
0 1 12436 0.323
1 2 12582 0.263
2 3 12731 0.153
3 m 12879 0.075
4 5 13027 0.031.
0 2 - 1k212 , 0.042
13 14386 0.063
2 4 14559 0.063
3 5 14734 0.052
L 6 © 14908 0.039 -
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TABLE XI -

Relative oscillator strengths of VO green-system

Tawde ahd Chandretreya 1955

.9091

v. v (g) Hutchisson's theory Arc expt.
P 0 5008 5.0909 0.6571
3 1 5276 0.3636 1.171k
1 o 5469 3.0909 1,171k
2 1 5517 2.3636 0.4857
0 o 5737 1.0000 1.0000
1 1 5786 3.9001 0,171k
- 2 5837 0.0091 . 1.1k429
3 3 5889 ———- -
b 592 1.4546 0.7143
o 1 6086 2.4546 11.0286
1 2 6139 2.9091 '0.4000
0" 2. 6478 6.0909 1.2857
1 3 6531 0.1818 1.4571
2 4 6589 2.3636 | 0.6857
o . . 3 6919 8.9091 1:371k
1 L 6976 0.9091 0.8857
2 5 7035 0.636k 1.1143
o - L Th18 4.3636 0.5714
1 5 T L.sks5 1.7429
0 5 7986 3
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III. THEORY

In the classical electron theory of _disper'sion,58 the oscillator
strength is used to measure the effective number of electrons whose
oscillations give‘rise to a particular transition. For'each single

-rotatlonal line in the transition of a molecule, the oscillator strength
: n v JIMJ n "J"MJ" 1__

‘of emission and absorptlon,'f and f , respectively,

n"v"J"Mz" 'v'J'Mg!

can be expressed as the number per cm” of vibrating dispersion electrons,

Ne1 (derived from the inetnsity‘of the emission or'absorption lines)
divided by the number of the molecules able te emit'or absorb radiation
corresponding te this individual line (derived from the Boltzmann
distribution in the thermalteqnilibrium condition).v Here, primes-refer.
to the upper state and dOubie primee to the'lOwerbstate, Mj is the

magnetic qnantum number, J is the rotatiomal quentnm number, v is the

vibrationei quantum number, and n represents the remainder of_the‘quantum

numbers of the electronic state.
: . o _ o
In the Einstein radiation theory, the mechanism of light absorption

and emission was discussed._59 The probability per second that a molecule

" in an upper'magnetie sublevel, Myr, will spontaneously decay to a lower

magnetic sublevel, Mj", with emission of a quantum'of light,is repre-

1
sented by the coefficient An"v"g"ﬁg"

a molecule 1n a lower magnetlc sublevel w1ll Jump to an upper magnetlc'

H " 1" 1M
sublevel under the actlon of light is represented by B> SN g ﬁq' E,»
J

The probability per second thét

where E, is the radiant photon,flux which is expreSsed in quanta/sec/

mz/unit frequency interval in cm. . The relationship of the'Einstein

s . n'v'J'Myr n"v"J"M"
coefflcrents A o "J"Mj" RVt Mg'

and B te’the-Classicalremission and
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__absorption»oscillator strengths of a rotational line of a molecular

n'viJ'm "y o ... 60,61
} nrans1t10n f 'y HMgn and‘ fn rrge ﬁj: ’ respectlvele .’ - are
ge"SJ'J’u, 'n'V'J'MJ' )»2mc. -gé'sJ'J" _ fl'lf'J'MJ'
27" + 1 n"v"J"M;" T BnBeZ I ¥ 1 An"v"J"MJ"' -
me Be Sgng »n"v"J"MJv" 8¢ Sy n"vHiIM
w2 B3+ 1 Tn'v'J! My! ,= 2J” 1 Tarw Mgt ' _ (l)

v‘where e and m are the charée and mass.ef an electrqn, c is the velocity.
7 of llght in vacuum and X is the wavelength in cm.v ée' ls the electronic
statlstlcal welght of the emlttlng state (equals (2 - 8, \)(ES+l)
(2_- 5o,A) and (2S+1) take 1nto account the A-type,spllttlng and spin
nultipllcity respectiVely). YSJ'J" is the lineisﬁpength;

In ﬁhe wave mechanics, the commonly used intensity parametersuofr
emission can be related‘fq the transition matrii‘element of ﬁhelv

molecule by 20, 62

- | 2 " n'v'JiMy 2

tytTe 4 3 ~ Mrr: | Rangron .
AgrlvlinvMJ' = §_)'_+£__V__ ek iV < MJ ' (2)
n'v'J Mg" 3h o &y . :

: C 2 gty 2 ' ,
n'v' J'MJl 8112mev - MJ' ' Rn"V"J"M‘?j’. , ‘ ' _ : :
fn"v"J"M - - (3)

g 3he - gJ.

_ 'n'v'J'Mtr | Y S n'v'J'M_» R

an"V."J"Mj" dv . ;= E; Nn l-v.lJlMJr . : An"v"J"Mj"‘ : ) o ()4)

| n'v'JtM - R e
“where L. Xt "J"M , dv  is the total radiance-emitted from a magnetic

sublevel of rotatlonal level in the upper state (1n photons/cm /sec/

solid angle/frequency interval in cm), £ is the length of a column of
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h v J'M . is the number of molecules in the

emitting magnetic sub-State/cm , h is Planck's constant (in' erg-sec), v

gaseous molecules (1n cm),

. is theé wave number (in-cm'l) of the spectral line emitted in the transi-
tion and g;, is the rotational statistical weight of the emitting state
(equals 2J'+l, since the angular momentum J' of the molecule can be
oriented in 2J'+1 ways 1n the presence of an external magnetic field)

“n'v J'M 1
z: I R ow. tton ,' is the sum of the squares of transition matrix
nvwv J MJ” . } i
Mye o ' . :

“elements. The summation is to be extended over all magnetic sublevels
involved in the'tranSition. The rotational wave functions in the transi-
tion matrix-can be factored out if the 1nteraction of rotation and
electronic motion is negliglble since the rotational wave functions do

not depend on the 1nternuclear distance r. Hence, the trans1tion matrix

termvcan be written as:

n V'J M 1 2 _ » atv! 2

Z ' R n anMJn I = SJ.,JH , Rn"v"
M._1

J

1 .

: . ig J'Myr 2 : . .
‘Here, S yn = | R_u nl is the rotational line
J J M =_J-| J MJ .
' .

J .
'strength,'commonly called the Honl-London factor:which determines the

relative intensities of the branches within a band. It'representsethat_
part of the trans1tion matrix element -due to overlap of the rotational

t . o
wave functions. The rest of ‘the transition matrix IR "V l is
commonly called the band strength-Sv,vﬁ, The transition moment Rhnvn

can be expressed as:

Rn"v" _ < Wl,*iW ;* 1 MI.W'H.W'n”>i S " (6)
v e’ v .

n v e
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. electronic. wave functions, under the Born-Oppenheimer approximatién

- The squared integrals < wv,*l-wv" : ./ﬁ 1 n_r dr
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Here, the we's are the electronic wave functions, the vas are the

vibrational wave functions and M is the transition moment Z:eivi.
_ ‘ T : : 3

'Separation of the transition moment into two parts, one depending only

on the positions of the nuelei, Mn,'and one depehding only on the

coordinates of the electrons, M_, yields:

Rn"v" _. = < We,* , Wen > < WV'* I Mn , WV” > +. < wvv*l Rn" I "’v"' > (7)
n' *
where Rn”"=3'< We' lMel Weg >

For a ﬁranéitiod between two different electronic states, the first

- term goes to zero due to the orthogonality of the electrdnie wave. func-

LIS

:ticns.,szn is called the electronic trénsitioh moment: Since the

63
are only slightly dependent on the internuclear'distance, the electronic

transition moment is often removed from the second integral and is con-

) ]
sidered to take on an average value,'Rﬁn » thus yielding

nV' 2

— _ _
IR " nl ‘= IREH' <W *le' . . (8)

IR",. B

are the well known Franck-Condon factors which determ;he the relative
strength of ﬁhe bands within a system. " In view of.the foregoing:edh-'
siderations, therefbre,

2

n'V"J'M ' 6&-11’4']/3 an" ,R S f N ' .
An"v”J"MJ" = n SdNd _ . (9) :
J 3h (2J +:D : o . .
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I:].'V'J'M" ) 81{2ch IRnl 2|Rv'|2 S ' . ) . . : |
fn"v"J"Mg" _ . ABgn v ‘ J'J" - . : . (lo)
o 3he®(2J'+1)

In ofder to calculate ﬁhe oécillator'sfrength of an emitting state,
it is neeessary to sﬁm all tne line’strengthsvpf the possible downward
‘transitions allowed by the éeleetion rules.. . Altheugh.tne.line strength
Sy gn is different for a P, Q or R rotational line;.fhe snm of S e gn
vvalues for all rotational lines from a given level tOtalé éJ‘+l (eompareb
to the Burger Dorgelo Ornsteln sum rule for atoms) 6k :Therefore, frcm
Eq. (lO) it is apparent that dlfferent rotational levels belonging to the

same vibrational level of an electronic state have the same magnitude of

osc1llator strength, if the v dependence is neglected VSinee the Franck-

vt 2 h
. IR "| = 1, 1t_is also true
v : T

Condon factor satlsfled the sum rule %;
that the-rotational’levels belonging to anﬁelecthnic.stete have_en
oscillator strength of the:same megnitude provided that the v dependence
is negligible end the Born-Oppenheimer approximation lé valid. |
From Egs. (4), (9) and (lO), the radiance emitted from a magnetic'
sublevel of a rbtational.level in the upper staﬁe can be ekpressed as:

n'v'J' Mj'

n'v'J'MJ' v = 2ne?g\ ¥ Nn'v'J'MJ'. n'"v"J"M" (11)
nHv"J"MJ._” me (2J +l) . .

Hence, the total radiance for a band can be wrltten as:

‘ : 2(2 a )(2S+l)(2J +l)N v . ';
jLn"V" dV = (27[3 ) n V Z ’ J MJ J J

me (2J +l)

me

2 : I
_ [2ne“f\.n'v' V2
= ( )f v ,(2 -8 0, A )(2s+1) LA Ty S;ign (12)

Jl
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The emission oscillator’strength £ or f ,'is assumed to be the
same for all the magnetlc sublevels within the vibrational level in

question. Since all the populatlon terms of N can be expressed

ANE My’

in terms of N ' which is the number of molecules per cm3 in a

v J 'MJ 1
vmagnetic ‘sublevel of the lowest rotatlonal level Jg! E “of the vlbratlonal
level v', Qf the'electronic state, n',

- }
o ~heFy/ kT

Nh'v'J'MJ' Nﬁ'v'Jo'MJov' (13)

FJ| is the rotational énergy of the J'th rotational level relative to

the lowest rotational level Jo'e Substituting Eq.(13) into»(lé), gives
u[Ln v! v ‘_ <2ﬂe2ﬂ)N_ ' fn'v’ .
n o = [ 1 t
me n'v'd,'M :
: 0 "Jg _

D (26 )(2S+1)S., . v e HSFR/ET )y
I 0,A J'Jv

Here the summation term must include all the lines involved in the transi-
tion between the,ﬁpper and the lower rotational leVels.

In this experiment, the quantity measured is the ratio

n'v?
L dv
J‘ nllvﬂ .

JAYDN

Ly
where the radiance of a band is compared to that of a black bOdy in the
same wavelength interval. The absolute radiance of the band -can be

computed, since the absolute radiance of a black body can be calculated

from the Planck equation,



bo-

o 2c 1
—V:X‘L'e'hC/)\.kT_.l.-

Ly

L, is the radiance.emitted by a black’bodyref temperature T(°K) at .
wavelength A (cm), in quanta/sec/cm /SOlld angle/unlt frequency 1nterval
and he/k is the second radiation constant.

The_lifetime of an exeited_state is the recibrocal of the;snm_of
all trensitionbfates which depopulate the'state.65 It ehould'be neted“
that in addition to the first order spontaneous radiatlve decay there
are many other processes which may depopulate the excited state. First-
order decay process such as spontaneous predissociation and‘auto—

‘ionization and second-order decay process such as collisional quenching

and stimulated emission contribute to make the lifetime shorter than it

would be if the spontaneous radiative decay process were'tne'enly.mode
of decay. |

The fbilowing felatienships among the'lifetime, wavelength end
osc1llator strength or Einstein A coeff1c1ent are restrlcted to purely

spontaneous radiative decay. From the deflnltlon of llfetlme.

n'v'J'M; 1 ' ' :
J = . .
_T ] . . Z - . An'V'J'MJ'. (16)
n"v"J"M n"V"J"MJ” .
J

where the sum is over the entire lower level. From Eq.(1) or Egs.(9)

and (10): v _
fn VI, - 2%me An'V’J'MJ'

1 YlJ-HMJ” = é‘;g;g‘ . n"V"J”MJH

n'v J'M

l )4-99 )\, A n anM o a ‘ (17) .
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Substituting Eq. (17) into Eq. (16) gives:

_ o n'va'MJi : ‘
AT M . Z fnnan'nMJ” ' ) .
T J' = 1.4kg9 / B —_— ' (18).
L o L n"v"J"Mjﬁ" 22 Y .

Generaliy, the.émissioﬁ oscillaﬁor strength Canvbe'aSSumed to be equal
- for all the sublevels-éf a vibrational level and7s6 éan the lifetime.
If A represénts ﬁhe avérage wavelength of tﬁe rQ£ational lines iﬁvolved‘v
in each vibronicvtrénsition, then we have the following éxpréssibn for

the lifetime of an excited vibrational level.

’ tapt ’ n'v' | % . .
A A 1.u99/ 2 _(f v> (1)
. . . ) a"v" _—XZ_ .

The summafion is over'all vibrational lévels of the lower electronic

=

‘states. -
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IV. EXPERIMENTAL -

A. Description of Furnace

ThéfKing-type furnace used in this work was identical tp the one
describediby Brewer, Giiles and Jénkiﬁs.66 The furnace consists of a
hollow graphité resisténce heating tube,vwhich is similar to that
described by Hageﬁ.67 The tubes have a_% inéhvbore drilled uniformly
through the léngth of the tube. A 6-inch heating zone in the cenﬁer
of the tube was machined with an oﬁtsidevaiaﬁetef tapered from 0.865
inch at the centér to 0.750 inch at the constrictions which weré located

% inches from either end. The outside diameter of‘fhesé.3i inch end
sections is 0.877 inch. The insidés of the graphite tubes were lined
with 1 mil thick tantélum foil followed by 1 mil thick tungsten‘fdil.‘
TiOi.6_qerO powder was piaced on tﬁe tuﬁgsten foil in the hot zohe
inside the tube to prevent eu#éctic formation_betWeen Ti-Ta,vTi-C, V-Ta, V-C,
or W-C. To.further:define the hot zone, %—inch I.D. %;inch long'buffieé
méde of graphite ﬁere placed étieach.end of thé tapered region. The
buffles were also used to reducé ﬁhe amount of wali radiation rgaching
the spectrograph and minimize diffusion of ﬁhevgéséous species from the
hot zone.. The tube was fitted'snugly intb spiit graphite bushings whichf
~ were in turn fitteé ihto thevcopper electrodes sp'és to gi&e goo&
electrical contact (Fig. 5).  This arrangement perﬁits longitudinal
ﬁhermgl expansioﬁ and contractioniof the graphité_tube withdut destroy-

ing the electrical contact.

