i

UCRL-18623
RECEIVED .
LAY/GENCE 67 i
RADIATION LASGRETORY ‘ .
gak 3 1Jod

L!BRARY AND

SPECTROSCOPIC AND KINETIC STUDIES
OF IODINE MONOFLUORIDE CHEMILUMINESCENCE

Stephen David Gabelnick
(Ph. D. Thesis)

January 1969

’ Ve i T——

TWO WEEK LOAN COPY

| This | IS a Library Csrculatmg Copy
' which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

i o e i St A

o, S s —

\‘,
C

N/

T o =

LAWRENCE RADIATION LABORATORY%D

UNIVERSITY of CALIFORNIA BERKELEY

£€29871-T¥0N



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.



UNIVERSITY OF CALTFORNIA

Lawrence Radiatioh Laboratory
Berkeley, California
AEC Contract No. W-7405-eng-L8

~ SPECTROSCOPIC AND KINETIC STUDIES OF IODINE

MONOFLUORIDE CHEMTLUMINESCENCE
Stephen David Gabelnick”
. (&
' (Ph.D. Thesis)

January 1969

UCRL-18623%



TABLE OF CONTENTS

ABSTRACT

"I. INTRODUCTION.....eeevuns i U TOUR TR 1
IT. EXPERIMENTAL. ... eunureennnnnnnsonnnneessomnnnneeennuneeeoonnenenn i
A, introduction ..... P e e, ﬁ
B. The Monochromator..eeesesesesens ....: ......... Creeseeeeeans ...6
C. The Phbtomultiplier Tubenneneneeennenns e e, 10
D. Signal Processing - Thg Electrons..... et eesrrcrescescsannae ..-10
E. Intensity Calibration Qf the Optical System......... teeaneenn 15
F. The Vacuum and Gas belivery System..;.;.;... ................. 19
TIT. THEORY....eensesnennnnnensaneannanens eereeenn -1 1
A. Spectroscppicthergies...; ..... ’.....;.... .................... 24
B. Interpretationof:Spgctral Intensitiéé..;..’ ........ cereeees e Bi '
IV. RESULTS........ R e e 63
A. Theoretical...... ,.;; ......... et eetateeeteaeeaeaarateeaa, .. 63
B. Spectra..c.c.a. ..................: ............. cieras ...; ..... 7L
'C, Quantitiés Derived from SpectIf....eveeeeneasn.. P Tl
V. DISCUSSION-...... e ereeieeianas e eeerieaeereeeeeaaea, DU 120

A. Reliability of the Transition Moment and Vibrational

Population Determinations;..,...r...;..;.;.......;;.; ........ . 120‘

,B. Rotational Températures.........................._ ...... seeaaee 132
 C. Possible Mechanisms for Formation of IF (3ﬂ+o)..r ............ ;156‘
D. Vibrational Energy Transfel....e.ceeeeecs.. SUTROTT 141
APBENDIX A...eeeseeee e e e et e e e 145
APPENDIX Buvenneennernneennns e e e e e 148
ACKNOWLEDGEMENTS e . ..., .. i teetreeieeereananerananariono e 200



SPECTROSCOPIC AND KINETIC STUDIES OF IODINE
~ MONOFLUORIDE CHEMILUMINESCENCE

Stephen David Gabelniék
Inorganic Materials Research Division, Lawrence Radiation Laboratory,
[ : and Department of Chemistry,
University of California, Berkeley, California
ABSTRACT
Chemiluminescence from electronically excited (5H0+) iodine
monofluoride has been observed under fiow‘conditions in the room tempera-
ture gas-phase reaction of moleculgr iodine and fluorine. Observations
have been made throughout thé visible anelengthvregion,.from 4300 to
T300A, under varying conditionslpf regctant flow rates, total cell
pressure, and partial pressure of inert diluent gés. Between pressures
of 20 and 100 mtorr, substantiél changes in the relative intensities
of band progreésions could be detected.
Quantitative interpretation of spectral features'requifes the
knowledge of the transition matrix elements (¢Q|Re(r)|¢$)2; Thés¢
have been_calculated'by first constructing Rydberg-Klein-Rees potential
cufves from known speétroscopic data and then evaluating Franck-Condon
overlapiiﬁtegrals based on wave functions obtained from numerical
solution of the.Schradinger wave equation using these RKR potentials.

A variatipnal method, based on the r-centroid approach, for obtaining

‘the transition-moment functioh Re(r) from low-resolution spectra is

presented. - Results of these calculatioﬁs indicate changes in the transi-
tion moment of two orders of magnitude for changes in the r-centroid

of 0.hA. This large variation in the transition moment has been attri-
buted to changes in the coupling,of'electronig orbital and spin angular

momentum to the internuclear axis and is brought about by strengthening
¢



(veakening) of the electric field'alohg fhe internuclear axis as the inter-
nuclear distance decreases (increases). Thé actual transition ﬁatrix
elements based on the éOmputed transition;moment function and those ob-
tained by'use.of the T-centroid method are generally in good agreemeht.

Calculations of thé rélative Vibratioﬁél populations of the excited
electronlc state of IF.wérevmade fbrvéonstant fIOW‘rates of iodine and
fluorine with varying amounts of added argon. Appréiimate average vibra-
tional -temperatures (for v' up to 5) ranged from ~27CO°K with no argon-

present (cell pressure 30 mtorr) to ~1800°K with 50 mtorr of argon added.
At the same time, apparent rotational temperaturés based on integrated
bandwidth measurements and best calculated fits .to the observed spectra
indicated changes in the rotational temperature from ~750 to ~550°K,
-CalculationSVOf the translational temperéture based on the heat input
ffom the chemical re&ction.yield a value of oniy ~320°K, At a total
feactant pressure of 20 mtorr, bands apparentlyvnot belonging to the
3H0+ —>lZ+ system were observed. The possibility of transltions from
highly excited vibrational levels of the jHl‘state is suggested.

The populating of low-lying vibrational levels was assuméd to take
place through collisional deactivation of vibrationally excited molecules
formed in the three-body recombination of iodine and fluorine atoms. Based
on a stepladdeér deactivation model and the Landau-Teller theory, an .
approximate value of the ratio ofvthe electroniec quenching to vibrational-
deactivation rate constants of 0.15 ﬁasvobtainéd. Similarly, a ratio of
the fiuorescence to vibrational-déactivatién rate constantS’was calculated
to be -«5.»(101)+ molecules/cmB. Assumption of a vibrational relakation time
of 10—7 sec at one atmosphere'yields a fluorescence lifetime of ~J.O"2 |

seconds for the partially forbidden 3H0+ —>1§f“transition.

4



I. INTRODUCTION

In recent yearé much attenticn hag been paid to\the processés of
vibrational—translétional and rotational-translational energy transfer be-
cauée of their deep influence on our knowledge of reactive chemical systems.
Although these procesées themselves are not chemical in.the‘sense that new
bonds are formed ;r broken, they are always involved as pfecursors of uni-
molecular dissociation énd’as essential steps in the stabilization of newly
formed bonds. Study of such processes can also provide much knowledge
about interaction potentials between collision partners without causing
chemical (and complicating) changes in the reactant species‘(l). o

Much of the early experimental information was gained through ultra-
sonié_studies involving only low lying vibrational levels of stable mole-
cules (1,2). These studies involved méasurement of bulk properties of
non~-reacting systems,‘specifically the velodiﬁ& of sound vs. freqdency.

In order toc study énergy transfer processes of more highly excitéd_quantum
levels, investigators have turned to fluorescence methodé, whichvprovide

“ direct information conéerning the pbpulations of specifié quantum states.
TheSe'héve consisted of bofh steady state observations from levels other
than the one to which the molecule was initially excited (3) and time

decay studies of populations of the initially excited state and subsequently
populated states (4). Direct information has also been obtained concerning
the role of energy transfér processes in unimolééular reactions (5).