1é
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Figure 5

Internal view of the King furnace.
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Quartz windows at either end of the furnace tube make possible tﬁe
focusing of the hot zone on the spectrograph slit from one end, and
the réading of the temperature with a Leads and Northrup optical
pyrometer at the other end. Surrounding the heater tube is a graphite
spool which holds five concentric graphite cylinders as radiation
shields. The spool is insulated from the grounded outer brass drum by
quartz rods that fasten one end of the spool_into the disk cavity in
one of the copper blocks. On the other end, teflon is used to insulate
the inner metal support from the other chambers. The assembly is sur-
rounded by a brass drum so that the entire system may be evacuated.
Water is circulated as a coolant through brass tubing around the brass
drum and the electrodes (Fig. 6). The tube was heated by low voltage
alternating current from a 100 amp., 44O volts, 120-cycle source through
a 200 kVA stepdown transformer with multiple connections providing the
temperature range selection. Fine temperature adjustment was obtained
with a Buck-boost variable transformer. The circuit of the power source

for the King furnace is shown in Fig. 7.
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External view of the King furnace.
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Figure 7

Wiring diagram of the power supply for the King furnace.
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B. Optical Arrangement

The_graphite fube'is an éxtepded source. Thus, in order to thain
ﬁhé ﬁést effective slit illumination of gas emiésioh-and fo prévéﬁt |
the wall light from falling on the slit, a spherical lens I, with focal
lengthvfl equal to ér gréater‘than thévlength.of the furnace was ad-
Justed to focus on the back of the hot zone of the tube énd to divérgé
‘the lightbfroﬁ‘the-tubé. A cardﬁoardrlight stop and aﬁ aperture stop
with.orificé diametéf smﬁller fhan the tube diametér were ﬁéed to
eliﬁinafe the black body_radiéfion aﬁd the scattering light_coming from
the tube. A Véftiéal'cylindrical leﬁs Lz with focal length f> was used
to image the gasnemissibn lightvon the_slit and'té'fill the whole
grating'hor?zontaliy with emission-light. vThe focal lengths of the
ienéésﬁrequired £o fill thevnumeriCéi aperture of the gréting are’
f1 o= 16.7jcm and £z = 6.67 cm (Fig. 8).
| The measurement.of'abSdlute intensity Of_emission requires con-
sideraﬁidn of.the efféct of the geometry of.thetKing-furnace tube on
the inﬁénsitquf light arriving ét the_siit, It.is nedessary'to compare
" the intehéity frcﬁ fhe gas_in'the'ﬁﬁbe to that_of_the reféfenée black
vbédy light from the wall of the tube. The detailed calculation and
experiments;were performéd by Ha.gen;67 The iesults show that the
difference in geometry betwéen the ?eference source and the gas . did
not affeétvthe measurements within.fheflimits of erf§r of the experi-

mental data.
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\p King furnace

 3-M grating spectrograph”

- XBL 7112-2306
. Figure 8

VSéhematic diagram of apparatus for King furnace emission experiment, top view, drawn

approx1mately to scale with 25 to 1 reductlon along optlcal ax1s T, graphite tube;

L,, 23- cm spherlcal focal-length lens; F, neutral dens1ty fllter C, cardboard llght

stop, Lo, 6-cm focal- length cyllndrlcal lens, S, 15u~ 25p sllt P, photographlc_plate,
G, 6 x 14 cm grating with 6, 000 lines per cm. '
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C. :Spectrograph -

A 3;m'cdncave grating spectrograph with Eégle mount was used. Just
like most of the bther kihds of mountings of thé concave grating, the‘
Fagle mounting follows the principle; originally described by Rowland in
1883, that the slit and the plate lie on a circle, called thé Rowland circle,
to which»thergrating is tangent. :Thé diameter of the‘circle has ﬁhe |
‘fadius of curvaturevof thévgrating blank; The élit_and piate holder are
mounted closé together on one end of a rigid bar;Iand oh:the other end
of the bar.thevconcave gratingvis mounted (Fig. 8). The plate holder is
pivoted around the center of gravity of the plate holder, so'thét fhe
angle of incidence will change slightly for different se"vttin'g‘s.. The
grating is mounted on a tuintable which slides in aCcurate Ways in the
_”direétioﬁ of the slit. It.is necessary to rotatéﬂthé grating'aréund its
vertical axis, and at_the:same time tovm0ve it'along the.rigid bar in
order to adjust for different ranges of spectfum. The disbefsion én the
plaﬁé is variable for the Eagle type mounting, it increases tbwafd‘
longer wavelgngths; further, it changes from one sefting to.anothér,_
increasing toward longer wavelengths.b The 325 inch grating has 15;000
lines per inch and the'reciprocal liheér dispersion is aboﬁt 5:5 ) pef
mm in the first order énd about 2.75 A‘per mm in ﬁhe secbnd_order at
around 5,000 A. A slit opening of 0.015 to 0.025’mm was used. The
.instruméntal broédening was abpﬁt 0.60 & in the first orqéf‘and abbﬁﬁ“

0.35 & in the second order.
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D. Procedures

TiOvpowder was'prepared_by mixinéaproper.amounts of titanium powder -
(m3N) from ALFA Inorganic, Ventron Corp; Beverly, Massachusetts, with
purlfled tltanlum dlox1de powder from Allied Chemlcal Co., Morrlston,
New Jersey. VO powder was prepared by m1x1ng proper amounts of vanadium
powder (99, 5%) with vanadlum dlox1de powder (99+%), both from Research
Organlc/Inorganlc Chemlcal Corp s Sun Valley, Californla. |

The T10 6 powder or VO powder was placed on the tungsten f01l

w1th1n the hot zone inside the graphlte tube. The system was evacuated

to around 150 u which was read on a Hastlng thermocouple gauge. Argon

inert gas was added to the furnace through a valve to the atmosphere'v

pressure and the system>was evacuated again. The procedure was repeated

several times to dlspel atmospherlc oxygen from the inside of the tube. .

Flnally the argon gas at~about 15 cm Hg‘was 1ntroduced rn and remalned
.inside'thewfurnace;.AThe éas pressure was.measured on a.manometer. The

tube was heated to around 500- 800 K for a couple of mlnutes to out.gas
A the‘system. The system was then evacuated after turnlng off the heatlng . -
power. " Before taking the s;ectra; argon gasvat a pressure of l5 cm Hg ' }
wa.s again introduced into the furnace,.and powervwaS'turned on and :

adjusted until the desired temperature was reached. The inert gas in . . ' ~
the tube reduced the rate of dlffus1on of the TiO or VO molecules out
the ends of the tube and effects»a suff1c1ent number of collls1ons w1th'
the TiO or VO molecules to establish thermal eguillbrium withvthe walls.
It also prevents the excitation of the species.under study brought aboutv

by substantial acceleration of free electrons due to the‘potential dif-

ference across the graphite tube.
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A temperature of about 2, 060°C'was‘obtainedehen there.was a

potential drop of 12 to 1k volts along the graphite resistance heating
‘tube w1th a current of approxlmately l OOO amperes.‘The temperature was
" read on the. brlghtest part 1ns1de the hot zone (1 e., metal ox1de),
fon the tungsten wall and on the graphite buffle 1ns1de the tube.

The gas emission and then the radiation from the wall of the tube
passing through the calibrated Corning neutral density filters were o
focused for same length of time on the slit of the 3-mlconcave-grat1ng
spectrograph. _The 1mages of the slit_were then formed on' the photo-
graphic platest tTo'relate plate-darkening to intensitx,‘alcalibrated-

"step'ueakner from'Jarrell-Ash'Company uas mountedvon the spectrograph
"_Eb'eh'ind the plate just before “the exposure to the wall radiation. }_ }?iates
" Were developed in Kodak D;lg‘developer for L minutes.;»Duringtdevelop-
ment the plates were lightly brushed w1th cotton to mlnimlze the Eberhard
| effect The plates were then rinsed for 30 sec and placed in Kodak rapid
fixer for 5 min. The temperature of the solutlons was approx1mately
©20°C. The plates were then rinsed for 30 min in running water Plates
'"were removed and dried for at least 24 hours at room temperature before
' scanning. | |

" “The characteristicvcurve for the spectrOgram‘was fbd into the
Jarrell-Ash.Direct-Intensity Microphotometer'through the'éh dial knobst
A computer code converted photographic densities intofrelatire'inten-

sities. _ - e i
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" E. Temperature Corrections

ETow‘opticai pyrometers were usedpin this wgrk.l The“#lfpyrometer
with Leede and Northrup serial no. 749235 was used for all the experi;
mental measurements;' The #e Pyrometer with Leeds and Northrup serlal
no. 15325h7 which had been callbrated by the U. s. Natlonal Bureau of
Standards in Washlngton, D.C. was used as a standard_to calibrate the

'readings taken ty #l pyrometer; The correlation of temperature readings
from #1 tothose from #2 is shown in Fig. 9. The_#e pyrometer was

' standardized on the basis of the International'Practical Temperature
Scale l9h8 (IPTS;h8). Itsaeeale correction amounted to +8°C whentthe_
pyrometer reads 1750°C and +18°C when it reads 25h0°c according to the

. NBS corrections. The IPTS-68 was adopted in 1968 as a replacement for

the IPTS u8 68 69

The IPrsS-68 scale extends the temperature range
downward (from approx1mately 90° K in the IPTS-48 to approx1mately 14°K
in the IPTS-68). The IPTS-68 scale is also closer to the thermodynamlc
temperature scale. Hence, the temperatures measured, ‘based on IPTS- 48,
- must be converted to IPTS-68 scale before us;ng thermodynamlc functlons

to calculate the vapor pressures of the species under study. Differences

between the IPTS-68 and IPrS-48 at a few temperatures are the following:

Teg (°K): 273.16 298.15 1000 1500 - 2000 3000

Tea-Tug (°x):'vo.ooop -0.0085 +O.46k 4170 +2.65 451

In addition to these permeter scale.andrtemperature,scale cor-

rections, the temperatures read through the'WindoW:Qf the King furnace
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The correlation of temperature readings between #1 and standard optical pyrometer..
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'werefcdrreéted_for»trahsﬁiséiun lbssés’éccording tu Wien;s law: =
1/T1 - l/Tg - K, where K is a transmissiou constant which was deter-
mined experimentally to be 0’666 + Q. 003 X 107*% (Flg. 10) This
accounts for a dlfference of 25 K at about 2 OOO K.

- The em1ss1v1ty correctlon must .also be made for the substanue on
which the.temperature was measured. The emlss1v1ty of metal-ox1des is

_closer than that of the tungsten wall to the black body z}adiaj:ion.
Héhce, thé'températurevtakén'by viewing metal oxide is'closer totthe
true temperature. However, the TiOl.6‘and the»VO still did nqt-act as

_perfectvtlackébody radiators even.in a long narrow cylinder.. To test
how it auproachéd a‘black body radiator, the metal oxidé gud a piece of
7rC were placed inside the hot zone of the'graphite tube. Both the’
temperatures of metal'oxidevand the ZrC Weré read and compared‘(Fig. 11).
Since the emissivity of ZrC‘wasvreported to be 0.96,79' the temperéturé
of ZrC could be taken as the temperature of a black body radlator w1th-
out introducing substantlal error in a long narrow cyllnder, _mean-
while, the temperature during the experlments stayed below 2,500°K.

“The temperatures of the metal:oxides can thus bét¢orrelatedvto the true

temperatures.
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V. CALCULATION OF RESULTS

Equation (lh)iwas useddto;calculate'the‘absolute oscillator
strengths_of.TiO and VO bands. The total absolute:amount of‘radiation
emitted in tne_bands,,integrated over all.wavelengths, ,{lh;v; dv, was
obtained;experimentally ny-comparing the area under‘the gas emission
profile to that under the profile’of black. body radiation over the same
wavelength lnterval, The measured emittedpradiance, however, was not
directly proportional to the concentration of the nolecules in the upper
state since the emitted-light could be'reabsorbed by molecules ln the
'leWer state before leaving the gas; BreWer, Hick and Krikorian7l had
shown that the measured radiance could-be corrected for-self-absorption.

Computer programs were written to calculate the summation term

t

2% SJ,Jﬁ ve e ~heFg /kT , which is summed over each 1nd1v1dual _ )
rotational line of the (0,0) band"of-the TiO d-system and the (0,0)
band ofvthe VO.green system{ The programs whicn also plotted the
theoretical emission profilevof the bands in A - 3A and %% - 4%
tran51t10n are listed in Appendlx B.

In these experiments the emlss1on spectra of gaseous TiO were taken
over llquld phase of TiOl 6 ~and the emission spectra of gaseous Vo
were taken over the solid and liquid phases of VO.' The vapor pressure
"~ of TiO and VO over solid phases at certaln tamperatures were'measured
by mas_s spectroscopy.'- | |

The vapor pressure of VO over the»VO solid and liquid phases can

be calculated by using the free energy functions or heat contents and
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molal enﬁrobies,v The vapof preSsure ¢f T;Q.o?er Tioi.é»liquid phase ,
c;n be‘éalculated by ﬁsing fhe free energy fﬁnctions‘céupled with the
titanium-oxygen phase diagraﬁ'ﬁo extrapblate thosé éxpepiﬁental values
of .vapor pressu'ré kndw’h for the sblid-pha'se tvcvi* the 1iqﬁid’ph;'s,e of
deéired»temperaturéé. |

, The;numbef densities of TiO and Vb mdiecﬁies‘ihfthe'sfate
Nn;v'J;MJ'

and taking statistical distribution law' into consideratioh;

, can then be computed from these calcuiated_vapor pressures
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A.  Titanium Monoxide
1) Vapor Preséurés

‘The partial vapor pressures of TlO over TiO, T1203, T1305 and

-T14O7 SOlld phases’ have been extens1vely studled by Johnston et al., 72

Berkowitz et al.,73 and Gllles et a.l.,rﬂL using the mass spect?ometer
_rto’ghaiyze the,vapors‘éffusing'ffom'a Knudéén ceil.b‘Some of their
experimehtal resﬁlts are listed ianable XII..iTheir';esﬁlts oan‘be
used td;estimatevthe TiO'vapof pfeSsure over TiOy 6fliquid phasé.v The
phase dlagram of the tltanlum-oxygen system was 1nvest1gated by Wahlbeck

and Gllles.75

A portlon of the phase dlagram taken from Gllles work '
is shown in Flg 12. The diagram shows only_that part qf the:dlagram
IW1th‘O/T1'rang1ng from 1.0 to 2.0. | |

The solid phases arélin equilibrium.ﬁith iiéﬁidvph55eé at A, B
~and C shown iﬁ_Fig. 12. These three points-correépond to thé/melting
~ points of compositions Ti01, pgs Ti0) s and Ti°1;71 at 1993°K, 2120°K
and'2050°K,respectively; The change of.free enérgy in going from solid
to liquid“?hases is zero at thesebpointé\siﬁce tho'free energy of a
-cdmpound in solid phase equals that in_liquidvphaée at its mélﬁing
point. | b

EXtrapolafion'uSing'any two of these threeApointsoto'the‘liquid
'bhasenwbuld givé ﬁs thé TiO'vapor pressuresaovéf Tiolb6.liquid phase.
The\vépof;pressureé_used inothe.follOWing f;valué calculations are
.bgsed on the extrapblation of B anavC pbints. . Point A was aiso used

to chéck the results.
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TABLE XII |

?artial Vapor:Préssures_of Ti0, TiO2 and Ti

Obtaihed from Experimental Results = E

Vapor pressure

o , (atm) :
Composition . — Reference
o Prio  Frioe - fm

metal-rich B : . o N
Tiz03(s) phase 10729 10’8'25 10'6ﬂ° Berkowitz, Chupka,
(Tiz0s + TiO phases) o . Ingram

at 2000°K " . ' '

~ congruent ) > : §
Ti205(s) phase 107+ 1077 ]10"7'O

at 2000°K '

mefal-rich '7 _‘- - ; o : . _' bii_
Tis0s(s) phase . o o Hampson, Gilles
(TizOs + TizOs 1007 10773 19788 pig

phases) : MS-3(K)

at 2000°K S

congruentv ‘ ‘ , - _ |
T130e(s) phase : 10-7;30 | 10-7-03 lOflO.lE Hampson, Gllle$-
at 2000°K | . E - Tie b
oxygen-rich _
TizOs(s) phase '-8,é1 _7.76 o ;
(Ti30s + Tis0- , :10,., : _10 .. . B vHampson, Gllles

phases)

at 1891°K
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The free energy functions of Tiy05 (i.e., Ti0 5) for both solid
:and'liquid phases are aVailablé from JANAF table;76 However data ére
also needed for Ti0) pg and TiOy 41. Table XITI glives free energy
function per gram-atam of Ti°1.67"T191.71 and]TiOe'in solid:phase.
Table XIV shows the free energy function per'grameatém bf TiO;?TiOi-29,
TlOle ap@.T101.67, 1101.71, l¥02 in liquid phase5 ‘These va;ue§ were |
calculated by using the free enefgy function of Tio; TiQOé, Ti‘305 and TiO2
. in solid as well as liquid phaées provided from JANAF table. Molal
entropies of Ti, Ti0 and TiOp in gas phase at several experimental
tempe?atures are listed in Table XV. They are alsg~takén'from'JANAF'
table.

The vapor pfesSures of TiO, TiO2 and Ti at different temperatures

can then be calculated from the equation AFg° = -RT InK, and by

assuming that ACP = 0 over a small range of temperature variation, so

P : AF° - NHC . [ OF, - AH]
o o T2 298) Ty 298
AFTQ N AFT1 T2< T . > T%< - I

The results of the calculation are shown in Table XVI. The vapor

that

pressure of Tib over Ti°1‘6 phaée can be estimated at the desired
température by interpolation of_these data. The result of_thése

interpolation are:shown iﬁ Fig. 13.

2) The Population Analysis

The number densities of TiO at J' = l;‘V’v='Ovlevels of the_CzA1

state were computed first by calculating the number densities of TiO




-63-

. TABLE XIII

Free Energy Function of Titanium Oxides (solid)

( -(F° - H§98)/T in cal deg™' gram-atom™1)

| Tempefétﬁre Ti°1.667 “ TiOl.?lh’ ; : TiO,
(°K) (Ti=0s) - .
. : JANAF , v o JANAF
1891 © 10.410 1 10.258 9.332

205 10,845 ~10.688 9.736




 Free Energy Function of Titanium Oxidési(liquid)

o ( -(F° - HEéB)/T in cal deg™' gram-atom™)

-6k~

TABLE XIV

Temp. S Ti0 'Tioi.292 Tiol;5» 'vTiol.6é7‘"7Tiol.7iu'i_ Ti0,
(°x) | (Ti203)  (Tiz0s)
" JANAF JANAF JANAF JANAF

1993 15.512  13.730 12.460

2050 | 12.347  12.308 . 12.073

2120 | 12.856 |

21k1 f16;901 1k.201  12.919 12.608 1é3565' ‘ 1é,3oe
2152 16.036  14.235  12.952 12.639 - 12.595 12.329

2184 _16.139'v 14.33%  13.048 12.729 . 12.684 12.&08

2193  16.168" »_1u.362;' 13:075 12.754 12.708 12.430

2037 16.305  14.493  13.203  12.874  12.826  12.5%

2292 | 16.474 14.657- 13.363 '13.022 12.972 : 12.668
2314 16.541 14,721 13.425  ;3.080' 13.030'57 12.72&

2323 . 16.567  1h.747  13.450 13!10& ' ‘13'053‘., 12.7%0
2328 16.582  1h.761 13.464 .13.117, 13.065 1éf752 -

2&66‘ 16 ;813 14.984 . 13.681 13.319 13 264 12.932




s
' TABLE XV

Free Energy Function of Titanium Oxides (gas) *
(F° - Hg° ) 5 1 deg-l -1y,
( -(F H298)/T in cal deg™ mole™" )

Temperatﬁre " | y Ti(g) | \ TiO(g) | Tiog(g)
(°K) - - JANAF - JANAF. JANAF
1891 N ' 48. 440 64.515 69.056

1993 48.676 ;6u,9o$ o 69.672'
2000 C 18.6% . 64.935 69.71k
e 48.804 - 65.120 70.00k4
2120 | | | 48.958 . '65.375 . 70.406
ki | - ug.ooh | 65.450 . 70.523
| 0152 © ko027 65.489 : 70.585-
- 218&  49.09%6 65.603 “, 7o.76h1’
2193 o 'u9.116 65.635  " 70.814
p0i0 - o 49.152  65.694  T0.907 -
2237 - | 49.208 65.787  TL.O052
2292 h9.323 . 65.976  TL.3M
231 o 49,368 | 66.01;9_“- 7L
2323 o 49.387 66.079 71512
2328;" - o 49.397 66.09%6 - 71.538

2uo6 | - ‘u9.555 “ - 66.353 ' 71.9&3‘

% The data of this table are interpolated from those listed in JANAF.

.3
[



TABLE XVI

Calculated vapor pressuresfofiTi, TiO and TiOz *

Ti=03 congruent .
(Ti0

(M0 a0) g (Tiol.B)liq..‘; - 1.715)1iq
Temp. By, PPL0z By Frig VIPTidé‘ ' 1PTi' »Piio Prios Bpy
(°K)  (x10°)  (x10%)  (x10°) (x10%)  (x107) (x107)  (x107) (x107)  (x10°)
el 675 3.3 5.38 0 235 187 7.3 2.3k .7k 3.24
2152 . T.64 3;83 6.07 .68 2,12 8.u6 266  8.81 | 3.70
2184 10.9 5.45 - 8.64 | 3.88 _3.08 - 12.3 . 3.88 1.9 '5;38
2193 12.0 ~ 6.0 9.50 k30 3.2 136 | Coh3h B | 6{03
2210 1.k 7.18 ;11.u-' © 5,20 kb 16.5 529 175 T.35
2237 19.6 10. -'7:15.6 : »7;4u’~ ©5.91 23.6 . '7,26 23.8 - _1bgf_]
2292 33;0 - 16.5 .-'26.2 o 12.6 10. 39.8 '13;1 | u3;h - 182
2314 40.8  20.h4 2.4 . 15.7 12.5' 149.8 166 54.8 N 23.0
2323 u4.5 - 22.3 - 35.3 | 17.4. 13.8 shg  18.2 ‘ﬁ_6Q.2’ 25,2
2328 - 46.6 © 23.4 37.0 | 18.1  1k.b _57,u’ o 9.2 634 26.6

2406 9h.6 - k7.5 75.3 38k 30.5 P2l 43.6 138. 57.8

* All pressures in atm.

. 799
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at -J" =_l,'§" = 0 levels of the ground electronic'stéte'x3éi using,the
extrapéléted vapor,pressure ahd then byvconsidering the Bol%zmann dis-
tribution law. The energy differenée between’theseﬁﬁwo 1evels waé
taken f}qm_that given by Chr;sty.l | |
Rotational_partitidn,function, Qr?»is calcuiatéd from the' equation:

1n Qr' = .-Iny - 1lno + % +‘%6 oo (20)

where the dimensionless quantity is definéd asfy =-E§% ,'B ;s the:
rotational constant and o, the symmétfy numwber, is 1 for the unsym-»A
metrical TiO. | | ‘ |

is calculated from the

equation:

v 1-e
' hv  hew Sam W . o : e
where u = — = — = 1.4387 = , @ is the frequency of the vibration .
‘ KT~ kT (T he frequency of the vibratlon,
in units of reciprocal centimeters. The discussion of these equations

can be found in the text of thermodynamics by:Pitzer'and Brewer.77v_

The contribution to the free energy function of TiO‘due to the
electronic part Was calculated from the electronic levels of TiO given
by Brewer and Rosenblatt. 6 The electronic partition function, Qel

can be calculated from the equation:

F° - H°\ . . : , : N
'( T"‘.> = RInQ, - e
el v . _

The calculated partition functions QT, Qﬁib and Qélyare summarized in

Table XVII.
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TABLE XVII

‘Partition Functions of Ti0

Tem}()gg.ture | Q’rot x 10 o '_Qvib | : Qel |

: 21&1'; - | 2.775. | 2.033 .. 8.31
2152 - - o 0.785 me.o&; B 8.39 -
2184 a5 : §.062 1 . a0
’:2193, . a.8m0 - 2.070 | 841
: eeib_ . 2.85h 2083 B2

'_2237 ' S 2.90 : 2,101 . 8.h2

o292 .27 . 23 8us

¢2314v - '2.995 2.151 1 8.146
233 L 3.005 2,160 8y
_.2328_; _Y S 3;015_ L2.162 .'1, - 8.4

2406 - 3120 2217 8.53
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Fraction df.population in’a-spécific rotatioﬁal'level can be cal-
culated by using the equation:

(2-8, (28 +.1)(2J R

Q1 Yib Yot i

q = (e3)
wherei(e - SO’A)(QS+1) takes into‘account thé.degegergéy of the eleé-
tronic state, (2 - SO;A).accéuhts-for‘thé spin multiplicity, and (2J+1)
‘accounts for the rotational degeneraéy.. Thevdesired.quantity is ﬁhe
nuﬁber density_of only one 6fgthe magnetic‘sublevels of.the,idwest rota-
tionalilevel of the state in using Eq.(1k4) ésAﬁentioned:previously.

Both states of.thebd system of TiO trénsition beioﬁg'to 3A;~ The energy
diagram 6f the %A‘f A transition was shown in’Fig. 2. The lowest»rota;
tional level is the J" =1, v' = 0 of ?Al substate. The rotational |
level of BAE and :AB substates begin with J = 2 za,nd‘_J"= 3 respecti&ely;
Therefore Eq.(23) is reduéed to the followingvfbrmvfor thevcélcu;atioﬁ
of fractional popﬁlation.of oﬁe of thé magnetic Sﬁblevéls of J" = 1,
v'=0 level“of the XjAl state. (Here; the subleQeLSjwith magnetic

quantum number M; and -Mj are considered as two different levels.)

Aq"'= l -
L Qél Q\/ib Q'ro‘t.

(24)

Fraction population Of'TiO of one of the magnetic'sublevéls-of the
J' =1, v' = 0 level of the C3Aﬁ state; q'; can bé‘caléuiated by the
following equation: | '

. hcAE/kT o
qQ q" e'° / (25)
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where AE is the energy difference in cm~' between J" = 1, v' =0 of

the XA, state and J' = 1,-v' = O of the C’A, state.

The tqtal'huﬁbér density, n, in molecﬁles/cmé_can be obtained from
the equation n = P/RT,‘where P is the.vapor pfessﬁre in mm Hg ana R is
the gas cénstant, équal'to'lo.h x 1072° Cm?-m@Hg/mdleculeé-deg.

, The.vapor.préssure_offTid ovgr,Tin.6 phasérintérpolatedifrom the

vapor pressures over TiO, . and TiO phases is: used to calculate the

1.5 1.71

total number density, the number density of one magnetic sublevel of

I

J' =1, v' 0 level Qf the CzAl state and of one magnetic sublevel of

i

J" =1, v" = 0 level of the X°A, state. These results are given in

Table XVIII.

- 3) The Band Intensities

To obtain the total-amounf of radiétion emittedrin a.band;‘inté¥
grated over all wavelengths; caie must be taken to‘éxclude the contri-
bution. of radiation dﬁe_to the impurity lines. One musttaléovconsider
the'fact.tﬁat tﬁe bands’of-alsystem might fall into:closé.éequencés,.
so the "tails" of the band might be blended with the following bands
of the sequences. » \ -

.In_the case of (0,0).band of thé a-system of‘TiQ,vthe‘rotﬁtional
constants are knbwn. Thé'tfue locatioh of'each ihdividuéijrotational

linerwas.determined experimentally by Christy'aﬁd.later improved upon

by Phillips. o Hence the intensity profile of this band without

‘blending with any otherfspectralffeaturé,can_be'éomputed according to

the following equation:



TABLE XVIII

| Population analysis of TiO vapor over Tiol'6:liquid phase

True

Total =~

temperature number density

Fraction of -
population of one
magnetic sublevel

 Number density

of one magnetic
sublevel of

Fraction of .
_.population of one

magnetic sublevel

. Number density

of one magnetic
sublevel of

o . Cof J"=1,v"=0,X"A - J"=1,v"=0,X"A of J'=1,v'=0,C°A J'=1,v'=0,C°A
(°K) (molecu}es{cm3) S o (molecgles/cm3) L (moleCu}es/cm3)-
(x10712 (x10%) (x1077) (x1011) (x1072)
o1kl | 2.765 2,117 5.856 4.1h5 1.423
2152 3f12ﬁ 2,098 | ”.6.553 o 5,496 1.717
218h“ u.48h 2.044 9.163 6.469 2.901
2193 14,998 - 2.022 . 10.106 6. 7uk 3.370
2210 5;952 1;990' 11.843 , 7.302,‘ 4347
:-.2237 | -_ 8;33of;‘ 1‘:;1L9u8.' ' 1_16.?39.;~, | ’}8,320 ;:_‘ 16,929
2292 : W9 1;865 »* " 26;h7of "'1;516.725,- BRI 15;?i9
231k 17.69 1.835 32,1452 11.834 20.935
2323 19.19 1.820 34,927 10,086 23.586 —
2328 20,09 1.812 36.412 '12:538 25.178
vhé.za 1.695 71.576 '17.291 72.996