Of recent interest, also, have been mofe ambitidus studies of relaxa-
tion processes in chemically reactive systems wifh specific reference to
understanding the nature of combustion processes (6) and to the possibili-

“ties of achieving population inversions leading to developmeﬁt of molecular

lasers (7). Xnowledge of this latter subject has been gained through the
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study of chemiluminescing’systemé, Eoth those leading to vibrationally
excitedispecies (8) and to electrbnically excited species (9). It is with
reference to obtaining information about vibrational and rotational dis-
tributions in éystems producing electronically excited species that the
present work has been uﬁdértaken.“

- . Determination of vibratioﬁal populations for Vibrationally excited
species as observed by radiation in the infrared requires the knowledge
of the vibrational matrix elements (viIM(r)IVf> where (vil is the wave
fﬁnction of the initial state, Ivf)_is thé wave function of the final
state and M(r) is the electric dipoie moment function. Thése matrix
elements have beenbthe subject of wsll developed theorefical (10) and
exberimental (11) studies. Analogously, determination of vibrational
populations for glectrohicélly exeited speciés a8 observed in the visible
waveiength region requires evaluation of matrix elements of the form
(v’lRé(r)lv") wherq,(v'l.is the vibrational wave function of the upper
electronic state, |v") the vibrational w;vefunction of the lower elec-
tfonicvstate, and Re(r) is the electronic transition moment. Only for
. the éimplest molecules has a theoretical evaluatibn of this electronic
transition moment been attempted (12).‘ In all other cases of which studies
'have geen made, the transition moment function has had to be evaluated
semi-empirically. Since the value of the transitidn moment can vary by well
over a factor of 10 for a particular electronic band sysﬁem, its knowlédge
is érerequisite to further intérpretation of results of chemiluminescent
stgdies.

. In previous work, determination of transition moments has been re-

. ‘stricted tQ well reéélved émisSionvspectra with little or no overlapping. 

~of bands. The scopé of this study is both to provide a'general method

v



-y

=3

for the evaluation of the transition matrix elements (v‘lRe(r)lv")'and'
to apply the results to the study of vibrational and rotatiohal relaxation

processes involving eélectronically excited iodine monofluoride produced

-in the gas phase reaction of iodine and fluorine.
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IT. EXPERIMENTAL

A. Introduction

Experimenfal apparatus for quantitatively studying emission intensi-
ties of a chemiluminescing specieé is deseribed in detail in the follow-
ing éectioﬁé. The problems_gncountered in éuch sﬁudies'are three-fold.
First,»since it is often desirable to'perform studies at low pfessures
(ld-lOO mtorr) one has to méaSure lOW’iight levels which typically amount
té 500-lOOQ photons/sec after monochromatién. Methods for improving signal
to noise (8/N) ratio recently discussed by Akins ét al. (14) were em@loyed.
Secondly, because bands often éverlap and bands of nearly equal intensity
are occasionally separated by only a feW‘Angstrdms, it is necessary to
accurately calibrate ﬁhe spectral wavelengfh tracking éf the monochromator.
This is especiallj true when the slits are wide open andrthe resdlution is
vnot sufficient to éeparate component peaks. 'Most atomic line sources
commonly usged in wa#eiength calibrationé do not have sufficient line density

to characferize the responge of the mbnochromator-employed in these studies,
Howe&er, use of a thorium iodide discharge.brovided an abundance of non
self-reversed lines which could be used to obtain the desired calibration.
Lastly, since Qﬁe wishés to obﬁain éccurate intensity information over a
wide spectral region; one must measure the wavelength intensity response

of the optical system. This‘was accomplished by using a tungsten ribbon

. lamp as & spectral irradiance standard and measuring the output from the
photomulfiplier tube._ A bloek diagram for the complete experimental

apparatus is shown in Fig. 1l.
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B. The Monochromator