2L06

fBL-
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g 4. _<B'J'(J'+1)hC/KT - |
I, OC Vv SJ,J"-e | (. ync/ o (26)

where vkisfthe wave numher, Bﬂ is the'rotational constant; and Iém‘is
the_intensity of an emisSion‘line. The a-system of‘TiO is produced by
‘the C3A‘f X3A‘transition.: Both the,electronic states are good examples
of Hunu case (a) type coupling.' For sueh a transition the following

79

equatlon derlved theoretlcally by H8nl and London can be used for the

llne strength

sF _l (J' + 1+ Q)3 +1-Q')
ERC A RGNS _

@ (0 s 1@F | o |

SJ T Jy(}t 1 l) D | o R (27)

J J! '

' The'parameter Q in these equations‘takes the velues 1, 2 and 3

3Aj _»BAL’ A Aé and 63 AB subbands respectlvely

for the
'1s obv1ous from the equatlons that for all but the smallest values of
J, the 1ntens1t1es of llnes of the Q-branch must be very low relatlve
to the intensities of llnes of the R- and P-branches. Hence one, can
ilgnore the Q—branch in the computatlon of the 1ntens1ty proflle, w1th-
”'out maklng any detectable error. o
The proflle of" spectral llnes must be known before the theoretlcal
bend proflle can be drawn.f A detalled quantltatlve descrlptlon of the
ispectral llne proflles.requlres con81deratlon of various llne-broadenlng

' mechanlsms65 which 1nclude the ‘natural llne broadenlng, Doppler broad-

ening, pressure broadening and the 1nstrumental broadenlng.
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The natural line width arises from the Uncertainty-Principle. -Each

of the two_energy levels between which a transition occﬁrs, is not
indefinitely sharp but has-a finite width of AE; and AE,. Therline _
shape'duébto the natural line broadening is_Iofentéién..'Thé half-width
(in em™) of a tranéifioﬁ‘line is'made ﬁp by fhe term widths,of'the'
~two levels: | |
AVN - o8 v, = _2%_5<'JT;1+%2> o : NG

The Doppler line width comes from the thermél:ﬁotion-ofvthe
moleculés (atoms) of a gas. The effect of its own tﬁermal'motion
broadené_the lines statistically. The form of the:liﬁé shape is
Gaussian. >The half-width (in em™t) of a‘tfanéiti¢n liﬁé is:

Av. =

5 (29)

2/51?1_?5'?\/'@'
- C oVvM
The-preSSure_bfdadening is often called the:coliisioﬁ broadéning.
Tﬁe essential cauée,bf_line broadeniﬁg lies in the intefaction of long-
range van der Waals‘foice:bgtween theAradiating'ﬁoleculés (atomé), in
the:initial and final states involved in thé‘radiation»process, and.av
colliding.molecule (atom). The long;fange van der_Wéais fofce commonlyv
inéludes four f&pes of forces: i) eléctrostafic férées (such as théée
between electric dipoles), ii) induction forces (such as thosé»between
a polariéable nbnpolaf molecule and an electrié dipble); iii)-disﬁeré
sion forces (such as those between nonpolar:molééules) and iv) fesonance

forces (exchange of excitation energy between'molécules of the same
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kind). The interaction causes a. perturbation on the molecule. The
energy lever of the molecule are, therefore;'shifted; The line shape
due to the collision broadening is Lorentzian. The half-width (in cm'l)

of a transition line is:

. : . N 1 o
: 2 2 (L o 1\[2 '
ANP = X o. N [EHRT (Ml + Eﬁ)}, ' o coe (30)

- Ma and Mz are the molecular welghts of the collldlng molecules, G? is

. the - effectlve cross-<section and N’ls the number of the forelgn ges
molecules per~cm . |

The 1nstrumental broadenlng is due to astlgmatlsm of the concave
%gratlng The astlgmatlc broadenlng can be calculated from the relatlon
given by SawyerBO and'by Beu.tler.81 It can also be measured experl-
, mentally The atomlc Ar and Ti llnes were tested for the 3-m gratlng
-Aspectrograph. The optlcal arrangement was identical to that used for
_this research.' The lines were broadened to a width cf l'to 2 cm;%.
'~Krikorian8?’meesured the atomic line profile 5f"2f on.the.3-m;greting
using an interferometric technique. He'found that‘theiatomic line was
Doppler;shapéd (i;e. Gaussian). | | |

The' Ti0 or VO' vapor with lS cm Hg of Ar gas.wes at ebout ESqdéK
during the experiment. If the radiative lifetime of the excited state
is 107% sec, the natural line brcade'ning: " vy = ‘5.x"l(l"4 e, The

. Doppler :line broadenlng (due to the thermal motlon) =9 x 10°2 em™?.

| AVD
The pressure line broadenlng for 15 cm Hg Ar gas: AVP = 3 k 10‘2 em™t.

" The instrumental llne broadenlng: .AWI =1cm %.. Apperently, the instru-
mental broedening is the'méin_féctor thét determines thevline half-width,

The profile of each rotational line can be assumed to be a Gaussian:
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2Vln 2 -u(ln 2)(v vo)g/(Aw)E

g(V—Vo) | | m——-

9.22352. e-2.77309§Vfr0)2/(Av)2> ()

Here, the center of the line ‘is located at Vo (in_cmfl) and the line
half—width is Av.

The resultant band profile can'be obtained‘by:summing oyer.the
individual line prcfile, using Eq.(é6). A computer program; PROTIO,
was written for thisvpurpose. The program is listed in Appendix B. |

The computed theoretical profiles are fitted into the observed
profiles ‘Some of the results are shown as samples on Figs 15, 16 and
17 for the first order and on Figs. 18 19 and 20 for. the second order
spectrogrephic exposures(pp. 90-107). _The_dashed_lines-in these figures indi-
cate‘the theoretical prqfilesvwhich'have been shifted vertically upward
relative.to'the:solid lines which are'tne observed experimental profiles.
The brokenrlines indicate the'reference>intensities due to the.radiation
of'tne tungsten wall. | |

It:can be seen frdm these figures that the theoretical curves
match the exberimental ones nicely. Several Tivatomic lines at S174 R,
5193 R, 5210 R and 5220 & mix in the band."Meanwhiie, the (1,1) band
of the TiO d-System starts to'blend at 5240 R. Hence, only that part
of radiation emitted by those rotational lines from band head at 5167 K
to 5240 ﬁ is considered in the calculation. The radiation due to Ti
'linesv is excluded from the experimental profiles according to the shape

of the theoretical profiles. An OTT-planimeter is used-to integrate
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the areas, and the accuracy ie uithin l%. The absolute radiance due to
.the emission of TiO vapor ean he caiculated by comparing'it.with that
of the tungsten wall radlatlon which, after maklng the em1331v1ty cor-
rectlon, can be. calculated by using the Planck equatlon (Eq. 15).

.The ratlo_of the 1ntegrated areas of the TiO emlss;on profile to
that of the tungSten radiation'profiie, f'L dV/Lv Axk5 the absolute
radlance of the tungsten wall between the frequency 1nterval 5176 R to
SEMO ﬁ LV FAY v the absolute 1ntens1ties of the gas em1ss10n, f L dv

2 -hCFg /KT

and the factor, 2 S calculated by the-computer

J" v

together with N’,# ' MJnfem and fem.values are summarized in Table XIX

(flrst order _photographic exposure) and Table XX (second order photo-

graphlc exposure)



TABLE XIX

Summary (TiO First Order Photographic Exposure)

. True. Brightness - L dv s

o M
Plate temperéture Fﬁﬁp;;ii?re L M —Efgzx—' fLem_dV }E:;g e-hCFJ‘/kT LN em
) (%) (x207*) (explto) (x16'14)" '(xld'la)' . (x107%) -
I-30-é" 2141 2012 © 6.350  0.01475 . 0.937 2,779 2,121 149
1-30-3 - 2152 2022 | 6.829  0.01618 1.105 - 2.788 2,49k Jbs5
| 1-32-3 2148 : 2050 . 8.206  0.01508  1.238 2.816 | 2.767  0.095
I-32-h 2193' 2058 8.625 0.02013 - 1.736 2.823 3.870  0.115
I-26-1 2210 2073 . ,9'525 0.02615 2.h9l . é.838. ’rﬂ.5.5éh"" .127
1-26-2 2237 2096 11.08 . 0.03146 3486 2,860 7.670  0.111
I-3Afé_ 2323 2172 17.50. 0.0k951 8,66uf. S 2.930 18;698  0.079
1-34-3 .23é3 S ‘2172;" $17.50 .0;6&975 ' 8.706 2¢93Q 18.698 .079
I-34-1 2328 2176 - 17.91 .0;05350. 9.582 . 2.93k 20552

.082

~ * The lines includes in the computation of this term were only resolved
~ for ‘the multiplet terms, i.e. (25+1), but were not resolved for the magnetic

" Average of £ . =
- _ em

sublevels due to the A-type doubling. Therefore, .this term must be multiplied '

by (2 - 60 in using Eq.(14) to calculate the fem values.

»

.109

_81-'- o




TABLE XX

Summary (TiQ Second Order.Photographic EXpoéuré)

5.583

-True - 7Brightnéss‘ _ : jzem v s o .
Plate temperature temperature Lo TTA T, av '.2:—% JheFy /kT S NP £

G f1gy (SXPEL) ‘1 S -

a S (x0T (x107%%) . - (x107'%) (x107%)

Ir-e-1 eege 215 . Lhg2  0.11246 1.667 2.9051 3.633  0.239 -
IT-22-2 "231u ‘ . 2164 1.671 o,1223i 2.0&&_ ~2.9228 L.bol 0.210
II-23-2 - 2328 = 2176 1.791._.0.16236 | 2.908 2.9340 6.237 0.248
iI-eu-l 12328f 2176 | 1.791  0.06095 1.091 - 2.9340 _ 2.3ho 0.093 -
II-2h-2 238 2176 1.791  0.08828 1.581 - 2.9340 3.391 ©0.135
II-25-1 2308 2176 1.791 0.10620 1.902 2.93k4 ~koo7s  0.162
IT-20-1 '2406’ N éeuu‘.-_ 2,636  0.21179 2.9952 11.730  0.161

'*'The lines included in the computation of this térm:were thy reéolved
for the multiplet terms, i.e. (2S+1), but were not resolved for the

magnetic sublevels due to the_A-type doubling. Therefore, this term must
be multiplied by (2 -3 A) in'using Eq.(1L) to calculate the fem‘values.

Average of f_ = Q.l78

_ -6Lj‘



B. Vanadium Monoxide

1) VaporfPressures

Nelther the.partlal vapor pressures nor‘the phase dlagrams of
vanadlum -oxygen system have been as extens1vely.stud1ed as those of
titanium-oxygen-system. The meltlng p01nt of VO(s) was determlned to.
be 2075 K by Rostoker and Yamamot083‘us1ng mlcroscoplc and X—ray tech- o
niques. The partlal vapor pressures of VO V and V02 over VO SOlld |
phase were studled by Berkow1tz, Chupka and Ingram.sh‘ It was found that
the partlal vapor pressures of VO over the solid phase changed‘very
slowly when the heating prcceeded at l900°K;"The’eongruent composition
or compos1t10ns of th1s system have not been determlned. Heat contents
and: entroples of VO(s) were reported from 298°K to 1698 K by Orr.85
These data wererused in Contrlbutlon to the Data on Theoretlcal
Metallrugy » Bulletin 58h Bureau of Mines 1960 to extrapolate the
heat contents and entroples to higher temperatures, which were tablulated
at lOO K intervals from Lo0°K to 2000 K. The values for the temperatures
between the. 1nterva1s were 1nterpolated accordlng to these data (Fig. lh)
The free energy functlon can be calculated by u81ng the equat10n°

o - Ho ) . o_' _ Ho ‘ ]
‘ 98 HT 298. .o o .
T T T 1 - (51 - Sage) - Sig

(27)

The free energy function of l}guﬁd phase of VO has not been reported.
However, the free energy'bfﬁliquid_phase of VO can be estimated from

the following equation:
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T T T T T T T T T T
= 9.31 “Veg mole

o .
298.15

e -z o Keal
BH s T103.2 1 /mole

'_28 —

n N
b o

Y
\V)

| I -
ST‘ - 8298.I5 C(.],/de_g mole -

SR |_1.- L
1200 1400 1600 1800 2000 2200
Temperature (°K) -

1 |

o  XBL 7112-2258
Pigurefh :

Heat content and entropy of VO (solid).
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“1iq solid. o

Hp is the heat of fu51on of VO(s) which is taken to be 5 kcal/deg mole.

T, is the melting point of vo(s)

The'free.energy function of VO in ‘gas phase was given’by Brewer

and Rosenblatt.l6 ‘The,vapor pressuresvof VO oﬁer the solid and liquid

phases thus calculated are shown in Table XXI.

2) The Population Analysis

Rotational,vibrational partition functions of the VO X*Z” state
were calculated in exactly the same way as for TiO. EQuatioh 20 was

used to calculate'the ‘rotational partition function Q Eq. 21

ot
was used to calculate the v1bratlonal partition functlon Qv b’ Here,-
the rotatlonal constant B and the frequency of the v1brat10n w are
0.5463 cm "1 and lOll.56‘cm 1 respect1vely. Equatlon 22 was used to
claculafe the electronic partition funcﬁion.' The contribution to the
free energy.functiqn of Vd due to the electronic part was given by
Brewer and'Rosenblatt.l6 The calculated results of these partition
functions ont’ Qvib and Q_,; ‘are eummariaed in Tabie XXITI. |

The fractional populatlon of the k" =0, v' = 0 level of the X*Z”

state of vo, q", and that of the k' = 0, v' = O level of the C*I” state,

q', were calculated by us1ng Eq.(23) and Eq. (25) respectlvely 'Here,

q .l/Qel x Qvib Qo+ Since the A-type doubllng does not occur for

DA

a 2 state and there is only one lowest rotational ie?el instead of four




TABLE XXI

:Calculated free energy functions and vapor pressures of VO -

True

.Fo

=

- Temperature fﬁLlﬁﬁggg —EL:T§22§ | - ;——f:T——§2§‘ fﬁ%gé PVO gas
(°K) VO solid VO gas (atm.)
‘199ﬁ 23.00 67.31 TS, 66.27°  1.59 x 1075
2030 23.23 67.uk W21 65.12 . . 2.70 x iO‘5
2055 23.39 67.53 Lh.1b 64.33  3.89x 1075
" 2075 o 23.50‘ 67.60 Lk.10 63.71 5.18 x 1075 -
2130 23.87 67.81 '1;09 X107

- L43.94

62.07

.
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- TABLE XXII

Partition functions of VO

’fém£252tﬁre,v ; Qr6£4 - QXi? Qel
(°K) v'=6, X' -k z
-f1995 - 2.54 x 107 1.9305 e2.32
2030 2,58 x 10” o Losm 2e.ke
2055 2,60 x 10> . 1.9685 | 22.18
075 ~ 2.63x10°  1.9802 - 22.51
2130 2.70 x 107 . 2.0202  22.65
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on'k = 0, & =0 of the 4Z..s“tate,'as Caﬁ'be'seen from the energy level
diagram of Ithe 4gm L agT transition (Fig_. Ly,

4 .The'tqﬁal number densities and theAnumber densitiésvof the X" = 0,
V" = 0 of the X*z” state of V0 and of the K' - 0 and v' = 0 of the C*z”

state in_ﬁolecules/cmj.are presented in Table XXIII.~':

3) The Band Intensities
The detailed rotational analysis of VO ¢fxT o oxtsT transition_has
not been-cérried out. Two P and two R brancheS‘weie-ahalyzed by

2> and by Lagergvist .and _Selin26 which they thought was due

28,29

~ Mahanti,
to a 2A - 2A transition. Barrow pointed out that the fqur.b‘ra.nche_s
of thisvsysteﬁ analyzed by Légerqvist and Selin werevcorrect. However,
.ih addition to these four branches, four.more.broad,lineé branches, |

two R and twq P, were discovered in this greeh system. The line strength

for the % - 4Z‘tfansition were given by Ra.086 and»dre as follows:

‘S? @"'izgfj;l) ; s§l RRCEICE B
o - g g eogen g
S? : (J—l)(ij-l)(2J+3) . S?,sv.‘:__JL‘ei;(u}ﬁ)eJﬁus)' (31)
| '».S? .2 | <2J£%3£i§+3) | '_ s osRe s (23+1) (2045) | C(32)

J - M(J+2)
19

The-genefalized formulas for the line strength given by Herzberg

were used to calculate the theoretical profile of the (0,0) band green



TABLE XXIII

Population analysis of VO vapor over VO solid and liguid phases

Total

Fraction of

Number density

Fiaction of

Number density

True

Temperature-  number density population on- - on o population on_ ooon

| o _ . K"=0,v"=0,Xx*z K"=0,v"=0,X*% K'=0,v'=0,C*2” K'=0,v'=0,C*Z”

(°K) (molecules/cm”) (molecules/cm?) o (molecules/cm3)
1995 5.824 x 10%* 9.137 x 107° 5.321 x 10° 13.198 x 107 1.863 x 10°
2030 " 9.720 x 10M* 8.852 x 10°° 8.604 x 10° 3.842 x 1071t 3,374 x 10*
2055 - 1.376 x 10%° 8.692 x 10°° 1.196 x 10*° 4.381 x 107 ' 6.028 x 10%.
2075 1.824 x 10*S 8.530 x 107° 1.556 x 10*° 4.837 x 107" 8.823 x 10* b
2130 3.740 x 10%° 8.094 x 107° 3.027 x 10%° 6.265 x 107 2.343 x 10°




system of VO spectrum since the location of the rotational lines of
the completed eight branches were still unavailable. These generalized

~formulas for AA = O transition are:.

P ; (T'+1+A") (J"+1- A ) R »= (J'+A’)(J'-A[l

i R R (33)

Only the four branches determlned by Lagerqv1st and Selln were used

The location of the rotational llnes was ‘taken from their results but
the rest of the lines with rotatlonal quantum numbers K =0 to 13 were
not glven by them. kquation 34 was used to calculate the location of
19 ' '

these lines. Rotational and vibrationel constants determined by

them were also used.

: v 1, 1\ 2 : l 3 sy 1 4) .
Vo= v, +-{we'(v'+s) - 0% (VIHE)T 4 @y _'(v'.+_—2-), -tz T(v'+3) }
o 1 ; Po1ye | N3 . v" 144
{we"(v” ) - w "X "(v! ) + (.0 y "(V" ) 11 el(vll_.*E) }_’_
FU(3') - FU(IM (34)

where F(J). = BJ(J+1) - DJ¥(J+1)%, D = UB>/uf

The method for plotting the'VO band profile is the same as that
used for the TiO proflle. .The'computer program, PROVO, is listed.in
'Appendlx B.‘ The computed theoretlcal proflles were matched to the
observed proflles. Some of these results are shown in Figs. 21, 22 and
v23; The dashed theoretlcal proflles were shlfted vertlcally upward
relative to the solid observed ones. 'They correspond fairly well.

The ratio of the integrated areas of the VO emlss10n proflle to

that of the tungsten radlatlon proflle, fLem dv s the absolute

I, ox
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 radiance of the tungsten wall between the frequency interval 5736 A

to 5822 R, L, A\ ; the absoiute intensities of the gas emission,

' -hCF -
K'KHVZ e K'/kT

computer #ogether w;th Nh'v'&jMJrfem and fem value are summarized

fLem dv and the factor, Z S calculated by the

in Table XXIV.




TABLE XXIV ..

Summary (VO results)

. True

Brightness

- 5.5532

Plate - temperature . temperature L AX J.Lem v \:.fLem av :—g e'hCFK'/kT N'f f
‘ . - (W wall) C Lyo ' 5 o en
(°K) (°K) ‘ -1y (exptl.) ~14 -12 N2
. (x10 °9) (x10 °7) (x1077°) (x10 <)
2-1 1995 1882 1.0901 0.02323 2.5323 1;2998' 2.4520 0.0132
- 2-3 1995 .- 1882 1.0901  0.02L75 '2,698 1.2998 2.6125 . 0.0140
21-3 2030 1914 1.3538 0.01067  Ll.hhhs5 1.3150 1.3825 ©  0.0041
o1-k 2030 1914 - 1.3538  0.01192 - 1.6137 1.3150 1.5445  0.0046
21-5 2030 1914 1.3538  0.01021  1.3822 1.3150 . 1.3229 0,0039
15-1 . 2055 1936 1.5693  0.02167 3,&007" 1.3258 3.2217  0.0054
15-2 - 2055 1936 1.5693  0.02509 3.9374 '1.3285 3,7302 0.0062.
17-2 2075 1953 1.7610  0.01456  2.5640 1.324h 2.4366  0.0028
17-3 2075 1953 1.7610  0.01528 2.6908 1.3244 2.5571 '0,0029'-
17-b 2075 1953 1.7610 0.01403  2.4707 1.324 2.3479  0.0027
19-1 2130 2002 . 2.4019  0.02220  5.3322 © 1.3480 4.9785  0.0021
19-2 2130 2002 2.4019 0.02498 - 6.0000 1.3480 '5.6020  0.0024
19-3 2130 2002 2.4019 0.02379  5.7141 1.3480 5.3351  0.0023
19-4 2130 2002 . 2.4019 0.02498 6.0000 1.3480 5.6020  0.002k -
- 19-5 2130 2002 2.4019 0.02312 1.3480 5.1849° 0.0022 -

. =6g-
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VI. ‘DISCUSSION

The vapor pressure of TiO was‘calculated assuming that the TiO
.vapor wasvin thermoeduilibrium with the,Tiol-G condensed phase. How-
ever,ythe composition of the condensed'phase shifts toward the congruent

Th

composition (Ti305 in the solid phase, and between T1305-T1407 in the
llquld phase ), when the heatlng proceeds. The TiO vapor pressure
over the solid phase in'the range frova/Tivz 1.5‘to 1;65,should remain
quite steady.according to'the titanium-oxygen phase diagramv(Fig. 11).
However the uncertainty in vapor pressure over the liquid phase in such.
a compbsition range isvpresent{ The vapor pressure of‘TiO'over the
llquid phase obtained by extrapolatlon of the data of the solid phase
‘beyond the melting p01nt should be accurate at the temperatures of

this experlment whlch are only about 100 to 200 K above the meltlng
point.._The‘adVantage of using Ti°1.6 cOmposition lies in the vapor
pressure calculation'in the previous section. Since the vapor hav1ng
the max1mum proportion of TiO, though not the maximum pressure, arises
"from the solid compos1tlon in the T1203 oxygen-rlch region (T1203 +
Ti305 region); At this composition the vapor pressure of Ti is about
the same_as’that of TiOgrwhich_has_less than ten percent of the vapor
pressure of TiO(g) Above.more metal rich.samples,'Ti(g) becomes
relatively more 1mportant while above more oxygen rich samples- TlOg(g)
becomes relatlvely more 1mportant | Hence, the chosen compos1t10n range

is the most effectlve for generatlng Tio vapor, since it leads to

less Tl(g) and TlOz(g)



-115_

Tho vapor pressures of Vd Wofe_calculated assuming that the
oomfositioniof VO iﬁ oondensed phase chaﬁgeq only slowly when the
heating proceeded so.thgt the'Vapor preSsure‘of VO kept steédy for
a giVeh:température.during the period of expériment.‘ Thisléssumption.
might introduce some unoertainty on the calCulation of the equilibrium

'concontration of VO. | | |

" The possible sourco of error due to the composition change during
the exporimeht méyvbe examined. by doing a,quéntitative analysis on
thé sample residue.88: It was found that the'composition.of.the con-
aensed phase in’the TiO experiment was almost unchanged during the"
period’of experiment. It was difficﬁlt to COlléotoclean‘samples of
' residue for'tﬁe'Vd tést és it is necessaryvtoobreak‘the heating tube .
before thé residue can be sampled out. In doing so, not .only the _
icarbon powdéf but also the tiny tungston and tantaium chipsiwill élways
' contamipate the samplevresidue; Howefer, as reported bj Berkowitz
et al.‘,g)+ fhe uncertainty of VO vapor‘pressure‘detefmination dﬁe ﬁo
the chénge ofocompositionvoh the VO condensed phase.is expected to be
very sméll. This was further proved by the folloWing considerations::

a) The emission rodionces of VO vapor which were taken at the
same temperature but at different time during the_same run did not

.-indicate‘anyvsign of decreasing with time.. |

b)'The oscillator Strengths of VO calculated from the emission
radiances which were taken during the same run, first‘at‘a témperatuie,
of 2075°K (plate 17), ﬁhen at_avhighériﬁeﬁpera£Ure of.2130fK (plate 19),
and finaily at a lower tempefaﬁure of 2030;K (plate 21) did not indicate

the trend of decreasing with time.
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At hlgh temperature, ‘the low- lylng molecular states are appreClably
populated therefore the preClse electronlc locatlon of all the
excited low- lylng molecular states must be known and included in

the calculatlon of the electronlc partltlon functlon. This is
necessary in order to decrease the error when computlng the number
denSlty of molecules in a certaln state. The electronlc partltlon
function of TlO wasvcalculated from the electronic states of TiO
given by_Brewer and'Rosenblatt.16 However; in.addition to the states "
determlned by Brewer and Rosenblatt, it is expected that three more

+

molecular states, 7T, 1T, P from the molecular orbital 462

are low- lylng, perhaps in the lnfrared reglon. 'If the '32_, 1t
ip states are lncluded in the calculation of the - electronlc partl-
tion function, the f value of TiO obtained will be. higher than that
calculated when these three low-lying states are ignored.

The electronic partition function of Vb is calculatedvfrom the

low- lylng electronlc states of the doubly charged gaseous ion
vZ+0®” as calculated from the energy levels llsted by Moore,l7
since'theAlow-lying electronic states of Vo_are not well knownl
This might introducevsome error in the determination of the number
dens1ty of molecules in a speclflc electronlc state because the

locatlon of the low- lylng electronlc states of VO might be somewhat -

different from those of V210 2-,
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At the temperature‘of‘this experiment, it:is believed fhét the
self-absbrption in ﬁhe emitting gases is negligible for the following
réasons: |

&) The ratio of the radiance of the most iﬁténse'feature of the
spectruﬁ (i.e. the radiance of the'bgnd head) to that of a black body
at thebsame témperaturé and wavelength ié within-O.lS for both TiO
and VO. If this fatio is represented.by,R, thén the correction factor,
Q,vgiven for monochromatic self-absorptibn, Q= - % in(lv-aR)'by Brewer,

Hick and Krikorian -

is less than 1.075. Here, Q is a factor when it
is multiplied by the measured radiance, an "ideal" radiance, a quantiﬁy»
which is directly proportional to the concentrétiényof the emittiné
.state, is obtained. This correction on the band'head is clearly nbf.‘
going td-seriously affect the results when tﬁe1total ra@ianee of the |
whole band is'used‘for calcﬁlation; |

b) The ratio of the integrated radiance ofnﬁhe wholé band to that
of a black body at the same temperature and ovef the same wgvelength
interval_is.about 0.03 for TiO and 0.02 for VO. ;ThéSe correspond to
noé more than 3% correction_on the total‘radiancé of a band (compared
-%o the correction'factors calculated for the SWah Band of C2 by Haéen67
and Hick89). | |
B c)-if.self-absorptiOn is appréciable, the observed profiie would
-depart from the fheéreticél profile more on ﬁhe»featuresvwith ﬁére
_ intensenradiance_and less on the féatures with less intenéé’radiahce.
-1However,’sﬁch avphenoﬁenonzis alﬁost'undeﬁectabie.for’bdth TiO ahd VO 

~spectra_(Figs.'lE-l7 and Figs. 19-21).
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Another‘source of error is due to the deterﬁihation of the gas
teﬁperature.‘ Because .of fhe sufficient number of:collisions between
thé gaseous sbecies and the wall inside the graphite tube, the‘syStem
can be conSidgred to be in thermoequilibrium during thé experiment...
~ Hence, the teﬁperature of the gas can be reéarded'#s the'trﬁe tEmperéture
of the hét‘zone which is.dbtained by making the-emissivity corréct;on_on thé-
brightnééé tempe?ature of thé Tiol.6 and the VO condenéed phased; However, the
presénce‘of temperature gradients Withinbthe hot zone of the graphite tube make
the determination complicated.‘ The middle of the tube is somewhat hotter
than the ends near the buffles. A températuré drop of about 4O°K was
observed‘from the_fube center to ﬁhe buffles. at éround 2500°K. The
temperature at the center is used to evaluate the data aﬁd the temperé-
ture on the buffles is taken as the lower bound. TheSevcorrespond>to>a
fem = 0.1hk with 0.205 as the upper bound and'a.,,fém = 0.0058 withi_’
0.0084 as the upper bound for the TiO (0,0) band a-system and the Vo
(0,0) band green system respectively. Thé brightheés'témperature“of.
the.tungsten wall is used as the reference to caiculaté the absolute
integrated'radiance of the gas,emisSion.

It is recalled that only those branches (twovR and two P Branches)
. analyzed by‘Lagérqvist and'Selin‘aré inclﬁded,in the summatibn termfvv
éf Eq.(lh)vfoerO calculation. Howevér, in addition to these lines,

28, 2¢ ' L
»29 claimed that they have found four more broad

Richard and Barrow
line branbhes, two more R and tWo more P. As.Figs,vl9—21 show, not
only the trend but also the fine structure of the bahd in thé observed |

profiles match very well with those of the theoretical profiles which
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also ihciude ohly those branches given'by Lagerqviéﬁiand‘Selin. Thefe_
fore, the lines claimed by Richard and Barrow muéﬁ be uhable_to be
résolved from thosé of Lagerqfist and Selin:by our spectrégraph. If_
that is fhe case, the'results of the'fem value given for VO must Be:
difided by.2,;sincevwe'pnly.consider'half of'the lines_in our célcﬁla-
tion. The £_ should be equalfﬁo 0.0029 for the (0,0) band of the VO
green systém. | - |

The fem_value of TioO presented here is about five times larger
'than'thatEgiven by Penner et a.l.m1L froﬁvtheir shock tﬁbe experiment.
.Iﬁ seems,unlikely that the uncertainty of our temperatuie and cénCenf,
tfation determinatioﬁ of the TiO vépor in the present experiment ﬁbuld
5cc0unt for such a discrepancy. A ﬁéasurement by a.concentration
independent method.wou;d be most_valuable to bin'down théxcause of

this discrepancy. .
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APPENDIX A

Rotational Line Locations of {0,0) Band -

of TiO a-System and VO Green-System
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Pl
0.