A Jarrell-Ash Ebert Scanning Spectrophotometer (Model 82-020) having
a focal length of 500 mmn and an effective aperture ratio of f/8.6 was
used for the monochromation of the chémiluminescence. The instrument
was equipped with a Dual Uhilateral Entrance and Exit S1it assembly
(Model 82-095) with cﬁrved Jaws adjusfablg from 5 to 4OOu in width.
S1it height was controlled‘by'means of an adjustable mask; heights of
0 fo 20 mm were attainablé, The grating employed was ruled at 590
lines/mm, resulting in a dispersion of 32A/mm, and was blazed for maximum
inténsityvat T500A in first ordef, which érovided ample intensity over
the range of'épectral interest, &iz. tho-to 7500A.

Several attempts were made'to>calibrate the spectral wavelength
response of the monoehromator usihg Hg) Hg~Cd, and alkali metal arecs.
~ Although adjustment of the sine-bar drive mechanism brought tracking

to within *2A over the reglon 4000 to 8000A, the error function (Ktrue'

xobs) did not dppear to be monotonie or evén slowly varying. The rgsults
obtained by using these lamps were inconclusive. It was decided to use
a thorium discharge which had the édvantage bf providing an abundant
number of lines showing few signs of self—reversal. Many of the thorium
lines have been measured interferémetricélly to very high acéuracy

and intensities of these and many others have been measured by .Zalu-

vas (15). Appfoximately 600 of the more than 5000 lines enumerated by
Zalubas in the region 4400 to 5600A were used in the caiibration.
Assignments of.the true wafeléngths to the wavelengths shown on the
Bpectrometef were made on the basis of intensity and spacing. The

error function vs. spehtrometer wavelength is shown in Fig.. 2. Super-

-

impoéed on a slowly varying deviation with wavelength is a sinusoidal
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function having a period of very nearly 100A and a peak-to-peak ampli-
tude of about 4A. The solid line represents a least squares fit to the

error function of the form

2
A - A bs = @ bx cA d sin (en + f) (1)

where the constants were found to be
-6
35 b5 b= 20,0126 c = -1.156 X 10 d = 1.766

a

e = 0.062864 - and f = -4.202

‘when N 1s expressed in Angsfroms. The error function Wés found to be
reproducibie to within i.O.lA._ The most likely ecause of thé fluctuation
is a slight wobbling of the Wofﬁ gear.drive with each rotation of the drive
screw (occurring once each_lQOA). All wavelengths were corrected
according to Eq. (1).

| Mea,surement of the speétral slit function is also necessary for
interpretation of thé spectral'data. Knowlédge of this function is
ﬁeeded to compute the respdnse of thé monochromator and subséquent eleé-
tronics to an emission line (or group of such lines) having a natural
or Doppler width narrower than the spectral resolution of the monochro;‘
‘mator. The response of the system to isolated atomic emission lines
was. recorded on,a‘strip chart recorder. Care was taken to scan slowly
_enough go that RC Broadenihg by the electronics was negligible. A typical
response appears in Fig, 33 the slit openings were 0.35 mm corréspond-
ing to a full width ét half maximum intensity (FWHM) of 11.2A. This
latter number should be considered as approximate, howevér, since it is
not known how well the fiduciary markings on the slit control correspond
to the actual‘siit opénings. After the wavelength corrections were apflkad,
the slit function could be approximated by an isosceies triangle having

a FWHM equal to 11.50 £ 0.0%A. The function was found to be the same
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/ ) .
within the stated tolerance for all atomic lines which were scanned.

C. The Photomultiplier Tube

. An EMI 9558QA photomultiplier tube having an $-20 type spectral
response and a quartz window was used as the optical detector. TIts
large photosehsitive.afea (44 mm diameter) eliminated the necessity of
focusing the exit slit oflthe monochromator onto the tube, Dark pulses
. arising from ‘thermionic emission from the photo-éathode were reduced
from over BOOO/sec to about hO/sec by cooling the tube to dry ice tem-
peratures in a cryostat similar in design to that of:Lipseft'and Hdrité
(16). In order to eliminatevthe likelihood of erratic noise being intro-
duced by fhe presence of metal close to the photocathodé'surface but at
vastly different potential from it, (see ref. 17), the tube was operated
with the cathode at ground potential and the anode at high voltage.