19339.39 .

19338,26

19326.92
19335441
19334.07.

19332.45
19330.,77
19328.94

19327.18

19325,10
19323.06

©19320,97

19318,70
19316.40
19313,98
-19311.47

19308,93

19306,22
. 19303442
19300‘62

19297.64

19294.62

19291,47 |

19288.26
19284.92

19281,52

19278.12

19274053
19270,81 -

19267.04

19263,21

19259,27
- 19255.2,

Ti0 (0,0) BAND ALPHA SYSTEM HEAD AT 5166,7 A

Rl

19343.47

19344017
1934503
19345452
19346.15
19346459
19346.74
19347.00
19347425

- 19347.25
19347425 -

19347425

19347.00 -
193467
1934631

19345.83

- 1934529

19344..63

19343.82

19343.00
19342,10

- 19341,07

19339.87

19338.82 -

19337447

19336.02
19334.62
19333.03 .

19331.37
19329,61

19327.76

19325.84
19323,86
19321.70

- P2

O,.

19341.47

19340.17
19338.87
19337.41
19335.99

19334.30 -
19332,55

19330.77

19328.94

19326,94
19324.81
19322,61
19320.34
19317,98
19315,52
19312.94
19310.36

19307.64
1930482
119301.89

19298,90
19295.78

19292,56
. 19289.30 )
- 19285,86

19282.41
19278,.85
19275.21

19271.43

19267,56

119263,68

19259.62
19255449

R2

19345452
19346.31
19340,00
19347 54

-19348,07

19348.48
19348.82
19349.08
19349.12

19349.12

19349.12

19349.08
19348.82

19348.48
19348.07
19347454
19347.00

19346.31

19345,52
19344,,63

19343.69
19342061:

19341.47

19340.17 -

19338.87
19337.41
19335.98
1933443

19332,55
19330.77

19328,92
19326.94
19324.81
19322,61

. P3
O
o

0. B

19329,18

19327.76

19326.13

19324.64

19322.7,

19320.97
19319,12

19317.19

19315.09
19312.91
19310,60
19308.31

19303.40
19300.67
19298.,01
19295,25
19292, 34
19289,30

19286425

19283.05
19279.83
19276.46
19273.03
19269,51
19265.87
19262.17
19258.34

19254447

19250.48

19246036.'

~ R3

0, .
0.

11933741

19337.90
19338,50
19338.87
19339.38

1933967

1933987
19339.87
1933987
19339,87
19339.67

19329.38 -

19338.87

19338,50
19327.90
- 19337.27

19336.47
19235,66
1933467

19333.70

19332.55
19331.37
19230.09
19328.73
19327,18
19325,69
19323.93
19322.26
15320, 34

19318445

19316.40
19314.29
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60

61
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63

66
67
68
69

70

19251,17

19246,92
19242,56
19238,.15
19233,61
1922911

1922447

19219.68
19214,84

119209,87

19204.87

19199.71

19194 445
19189,14
19183,78

19178.27

19172,69

19167,00
19161,22

19155434
19149.40
19143.36

’ 19137.21

19130.98
19124 .65

- 19118,22

19111,67

~19105,09

19098.40
19091,61
19084.73
19077.75

19070,68
19063,55

19056427
19048,88

19319.50
19317.19

© 19314,.82
119312,30

19309.75
19307.09
1930432
19301.47
19298,52
19295,50

1929234
19289,16

19285,84
19282.45
19278,.85

’ 19275023
- 19271.56

19267.77
19263.89

19259.98 .

19255.89
19251.70

19247.46

19243,12

19238,69 -

19234415
19229,51
19224473

19219.97

19215,05

19210,02°
19204088 a

19199.71
1919 445
19189,11
19183, 58

19251.42
19246,98

19242,59 -

19238,15
19233,61
19229, 04,
19224,,24,
19219,37
19214 .44,
19209,.42
19204429
19199,08
19193.77

19188.37

19182,90
19177.33
19171.64
19165,88

19160,03

19154.,08
19148,04

1914191

19135.69
19129,35
19122.94

19116,43
19109,83

19103,13
19096,38

19089.52
119082.55
119075.46

19068,28
19061, 02

- 19053,70
19046425

1932,034
19317.98
19315,52

19312.94

19310.36 .

19307.64
19304.82
19301,89
19298.88
19295.78
19292,57
19289.28

19285.86'

19282.41
19278.85
19275424
19271443
19267,56

19263,.68-
-19259,62
19255.49.
- 19251.24
19246,92

1924254,
19237.97
19233.40
19228,66
19223,87
19218,97
19213.97
19208.88
19203.71
19198.45
19193,07
19187.58

19182,04

192/2,26

19237.97
19233,61

. 19229,11

19224 ,66

119219,97
119215,25

19210445

19205.56

19200.57
19195.47

19190c30' 

19185,02

19179.66

19174..19
19168.66

19163.01

19157.28
19151.46
19145.53
19139, 52
19133.44
19127,22
19120,96
1911452
19108,03

1910149
) 19094082.

19088,07
19081,22
19074 .30

19067,27 -

19060,12
19052.89
194556

19038.15

© 19312,09
19309.75
19307038’

19204.82
19302,25

19299,58
19296.79
19292,92
19290,96 -
©19287.91
19284 47

19281.52
19278.12

- 19274469

19271.21
19267,.56
19263.89
19259.98
19256,12
19252,11

119248,05
'19243686

19229,56
19235,18
19230,69
19226,13
19221.43
19216071
19211,85
19206,90

19201.85 .

19196.70
19191.47
19186.15
19180.69

- 19175.17

- -22T-



19041444
19033,86
19026,22

19010,71
19002,79
18994,,78
18986469

18978449

18970,16

18961.74

18953.31

189%44.71

18936,03

118927,23
- 18918,42

18909,38
18900435

18891,20

18881,94

- 18872,54
18863,16

18853,63

- 18844,.,00

18834,.,22

18824..41

18814,.50
18804 445
1879%432
18784,12

19177.98

19172,28

19166,51 -

1915468
19148.59

19142.43

19136.18
19129,81
19123.36

19116,81
1911017

19103.39
19096,.53
19089.56
19082,57

19060,87
1905345

11904589

19038417
19030,55
190226/,

- 19014477
19006473

18998.62

18990.45
" 18982,04

18973.60

19038,71

19031.06
19023,34
19015.53
19007,.61
18999,.68
18991.65
18983,39
18975.13
18966.74

18958,29

18949.68

- 18941,03
18932,26

18923,40
18914.48
18905 .42
18896,31

18887,08

18877.73
18868,30
18858,80

18849.19

18839.47
18829.70

18819,76 ,

18809.76
18799.68
18789.46
18779.18

19176.37

19170.63
19164..77
19158.83

19146.67

0 19140.43

191324.08
19127.67

19121.06
19114.52

19107,82
19100,99
1909406

15087.05

19079.93
19072.72

- 19065,42
- 19057.99

19050, 54

19042,89
19027.37
19019.50

19011,52

18978.49-
18970.07

19030.58

19023,03
19015,.39
19007.61
18999.68

18991,65

18983,62

18975.44
18967,18 -

18950, 37
18941.83
18933,16
1892/ .42
18915,58
18906,67

18897.63

18888,51

- 18879.,30

18869,95

18860.55
18851.05

18841,40
18831.74
18821.94

18812,03 -

18802.04

- 18791.9%

18781,76

18771.47

19169.54

19163.83
19158,00

19152,10
19146.07
19139.95
19123,72

19127.44

19121,01
19114.52

19107.99
19101.25
1909% +45
19087.56
19080, 55

19073447

19066,26
19059.02
19051.63

19044409

19026,47
19028,86
15021,09

19013,22 |
19005,18
18997.08 -

0.
18980,60
18972,21

18963.74

- -g21-
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VO (N,0) SIGMA*SIGMA TRANSIT ION

. RA

17419.92
©17420.80

17421.58
17422.25

17422.81

17423.27
17423.63

17423.88
17424.,02

17424.06
17423.99
17423.82

17423.54
1 17422.92
17422.23
17421.61
17420.81
"17420.00

17418.95

17417.81
17416.67

17415.35
17413.96°

17412.44
17410.87
17409.08
17407.20
17405.34

T 17403.23°

17401.10

17398.85%

17396.49
17393.99
17391.38
17388.65
17385.87
17382.96
17380.02
17376.92
17373.72
17370.31
17366.26
17363.28

©17360.00

17356.36
173%2.42
173643.43

PA

17416, 64

"17415.34

17413,93

17412.42
- 17410.80
"17406,07

17407.24

"17405.31

17403.27
17401.12

17398.87

17296.51
17394.05

'17394.30

17391.78

-17389.05

17386.30

17383.44

17380.49

T 17377.39

17374412
17370.91
17367.54
1736 4. 05
17360,44
17356.76
17352.93
17349.12
17345,.11
17341.00

17336.76

17332.46

17327.97 -

17323.44
17318.82
17314.10
17309.24
17204.31
17299,21
17294 .04
17288.79
17283.34
17277.R9
17272.24

17266451 .

17260.00
17255.25
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RB

17419.92
17420, 80
17421.58

17422.25
17422.81
17423.27

17423463
17423.88
17624.02
17424, 06
17423.99
17423.82
17423.54

17422.76

17422.02
17421.15
17420.26
17416.41

17418.32
17417.27
17415, 94

17414,61
17413.11

17411.52

17409, 93
17436.09
17406, 23
17404,24
17422.17
17399.97
17397.67
17395.27
17392, 72
17390.09
17337.37
17384.57
17361.61
17378.58
17375.41

17372.13
17368.77
1 17365.31
S 17361.74

17358. 09

. 17354.33

17350.41

PB

17416 .64

17415. 34
17413.93

17412.42

17410. 80
17409.07

17407.24

17405.31

17403.27

17401.12

17398.87.

17396.51
17394.05
17393,99
17391.28
17388.65

17385.87-

17382.96
17380.02
17376.92
17373.72
17370.31
17366.86
173¢3.28
17359.62

117355.95

17352.04
17348.10
17344 .06
17339, 85
17335,67
17331.27
17326.78
17322.20
17317.50
17312.75

- 17307.87

17302.81

"17297.793

17292.58
17287.23
17281.83

17376.29
17270.70-

17265.09
17259.23
17253.26
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49
50

51

52
53
54
55
56
57
£8
59
60
61
62
63

64
65

65
&7
6£8
69
70
71
72
73

T4

75
76

77 -

17344434

17340.16

- 17335.94

17331.61
17327.10
17322.45
17317.82
17312.97
17308.14
17203.10
17298.00
17292.80
17287.48

17282.11

17276.54
17270.92

" 17265.09

17259.23
17253.26
17247.27
17241.09
17234. 84

17228.54
17222.10

17215.00
17208.94

17202.29

17195.52
17188.65
17181.72

17249.15

17243.03
17241.00
17230.47
17224.04
17217.54
17210.90
17204.19
17197.37
17190.46

17i83,38

17176.33
17169410
17161.70
17154.23

17146468

17139.03
17131.28
17123.40
17115.51
17107.39
17091.05
17082.66
17074.21

17085.77

17057.07
17048.33
17039.57
17030.69
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17342.33
17338,11

17333.83

17329.41
17324. 88
17320.21
17315.52

17310.72

17305.75
17300.69
17295, 52
17290.25
17284,93

17279.43

17272.90

17268.23
17262445
17256.54

17250.23
17244.46

17238.21

17231. 9%
17225.58
17219.13
17212.€6
17206436

17200.31
17191. 29
17184,.48

17177123

17247.27
17241.09
17234.84
17228.41
17221.93
17215.00
17208.70
17201.94

©17195.09
17188.06

17181.01
17173.90
1716645

17159.16
17151.63

17244 .05
- 17136432

17128.56
17120.61
17112.71
17104.57
170964646
17088.10
17079.70
17071.19
17062.63

17054 .08
- 17045.69

17037.55
17026.41
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APPENDIX B

Computer Program Listings

(CpC 6600)
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21l¢
12
14

10

81
82

83
b4

-85
86

817

35
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PROGRAM PROTIO(INPUT,CLTPUT) '
THIS PROGRAM USES THE ACTUAL EXPERINMENTAL LOCATIONS OF THE
ROTATICNAL LINES TC CALCULATE AND PLOT THE INTEGRATED INTENSITY

PROFILE OF A BAND BY ASSUMING GAUSSIAN LINE SHAPE FCR EVERY

ROTATIONAL LINE AND ALSC SUMS THE LINE STRENGTH TIMEC BCOLTZMAN
FACTCR AND WAVENUMBER SGUARE CF THE LINES IN A BANC FCR A GIVEN
TEMPERATURE AND RELATIVE ABUNCANCE

THE PROGRAM IS WRITTEN FOR THE TRIPLET CELTA- TRIPLET CELTA
TITANIUM MCNOXIDE TRANSITICN . HERE, CNLY P AND R BRANCHES ARE
CONSIDERED. THE PROGRAM CAN BE EASILY PCEIFIED FOR CTHER TYPE
TRANSITION

,DIMENSION-SIGPB(ZCC):SIGRB(ZOO).SIGPZ(ZOO)nSIGRZ(ZOC)
‘DIMENSICN SIGP1(2CC)oSIGR1{20C),TITLE(16)4WCRDS(16),ARRAY(E)

DIMENSION SR3(2C0),SP3(200),SR2(200),SP2(200)+SR1(2C0),SP1(200)
DIMENSION GRAPH(14C), PRDP1(20C),PRCP2(200),PROP3(2C0O),PRCR1I(200)
DIMENSICN PRDR2(2CC) PRDR3(200)+8LTZ(20C)

DATA ARRAY/2HP1,2HR1oZHPZpZHRZ 2HP3 2HR3/

DATA PRLANK/4H / -

"REAC 14,K42

READ S5, BLANK,ONE ,SYMB

REAC 88, Ty ABUND, HFWDy DISP, START, STCF

HERE, K42 IS THE MAXIMUM ROTATICNAL QUANTUM NUMBER INVDLVEC

IN THE COMPUTATIONS, TEMPERATURE IN DEGREE KELVIN, HFALF-WICTH OF"
LINES IN ANGSTRCNS, DISPERSION IN ANGSTRCNS PER ONE SIXTH INCH,
WAVELENGTE START AND STCOP IN ANGSTRCNS

READ 1y (WORDS(I),! -1 16)

PRINT 2 _

PRINT 1, (WORDS(I), I=1.16)

FORMAT (16AS)

FORMAT (1H1)

FORMAT (3A1)

DO 21€¢ [=1,200

SIGPLI(I)}=C.C

SIGRI1(1I
SIGP2(1I
SIGR2(I
SIGP3(I
SIGR2(I
CONTINUE

FORMAT (19XyFBe2,1X%,17,13, 1x:13,17.13,1X9I3.I7,I3,1X.I3)

.O
e C-
o C
«C
'« C

'~v-
ﬁOOOO

nouwH o

FORMAT (14)

READ 129 SIGWVN,MP1,MARL,NBR1 ,MP2,NMAR2, wenz,npa MAR2,MBR3

IF {(SIGWVN.EG.0) GC TC 95 - -

IF (MPL.NE.Q) SIGPL(MPL)=SIGWVA

IF (MAR1.NE.C) SIGR1(MAR1)=SIGWVN

IF (MBR1.NE.O) SIGR1(MBR1)=SIGWVN

IF (MP2.NE.C) SIGP2(MP2)=SIGWVA

IF (MAR2.NE.O) SIGR2{MAR2)=SIGWVN

IF (MBR2.NE.Q) SIGR2(MBR2)=SIGhVN

IF (MP3.NE.C) SIGP3(MP3)=SIGWVA

IF (MAR3.NE.O) SIGR3(MAR3)=SIGWVN

IF (MBR3.NE.O) SIGR3(MBR3)=SIGhVN.