The resolved pulses causea by photonsvstriking the photocathode ﬁere
then'capacitively:coﬁpled.out by keeping the load resistor small (10 K@)
and the time respoﬁsevconsequently fast. A discussion of the problems
of S/N is éiven in the next section. The photomultiplier.tube wa.s
powered by Fluke Model 412B high voltage d-c power supply operated at a

voltage of 1500V (corresponding to a gain of 5 X 105).

D. Signal Processing - The Electronics

Whén a photon of energy hv strikes the photocathode surface, there
exists & probabilitvahich i1s a function of the type of photosensitive °
surface, the photonﬁenergy, and the cathode to first dynode voltage,
that an electrén wiil:be emitted from the surface and make its way to
the first dynode.> The function of’thevdynodes is to multiply the number

of electrons reaching the anode, thus passing a measurable current
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through the load resistor’RL, The voltage across the resistor is given

by

e h
v=3- (1)

where i is the current through the load reSistor,'t is the time duration .
of the‘pulsé, and é ié.the Stray capacitance acroés RL and is on the

order of 50 pf. The time resolution of the network is given by the RC
time constant, ¢ X R, which is kept small (~lb;6ﬂsec) so that coinei-
dence losses are negligiﬁle. Pulses caused by photons striking the.
photocathode surface (signal pulses) are not the only pulses detected,
however. Even when no light'falis'on the photomultiplier tube, random
pulses can be detected, These pulses can be subdivided into three cate-
gories, each having'a.different origin. It should be stéted at this point 
th&ﬁ signal pulses are not of one unique voltage but rather.have a spread
in voltéges because the:gain of each dynode stage is statisticai in nature
(as wellvas depending oﬁ the voltage between -the dynodes).- Freqﬁehtly,
pulses much larger than signai pulses are detected in a sudden burst.
These are throught to be the result of external radio—activit&'causing?
radiationrfiém.the tube window and from cosmic fays striking the photo-
cathode; they occur at the rate of about éO/minaﬁe,fqr a tﬁbe of the
dimensions used (17). A second élaSs,of pulées is caused by thermionic
emission from the phbtocathodé surface. Fbr red sensitive tubes, such

as ‘the EMI 9558, the work function of'thé surface is low and the numberb‘
of electrons having sufficient thefmal energy to éscape from the photo~
cathode is large'(~5000/sec). Theée pulses can in no way be distinguished |
from normal signal pulses when light is-falling on the tube. As mentioned
previously, their nﬁmbér can be greatly reduced 5y cooling the fube

to -40°C or lower. Thirdly, the dynodes themselves can give rise to
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thermionic emiséion. However, the work function. for the dynode material

is higher than that of the photocathode and fewer stages of_gain are
undergone; hence, these pulses are fewer in nﬁmber and have typically
lower voltages than those originating atvthe phofocathode. Nevertheless,
since the dynodes are ir_l the interior of_ the vac-uu.m tube, they are not
cooled és readily as is the photocathode surface. Further contribution

to dark noise is reportéd'to éome from the effects of strong field emission
from whiskers in the dynodes (18). These pulses, too, although possibly
numberous, will be of lower voltage than signal pulses.

Conventionally, all these current sources are blended together and
the signal véltage measured across a large RL (slow time consfant);
consequently,,ﬁo differentiation between thgm is possible.‘ Reéently; it
has been reported (14) that improvements in S/N can often be obtained when
. working at low signal levels without resorting to actual pulse counting
techniques., These prbcedureé were followed in the present studies. The
pulses from thg load resistor, after being sent through an emitter-
follower, wefe fed into a combination Schmitt trigger-monostable multi-
vibrator. Tﬁe level could be set suéh that almost no pulses of the third
category would triggef aﬁ output pulse. Furthermore, since_all output
pulses weré of the same height and width, the disproportionate contribution
of thé largé pulses of the first category was greatly reduced.

.The output of the monostable multivbrator was.fed into a Princeton
Appliéd Reséarch Model JB~5 lock-in amplifier (phase sensifive detector).'
The advantages of using a-c_electronics are well knownt freedom from
drift and cancellation of d-c signal components fo name but two. The

light sigpal was chopped at 400 hertz by an American Tim Products Type 5A
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tuning fork chopper which also provided a reference signal to the phase
sensitive detector. The}output‘of the phase sensitive detector was then
fed to both a strip chart recofder (Texas Instrument recti-riter lma)
and to an A to D converter consisfing of a Digitec Model 251 digital
voltmeter interfaced to a Mbdei SP-E Friden ﬁaper tape punch. 1In a
typical éxperiment,.én interupf system dependeﬁt on line frequencylwou;d
periddically'cause‘the_reading of the digital voltmeﬁer to be punched
out ag the monochrometer‘scanned through the spectrum. In that way, raw
intensities at known wavelength ihtervals were available in convenient
form for computer calculation.

| The function of the lock-in amplifief is té add signals arfiving
in the light on perioad andsubtraét from the sum those signaisuarriving_in
the light off .period thus,cancelling out contributions of dark (thefmai)
pulses. Since the dark events are rahdom in natﬁre, however, they still
contribute.to noise in the Signal. Each pulse arriﬁing at the tuned"
signal channel of the amplifier pfbduces.a component at the fundamental.
chopping frequency. This component rings in an exponentiallyvdeéaying
" fashion (68),£hus spreading out the contribution of each pulse. It is
this 400 hertz comﬁonehtbthat is added and/or éubtracted by the lock-.
in émplifier. For a step by step tracing of the electronic signal, seé
Fige U |

By simultaneously feeding signals into the lock-in detection éystém }

and into é Hewlett-Packard digital counfer,-a calibratibn of output
voltége versus counté/sec Waé mde. In this way an equivalence beﬁween
dark pulses and output voltage could aléo be made. The signal to noisé

ratio is given by

(2)
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where'Vi is the voltage‘output at a given light intensity I, and Vb is

the équivalent voltage 6f the dark pulsés from the phofomultiplier tube.
The discriminator level on the Schmitt-trigger is set to maximize

the signal-to-noise ratio. For = fixed input signal, the number of signal

counts is measured as a function of diseriminator setting., The number

of dark counts versus trigger level is measured with no light f&lling

on the photomultiplier. In the limit that v, > v, S/N =V ; hence

it 1s desirable to set the level quite.low,'eliminating only those

pulses'ofiginating at a stage beyond the photocathode. Contributions

from cosmiec ray induced electron bursts are also reduced in this way.

In the othér limit (vb >> vi), S/N = Vi%jbb" Since V, as a function

of level setting should be the same within a multiplicative factor for

any light intensity L, a.mgderate inténsityvcgn-be used for the caiibra-

tion. Vb 1s measured, of coursé, wifh no light falling on the tube.

‘Ong then plots Vi/dﬁb and'examines ﬁhe plot for a‘mgximum. The best

valﬁe for the trigger level will then lie somewhere between these two

limifing values and will depend on the light levels encountered. In

the present studies a moderately low level of the trigger level (é mv )

.was found most suiﬁable., Typical light levels ﬁere around 1000 pulses/sec.

A pulse width of lpsec assured that coineidence losses were kept to |

considerably less than 1%.