GO T0 1C ' ' - ‘

PRINT 15 . . o - , . ,

FORMAT (1HO, 103H J - P1 o Rl P2
-~ R2 - B3 - R3/7)
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. DO 16 M= 1 K42 ' _ S
16 PRINT . 18,M, SIGPI(V).SIGRI(N) SIGPZ(N),SIGRZ(H) S!GP’(N) sxsna(n) :
18 FORMAT (14,F13.2,5F18.2)
88 FORMAT (6F12.5)
PRINT 210, T
- PRINT 211, ABUNLC
PRINT 2124 HFWD
PRINT 213, DISP
PRINT 214, START
~ PRINT 215, STOP ’ _ A
21C FORMAT (1lH1, 4x.11HItrPERATURE TXy Fl2.5) ' .
211 FORMAT ( S5X, 9HABUNDANCE 9X, F12.5) : -
212 FORMAT (5X, LCHKALF WIDTH 8X, F12.5) , |
213 FORMAT (5X, 10HCISPERSICN 8X, F12.5) g
214 FORMAT (5X, L4HINITIAL LAMBDA 4X, Fl12.5) o
215 FORMAT (5X, L12HFINAL LAMBDA 6X, Fl12.5) : , ' -
K43=K&42+3 : :
DO SEC M=1,K43
BLTZ(M)=EXP(~1.4388%0. 4889*M*(F+1)/T)
58C CONTIMUE
END=1C.**8/STOP
SuMP32=0"
. SUMR2=0
SUMPZ=¢
SUMR2=0 : C n
SUMP1=0 , , ' _ !
SUMR1=0 '
THE FOLLOWING PART CF THE PROGRAM SUMS THE LINE STRENGTE TIMED
' BOLTZMAN FACTOR AND WAVENUMBER SQUARE CF THE ROTATICNAL LINES
70C DO SCC M=2,K42 o
IF (SIGR3(M+1).LT.END) GO TQ 701
SRI(M+1)=(((M+2)%*2-9, 0)/(N+2))*BLTZ(P+1)*SIGRB(M#I)*#Z
SUMR2=SUMR3+SR3(M+1) , e
50C CONTINUE - : _ o
7C1 DO 5C1 M=2,K42 ' _ _ L
IF (SIGP3(M+2).LT.END) GO TO 702 ' L
SP3(M+2)=(({(M+2)%%2-9, O)/(N+2))*BLTZ(N+2)*SIGP3(M+2)**2 - o
SUMP2=SUMP3+SP3(M+2)
SC1 CONTINUE
702 DC 5C2 M=1,K42 B ' .
IF (SIGR2(M).LT.END) GO rc 703 A
SR2IM)=(((M+1)%%2-4,0)/{M+1))RBLTZ(M)ASIGR2(M)**2 ‘
SUMR2=SUMR2+SR2 (M) _ _
5C2 CONTINUE e
7C3 DO SC3 M=1,K42 o
IF (SIGP2(M+1).LT.END) GO TC 704
SP2(M+L)=(({M+1)%*2~4, 0)/(N+1))#eLTZ(r+1)*SIGPZ(M+1)#tz
SUMP2=SUMP2+SP2(M+1) ‘ :
503 CONTINUE
704 DO 5C4 M=1,K42 '
IF (SIGRL(M).LT.END) GO TC 705 , &
SRI(M)=(((M+1)**2-1, 0)/(M+l))*ELTZ(P)*SIGRI(M)**Z e
SUMR1=SUMR1+SR1 (M) :
5C4 CONTINUE . : : : .
705 DO SCS M=1,K42 : ' L
IF (SIGPL(M+1).LT.END) GO TC 7¢Cé6
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SPL(M41)=(((M+L)%%2-1,0)/(M+1))#BLTZ(F+1)2SIGPL(M+]1)%%2
© SUMP1=SUMPL+SP1(M+1)
505 CONTINUE
7C6 PRINT 600 _ ‘ o .
6CC FORMAT (1HO,1C5H J - SP1 ' " SR1 SP2
1 o SR2 C sP3 SR3//7)
D0 €10 M=1,K42 ' :
PRINT 6504M, SPl(ngSRl(P):SPZ(P) SRZ(F).SF3(H).SR3(P)
650 FORMAT (14,6F18.3) _ :
61C CONTINUE : . o
5C6 SUMT=SUMR 3+SUMP34SUMR2+SUMP2+SUMRL+SUNFL ' &
PRINT 5509SUMR3,SUMP3,SUMR2 y SUNP2 ySUMRL ¢ SUMP1 4 SUMT
55C FORMAT (LHO,5X,% SUMR3 = #,F18.3,30X,* SUMP3 = *F18.3,/
15X+% SUMRZ - e F18.3,30X,% SLMP2 *F18.,34/
25X % SUMR1 #sF18.3,30X,% SUMPL *F18. 3./
35X % SUMT *,F18.3)
THE FOLLOWING PART CF THE PROGRAM CALCULATES AND PLCTS THE
INTEGRATED INTENSITY PRCFILE CF A BANC
DO 1CC M = 1,K42
PROR2(M+1)=((SICR3(NM+1)/10000.0)**4) % (((M+2)4%2~ 9.0)/(M+2) )%
IBLTZ(M+1)
PRCP2(M+2)=((SIGP3(NM+2)/10000. C)*#q)*(((r»Z)**z 9. O)I(M*Z))*
1BLTZ(M+2)
PROR2({M)=((SIGR2({M)/1CC0O0. 0)%%4) % (((M+1)#22-4.01/(M+1))#BLTZ(M)
PROP2(M+1)=((SIGP2(M+1)/10000.C)*%4) % (((NM+1)%%2-4.0)/(M+1))%
18LTZ(M+1) .
_ PRCRI(M)=((SIGRL(M)/1CCCO.0)*%4) % (((M+1)322-1.0)/(M+1))%BLTZ(M)
100 PRLPI(M*1)=((SIGPI(N+1)/10000.0)**4)*(((N*l)**Z-I.O)/(M+1)l*
1BLTZ(M+1)

[}

oo
[

STRTN = 1€00000C0.0/STARY
STOPN = 1€0CC00C0.0/STCP
SCALE = STRTN/START

HFWON = HFWD*SCALE

‘DISPN = DISP&SCALE

DO S5€é1 111 = 20,100
5¢1 GRAPE (I11) = ONE :
PRINYT 67, (GRAPEI(I1ll1), I11 = 2C,100)
67 FORMAT (1H1l,1HZ, 18x,81A1)
€8 FORMAT ( 1HZ,18x,81A1)
KNTLN
SUMWV .0
.. WVNLM TRT
2C7 DO S1 [I21 = 20.1oc
91 GRAPK (121) = BLANK
' DO 1C1 I31 = 2041CG,8C
101 GRAPH- (I31) = ONE
DO 111 I81 = 2,K42 :
IF (WYNUM+1.5%HFWON-SIGP1(I81)) 111,111,121
121 IF (WVNUM-1.5%HFWDN-SIGPL(I81)) 131,141,141
131 IF (SIGPL(I81) - WVNUM) 151,161,161
151 WVINT = WVYNUM - SIGPL(I81)
GO TC 171
161 WVINT = SIGPL1(IE1) - WVNUM
171 GSNP1=(Ce93952/HFWON)*EXP (-2, 77309*wv1n1#»2/HFw0N¢t2)
SUMWY = SLMhV+GSNPl*PRDP1(181) '
111 CONTINUE

1
0
S
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. 123

133
153

163

173

113
143

124
184
194
134
154

1€4
174
114
144

125
135
155

1€S
175

115
145

126

. ~-130-
0O 112 182 = 1,K42 Lo

183 = 182 + 1

IF (SIGR1(1I82).EQ. SIGR1(183)) GC TC 182

IF (SIGRL{I82).LT.SIGR1(I83)) GC TC 182 _
IF {(WYNUM+1,.5%HFWDN-SIGR1(182)) 112,112,122
IF (WVNUM-1.5%*HFWCON-SIGR1(182)) 132,142,142
IF (WVNULM-1,5*%HFAWDN-SIGR1(I82)) 192,112,112
IF (WVNUM+1,5%¥HFWEN-SIGR1(182)) 112,112,132
IF (SIGRL(182) - WVNUM) 152,162,162

WVINT = WVNUM - SIGR1(I82)

GO 1C 172 ..

WVINT = SIGRI(IEZ) - WVNUM

GSNR1={Ce53952/FFWDN)*EXP (-2, TT7309%WVINT#22/HFWEN%®22)

SUMWV=SUMWV+GSNRL*PRDR1(182)
CONTINUE _ :

DO 113 183 = 2,K42_’ : '

IF (WVNUM+1.5*%*HFWCN-SIGP2(183)) 113,113,123
IF (WYNUM-1.5%HFWCN-SIGP2(183)) 133,143,143
IF (SIGP2(183) - WVNUM) 153,163,163 g
WVINT = WVNUM - SIGP2(183)

GO .TC 173

WVINT = SIGP2(183) - WVNUNM

GSNP2=(C.93952/HFWDN)*EXP (-2, 77309*HVINT**2/HFHCN**¢)

SUMWV=SUMWV+GSNP2*PRDP2(183)
CONTINUE

‘DO 114 184 = 1,K42

185 = 184 + 1
IF (SIGR2(184).EQ.SIGR2(185)) GC IC 184

IF (SIGR2{184).LT.SIGR2(I85)) €C TC 184

IF (WVNUM+1.5%HFWDN-SIGR2(I84)) 114,114,124
IF (WVNUM-1.5%HFWDON-SIGR2(I184)) 134,144,144
IF (WVNUM=1,5%HFWDN-SIGR2(184)) 194,114,114
IF (WVNUM+1.5%HFWON-SIGR2(184)) 114,114,134
IF (SIGR2(I184) — WUNUM) 154,164,164

WVINT = WUNUM - SIGR2(184)

GO TC 174 |

WVINT = SIGR2(I1€4) - WVNUM

GSNR2=(C.93952/HFWDN)*EXP (=2, T7309*WVINT##2/HFWON#%2)

SUMWV=SUMWV+GSNR2*PRDR2(184)

CONTINUE

DO 115 185 = 3,K42

IF (WVNUM#1.5%HFWON~SIGP3(185)) 115,115,125
[F (WVNUM-1.5%HFWCN-SIGP3(185)) 135,145,145
IF (SIGP3(I85) - WVNUM) 155,165,165

WVINT = WVNUM - SIGP3(185)

Go TC 175

WVINT = SIGP3({I85) - WVNUNM
GSNP3=(C.93G52/HFWDN)*EXP (-2, 77309%WVINT##2/HFWCN#22)
SUMWV=SUMKV+GSNP3%PRDP3(185)

CONTINUE

DO 116 186 = 2,K42

187 = 186 + 1

IF (SIGR3(186).EQ.SIGR3(187)) GC TC 186

IF (SIGR3(I86).LT.SIGR3(I87)) GC TG 186

IF (WVNUM+1.5%HFWON-SIGR3(186)) 116,116,126
IF (WVNUM=1.5%HFWON-SIGR3(186)) 136,146,146
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IF thNUM-l 5*HFHDN—SIGR3(186)) 196,116,116

IF (WVNUM+1.5%¥HFWDN-SIGR3(I86)) 116,116,136

IF (SIGR3(186) - WVNUM) 156,166,166 '

WVINT = WVUNUM - 51GR3(186)

GO T1C 176 '

WVINT = SIGR3(I86) - WVNUM :

GSNR3= (c 93952 /HFWDN ) *EXP (- 2.77309#HVIAT**2/HFHCN**2)
SUMKV= SUMNV+GSNR3#PRDR3(186)

CONTINUE ~

I41 = 2C. + (SUMWV*ABLND)

IF (I41.67.105) GO TC 209

GRAPE (I41) = SYMB

IF (KNTLN.EQ.10) GO TC 201

PRINT 2C2, { GRAPH(ILCI). 1101 = 20,100)

GO 10 2C3 .