E. Intensity Calibration of the Optical System

For the*purposés of ‘this calibratibn a General Electric 30A/T24/17 ‘
tuhgsten ribbon lamp was used as a spectral irradiance stahda}d. The
power Supply for the.lamp was stabilized by an unusual photo-feed-back
system. TLight from the ribbon fell onto a photo diode after passing

through a blue Corning No. 5030 filter. The current through the tungsten'



~16-

ribbon was maintained such thét the resistance of the photo diode always
matched that of an adjustable helipot. The purpose of the blue filter
was to make the light falling on the photodiode as sensitive as possible
to temperature changes of the ribbon. Ribbon temperatures, as measured
by a ILeeds énd Northrup Model 8622-C optical pyrometer, calibrated at the
Lawrence Radiation Laboratory D.C. Standards Laboratory, were found to
vary by less than *1 to 2°K over the course of the calibration. It is
more than likely that even this variance was the result of technique in
measurement rather than actual flﬁctuations of téﬁperature. Ihdeed,
abrupt éhanges in the supply current to the iamp, which otherwise would
have resulted in gurrent decreases (o; ihcreases) by as much as 4 émps
through the ribbon, were compensated for by the regulatory circuitry to
‘the extent that no detectabie change in the outpuf-of the lamp (as ob~-
served in the biue) was found. | |

The .Planck distribution law for black body radiation can be ex-

pressed as

Tdn = adh | G)
b 108hc/kxT '
NG -1)

where I is in units of quanta /sec/cm? radiating surface/unit solid
angle/unit wavelength (A), A equals wavelength in Angstroms, T equals .

BM, h = Plancks

Ltemperature’in degrees.KElvin, a equals 5.99586 x 10
constant, ¢ = speed of light, and k = Boltzmann's constant.

The above expression holds oniy for a frue black body. Fpr all
normal radiating mater%als, specifieally a tungsten ribbon, deviations
from the black body curve are observed. The emissivity for a substance

[E(X,T)] is defined as the ratio of emission of the substance at

temperature T and wavelength A to the radiation given off by a black
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body at the same temperature and waveléngth.'Thus, for a non-black body
we find

xh(elo hc/khT_l)

The emissivities used in this work are those bbtained by De Yos (19).
In order.to use the above relationship, the true temperaturé of the tung-
sten ribbon must be measured. With an optical pyrometer one can measure
the brightness temperature § of an object, i.e. that temperature at which
a black body would radiate the same amount of energy as the object at:
temperature T at a given wavelength. “‘The relationship between bright-

ness temperature and true temperature is given by (20)
F-F=21 (s EOLT) (5)
S T ey ’ :

where ¢, =.l.h98 em deg, N is fixed at about 6500A by a filter in the
pyrometer and the cut~off in sensitivity of the human eye.. t is the
transmission coefficient of any material between the emitting surface

and the pyrometer, viz. the Pyrex envelope of the tungsten lamp which

has a transmission factor of 0.92. ' Thus,

|+
[

= 1,04 X 107 log [0.92 E(\,T)] (5b)

Calculations of § versus T were carried out on a CDC 6600 computer by
‘interpdlating the emiséivity data of De Vos. A plot of these valueé is
given in Fig. 5. The Erug temperature obtaihed from.fhe measured bright-
ness temperature was theﬁ.substituted in Eq. (4) and the intensity dis-
tribution calculated.

The lamp was caréfully masked so that light from.only the central

section of the ribbon was allowed to fall on the monochrgmatbr entrance
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Figure 5. True (thermodynamic) v8 brightness tempera-
ture for tungsten ribbon lamp having enve-
lope transmission coefficient equal to 0.92.
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slit. ©No intervening lenses were“hsedg however, in order to eliminate
.second order contributions, & Corning No. 3060 éhérp cut filter (trans—
mission less than l% at wavelengthé less thap 375OA), calibrated on a
Cary 14 spectrophotometer, was placed in front of the entrance slit.