REFRN=146432.8/10%%8+2949810/(146%10%%3~ wvuun*#z)*
12554C/(41%10%%8-WVUNUMN%%2)

WVLG=10.%%B/REFRN/WVNLM

EDLENS FORMULA,J.OPT.SCC.AN,43,339(1953) - IS USED TC CONVERT THE
WAVELENGTH (ANGSTRGNS) IN AIR TC WAVEAUMPER (KAISER) IN VACUUM
PRINT 2C4y WVLG, (GRAPH(I101), 1101 = 2C,100)
FORMAT (1HZ, 18X, 81A1)

FORMAT (1HZ, F1%.3, 3Xx, 81Al)

KNTLN = 0
KNTLN = KNTLN + 1
SUMWY = 0.0

WYNUM = WVNUM - DISPN

IF (WVNUM - STOPN) 205 205,206

GO 10 2C7

DO 2C8& I1¢2 = ZC'lCC

GRAPF (1102) = CNt

PRINT 68, (GRAPH(IIOZ); 1102 = 200100)

STOP

ENC
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PROGRAM PROVU (INPLT CUTPUT) o

THIS PROGRAM PLCTS THE INTEGRATED PROFILE AND ALSC SUMS THE LlNE
STRENGTE TIMED BOLTZMAN FACTOR AND NAVEAUNBER SCUARE OF THE
ROTATIONAL LINES IN A BAND CF CUARTET SIGMA - QUARTET SIGMA ,

VANACIUM MONOXIDE TRANSITICON. ~PARTS CF THE LOCATICN OF ROTATIONAL

LINES ARE DETERMINED BY LAGERGVIST ANL SELIN ANC THE REST ARE
CALCULATED FROM EQUATIONS BY USING THEIR ROTATIONAL CONSTANT
DIMENSION WORDS(16),FA2(20),FA1(20),FB2(20),FB1(20)

DIMENSION SIGPA(2CG),SIGPB(200),SIGRA(200),SIGRB(2CC)4TITLE(16)
DIMENSION GRAPH(14C) ,PRDPA(20GC) ,PRDPB(200),PRDRA(200),PRDRE(:200)
DIMENSION BLTZ(20C), ARRAY(&).SPA(ZOO),SFE(zoo».SRA(ZOO),SRa(zoO)
DATA ARRAY/2HPA,2HRA ,2HPB ,2HRB/

DATA BLANK/Z4H /

READ 999,K42 _

REAC 998, BLANK,ONE,SYMB

READ 5S4 SIGMA,SIGMB,VPR,VDPR

READ 1y (WORDS(I)qsI=1,16)

PRINT 2

PRINT 1,(WORDS(I),I=1,16)

REAGC 2, BlsDlyH1482,D24H2 '

REAC 43 WLeWLX1aW1lY1lyw1Z1,W2,W2X2,W2Y2,k222

PRINT &

PRINT ¥y B1,B2

PRINT G, D1,D2

PRINT 1C,HLl,H2

PRINT 12sWlsW2

PRINT 13, WIX1l,W2X2

PRINT 14y WlY1lsh2Y2

PRINT 15 W1Z1,W2122

PRINT 25, SIGMA

PRINYT 26, SIGMB

D0 216 1=1,200

SIGPA(I)=C.C

SIGPB(I)=0.C

SIGRA(I)=C.C
SIGRB(I)=C.C

CONTINUE _

VPR1=VPR+C.5

VDPR1=VDOPR+C.5 :

HUGE=W1*VPR 1~ N1X1*VPR1**2+H1Y1*VPRI**3 W1Z1#VPR1*%4-W2%VDPR]
14W2X2%VOPRL*¥% 2—-n2Y2% VOPR1**3+W2Z2%VNPRL # 24

K&43=K42+3

DO 17 K=1,14

FA2(K)=B22Kx (K4 1)-D2*K*#2%(K+1 ) *¥%2+H23K* 22 %(K+]1)%%3
FB2(K)=B2%K&x (K+1)-D2*K*%2%(K+1)#$2+H2#K* 23 (K+]1)%%3
FAL(K)=BL¥K%(K+1)-D1*K*2%(K+1)#X2+H1 2K* 235 (K+1)%%3
FBL(K)=BL*K%X(K+1)-DLeKXB2% (K+ 1) #%24+H]1 AK* ¥4 (K+1)**3
CONTINUE

FA2(C)=C.0

FB2(C)=C.C

CO 18 K=1,13

SIGPA(K)=SIGMA+HUGE+FAL{K)~FA2{K+1)
SIGPB(K)=SIGMB+HUGE+FB1(K)-FB2(K+1)

CONTINUE

DO 16 K=1,132

SIGRA(K)=SIGMA+HUGE+FAL (K)-FA2(K~-1)

Wi
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SIGRB(K) SIGMB+HLGE+FP1(K) FB2(K-1)"
CONTINUE

. K42=K42+3

DO 2C K=14,K43

READ 7, KySIGRA(K),SIGPA(K)'SIGRB(K),SIGPB(K)

IF (K.EQ.C) GO TO 22

CONTINUE

PRINT 11

DO 22 K=1,K42 '

PRINT 7,K, SIGRA(K):SIGPA(K) SIGRB(K).SICPE(K)

GO TC 43

FORMAT (16AS5)

FORMAT (1H1)

FORMAT (2(F9.Cs2E9. C))

FORMAT (8F9.0)

FORMAT (2F1C.2,2F4. cr . : o
FORMAT (1HOy34H UPPER STATE LCWER STATE//)
FORMAT (I5,4(4X4FB.2)) :
FORMAT (3H B 6%, 2(FL0.5, 6X))

FORMAT (2H D 7X, 2(1PE1Ce3, 6X))

FORMAT (2H H 7X, 2{1PE1C.3, 6X)) -

FORMAT (LHGs49H J ~ RA PA RE - PB/Z)
FORMAT (3H WE €XysF10.3y 6Xy F10.3) ‘
FORMAT (5H WEXE 4X, F10.3, 6X, F10.3)
FORMAT (S5H WEYE 4X, F10.3, 6X, F10.3)
FORMAT (SH WEZE 4X, F10.3, 6X, F10.3)

- FORMAT (6H- SIGEA 1CX, F12.3)
FORMAT. (6F. SIGEB 1CX, F12 3)

FORMAT (3A1) .

FORMAT (I14)

READ 88, Ty ABUNDsHFWD,DISP, START, STCP

HERE, K42 IS THE MAXIMUM RCTATICNAL QUANTUM NUMBER INVOLVEC

IN THE COMPUTATIONS, TEMPERATLRE IN DEGREE KELVIN, HALF-WICTH OF

"LINES IN ANGSTRCNS, DISPERSION IN ANGSTRCNS PER ONE S[XTH INCE»

WAVELENGTH START AND STCP IN AhGSTRCNS
FORMAT (6Fl2.5)

PRINT 210, T

PRINT 211, ABUNC

PRINT 212, HFW®WD

PRINT 213, DISP

PRINT 214, START

PRINT 215, STOP

FORMAT (1H1, 4X711HTEMPERATURE 7X, F12.5)
FORMAT ( 5X, 9HABUNDANCE 9X, F12.5)
FORMAT (5X, LOHHALF WIDTH 8Xs F12.5)
FORMAT {(5X, LCHCISPERSICN 8Xy F12.5)
FORMAT (5X, 14HINITIAL LAMBDA 4X, F12.5)
FORMAT (5Xs 12HFINAL LAMBCA 6X, F1l2.5)
DO 5€C M=1,K43 ,
BLTZ(M)=EXP(-1.4388%0, 4889*M*(N*1)/T)
CONTINUE

ENC=1C., **B/STOP

SUMPA=0

 SUMRA=(Q

SUMPB=0
SUMRB=0
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5CC
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5C1
7C2

5C2

1Cc3

5C3
7C4
60¢C

65C
61C
5C¢

62GC

e
68
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" THE FOLLOHING PART CF THE PROGRAM SUMS THE LINE STRENGTK T IMED
BOLTZMAN FACTOR AND WAVENUMBER SQUARE CF THE RCTATICNAL LINES
CO 5CC M=1,K42

IF (SIGRA(M).LT.END) 60 Te 701

SRA(M)=M*BLTZ(M)*SIGRA(M)»%2

SUMRA=SUMRA+SRA (M) ’

CONTINUE

DO 5C1 M=1,K42

IF (SIGPA(M).LT.END) GC TC 702
'SPA(N)'(M+1)*8LIZ(N)*SIGPA(N)**Z

SUMPA=SUMPA+SPA (M)
CONTINUE

DO 5C2 M=1,K42

IF (SIGRBIM).LT.END) GO TC 703 S . :
SRB(M)=M*BLTZ(M)*SIGRB (M) **2 : -
SUMRB=SUMRB+SRB (M) ' ’ '
CONTINUE

D0 5C2 M=1,K42

IF (SIGPB(M).LT.END) GC TC 704 .

SPB(NM)=(M+L)%XBLYZ(M)*SIGPB(M) 932

SUMPB=SUMPB+SPB (M) A

»

CONTINUE
PRINT 6CO : .
FORMAT (1HO,70H ~ J SPA ' SRA SPB
1 SRB//) :

0o 61C M=1,K42

PRINT 6504M,SPA(M)ySRA(NM) 4SPB(NM),SRB(M) -
FORMAT {l14,4F18.3)

CONTINUE

SUMT= SUMRA+SLMPA+SDFRB+SUMPB : ‘
PRINT 550, SUMRA s SUMPA,SUMRB 3 SUNPB, SUMT

FORMAT (1HO,5X»* SUMRA = #,F18.3,30X,* SUMPA = #F18.3,/
15Xs% SUMRB = #,F18.3,30Xs%* SUMPB = *F18.3,/ :
25X % SUMT = %*,Fl8.3)

THE FULLOWING PART CF THE PROGRAM CALCULATES AND PLCTS THE
INTEGRATED INTENSITY PRCFILE CF A BANC

DO €20 M=1,K42
PROPA(M)=((SIGPA(M)/1C0C0.C)**4) % (M+1)%ELTZ(M)
PRORA(M)=((SIGRA(N)/1C0C0.0)*¥4)%M%BLTZ(N¥)
PRCPB(M)=((SIGPB(M)/1C000.0)*%4) % (M+1)%BLTZ(M)
PRORB{M)=((SIGRB(M)/1C0C0. 0)**4)*M*ELTZ(N)

CONTINUE

STRTIN = IOOCCOOCC.OISIART

STOPN = 100C00CC0.0/STQP

SCALE = STRTN/START : w

HFWEN = HFWD*SCALE o

DISPN = DISP*SCALF o o : .

DO S€1 Ill1 = 2041CC

GRAPF (111) = ONE

PRINT 67, (GRAPH(Il1), I1l1 = 2C, 100)
FORMAT  (1H1,1HZ, 18X,81A1)

FORMAT ( 1HZ,18X,81A1)

¢

KNTLN = 1
SUMhY = 0.0
WVNUM = STRTN

BO 91 [21 = 20,10C
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121
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152
132
152

162
172
112
142
123
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153
163
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113
143
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184
1G4
134
154

1€4
174

114
14¢

GRAPE (121) = BLANK.
DO 1C1 I31 = 2G,1CC,8C
GRAPF (I31) = ONE

DO 111 [81=1,K42

IF (WVNUM+1. D*HFNDN-SIGPA(IBI)) 111:111o121
IF (WYNUM=-1.5%HFWON-SIGPA(I81)) 131,141,141

~IF {SIGPA(IBL)-WVNULNM) 15141614161

WVINT=WVNUM-SIGPA(IZ21)
Go TC 171
WVINT=SIGPA(IB1)-WVNLYN

GSNPA=(C. 93952/HFKDA)*E!P(.2 77309*hV[AT#‘2/HFNEN#*2)

SUMWV=SUMWV+GSNFA*PRDPA(IEBL) "
CONTINLE
00 112 182 = lyK42

182 = 182 + 1

IF (SIGRA(IE2).£Q. SIGRA(I&B)) GC TC 182

IF (SIGRA(IB2).LV.SIGRA(I83)) GC TC 182 -
IF (WVNUM+1.5%HFWON-SIGRA(I82)) 11241124122
IF (WVNUM=1.5%HFWDN~-SIGRA(I82)) 132,142,142
IF (WVNUM-1.5%HFWDN-SIGRA(I82)) 192,112,112
IF(WVNUM+1.5%¥HFWDON-SIGRA(IB2)) 112,112,132
IF (SIGRA(IB2)-WVNUM) 152,162,162 :
WV INT=WYNUM=-SIGRA(I82) ' -

GO TC 1172

WVINT=SIGRA(I82)-WVNUN
GSNRA=(C.93952/HFWON)*EXP(~-2. 77309*hVINT#*2/HFHDN**2)
SUMWV=SUMKV+GSNRA*PRDRA(IB2)

CONTINUE

‘DO 113 183=1,K42

IF (WVNUM+1.5%HFWCN-SIGPB(I83)) 113, 113:123
IF (WVNUM=1.5%HFWDON-SIGPB(I83)) 133,143,143
IF (SIGPB(I&83)-wWVNULNM) 153,163,+163
WVINT=WVNUM-SIGPB(1E3)

GO 1C 173

WVINT=SIGPB(I83)- thLP
GSNPB={(Cs93G52/HFWDA ) *EXP (-2, 77309*NVIAT**2/HFNCN**¢)
SUMWV= SLMhV+GSNPB*PRDPB(183)

CONTINUE

CO 114 184 = 1,K42

185 = [84 + 1

“IF (SIGRB(184).EQ. SIGRB(IBS)) GC TC 184

IF (SIGRB(I84).LT.SIGRB(IB5)) GC TC 184

IF (WVNUM+1.5%HFWON-SIGRB(I84)) 114,114,124
IF (WVYNUM=1.5%HFWDN-SIGRB(I84)) 134,146,146
IF (WVNUM-1,.5%*HFWON-SIGRB(I84)) 194,114,114
IF (WUNUM+1.5%HFWCN-SIGRB(I84)) 114,114, 134-
IF (SIGRB{IB4)~WVYNUM) 154,164,164
WVINT=WVNUM-SIGRB(IE4)

GO TC 114

WVINT=SIGRB (184 )-WVNLV
GSNRE=(C.93952 /FFWONJ*EXP (=2, 77309%hV INT#42/HFWCN#%2)
SUMKV=SUMWV+GSNRB*PRDRB (184)

CONTINUE

141 = 2C. + (SUMWV%ABUNC)

IF (141.G7.105) GC 1C 209

GRAPF ([41) = SYMB |
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REFRN 1+6432, 8/10**8+2949810/(146*10**8 hVNUN##Z)*

12554C/ (41 %1C*%8~WVNLNM**2)

WVLC=10.%*8/RFFRN/WVNLM
IF (KNTLN.EGQ.10) GC TC 201
PRINT 202, (GRAPHI(I1C1),1101=2C, 100)1NVLCO[41

EDLENS FORMULA,J.CPT.S0C.AM.43,339(1953) IS USED TC CONVERT THE‘

WAVELENGTH (ANGCTRCNS) IN AIR 1C WAVENUMBER (KAISER)
GO 1C 2¢C3

PRINT 2C4, hVNUNy(GRAPH(IlOl).IlOl 20, 100),HVLG 141
FORMAT {1MZ, 18X, 81A1,5XsF10.3,45Xs14)

FORMAT (1HZ, F15.3,3X381A145XF10.3+5X,14)

KNTLN = 0 |
KNTLN = KNTLN + 1
SUMWY = 0.0 ,
WUNUM = WVNUM — DISPN

IF (WVNUM - STOPN) 2C5,205,20¢

GG TC 2C7 _

DO 2C8 1102 = 2(C,1CC

GRAPE (I1C2) = CNE : :
PRINT 68, {GRAPH(I1G2), I102 = 20,10C)
STOP ' :
ENC
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"InPut Data for Figﬁres 15~23

PO

‘?Plate "Teﬁp.: Abundénce' Half Width Dispersion. _Initial N Finélfb
(R - (R) (8/ % inch) Wavelength Wavelength
I o (& ()

1-30-3 2152 0.0590 ‘ 0.72 0.37587 5165.0 5245.0
1}26-2 2237 }o,o7o 0.72 . 0.37587 | 5165.0 5245.0
‘I;3453_ 2323  0.0575 | 0;72 - 0.37587 5165.0 ~ 5245.0
II-2251 2292 0.053 - - o.41 - 0.1810 = 5165.0 5245.0
II-25-1 2328 0.052 0.1 0.1810 5165.0 - 5245.0

II-20-1 2406  0.0L6 | 0.bo 0.1810 5165.0 5245.0

Vo

2-3 1995 0.095 - 0.65 0.3735 - 57350 5822.0
15-2 . 2055 0.125 - 0.645 ~ 0.3735 | 5735.0 58220

19-3 2130 0.120 0.650 0.3735 . 5735.0 - s58e2.0
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