The correction curve was obtained by dividing the computed sbectral
.distribution by the systém‘s response.. Corrections obtained from two
different lamp settings‘ (s = 1957°K'and 206L4°K, T = 2127°K ahd 2250°K ,
respectively), normaiized at one point, gave nearly identicai results.,
The resultant caiibr&tion curve is shown in Fig. 6. All raw data inten~
sitieé were then corrected for the‘requnse'of the monochromator and
photpﬁultiplier tube before_being used in subsequent calculatioﬁs.

¥, The Vacuum and Gas Delivery Systems

A diagram of the chemiluminescence cell is shown‘in Fig. 7. The
cell, constructed from stainless steel, was equipped with two inlets
'and one larger outlet 120° apart. The calcium (lithium) fluoride obser-
" vation window was sealed_té the cell by means of a Viton-A 0" ring., All
static "0O" ring seals were found not to be attacked by the corrosive
gaseé.f Fluorine, obtained from the Mathesbn Company (98% purity'typicaily).
was passed thfough a tuﬁe Contéining activated NaF to remove any HF
impurity and was stored in a 34.1iter taﬁk at pressures leés than one
atmosphere.v The fluorine was metered into the reaction cell by means
of a Vactronic Vari-Vac adjustable bellows-type leak valve. Flow rates
© were measured by use of é Hastings-Raydist‘Model LF-50 calorimetric mass
flowmeter‘in which the fluorine came into contact with only monel metali
surfaces. The principles of operation of the flowmeter have been dis-

cussed by Brown and Kronberger (21).. Argon of 99.996 percent purity
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was obtained from Linde Ine. A metering valve and méass flowmeter iden~
tical to those used for fluorine.ﬁere used to measure and control

the flow of argon. - These two gases were mixed prior to entering the-
cell.

Analytical reagenﬁ grade iodine, obtained'ffom.Mallicrockdt Chemical
Works, was doubly vaguﬁm diétilled priof to use in these experiments. The

glass bulb containing the I. was maintained Just below room temperature

2
(20.6°C) in a thermostated water bath in order to prevent crystallization

is only ‘

of the iodine in the lines. Since the vapor pressure of 12

200 mtorr at the bath temperature, it was not feasible to measure

the flow of I, with a flowmeter of the type described because of the

2
flowmeter's low conductance. It was found that pressure heads in the
10's of torr were needed to obtain the desifed gas flowé through the
pressure transducers.. Consequently the I2 waS'ailqwed to flow directly
into the cell. A Westglass»greaseless stopcock was used to meter the
£1ow. "

Pressures on the interior of the cell were megsured by means of
Pace Engineeriﬁg.Co. Model P7D - CD25 ?arigble reluctance differential
pressqre transducer, one side of which was connected to the cell and
the othér té a reférence vacuum. Tts all stainless steel éonstruction
readily permifted use with fluorine. Calibration of the instrument was
made against a more accurate, factory calibrated Dataﬁetrics Type 1014
Barocel Electrbnic Manometer_by'connecting bdth transducers to the cell
“and simultaneously.measuring'pressures of an inert gas. Measurements
with the Pace transducér couid‘be made to within 2 m torr.

The volume.éf the cell was measured by expansion of gas from a

container of known volume using the calibrated Pace transducer ‘to



measure the pressu%es,' The flowmeters could then be calibrated for
each gas used in the experiments by clésing thé cell to the vacuum -
pump and measuring pressure differentiéls as a fumction ofbtime. From
_these data the pumping speed of the vacuum system could be calculated by
measuring the pressure of a gas under normel flow conditions (exit port
open)vat a known flow input rate. Tﬁis known, the ?elationship between
equilibrium iodine pressure under‘flow conditions to its flow rate was
readily established.

The effluent gasés passed ovér NaCl.crystals heated to 100°C

to replace any excess.Fg by C12 before passing a liquid N2 trap.



ol

ITI. THEORY

A; Spectroscopic Energies

1. Electronic, Vibrational, and Rotational Constants.

The emission spectrum of iodine monofluoride, the last of the diatomic

interhalogen compounds to be discovered, was first reported spectro-
scopically by Durie (22) in 1951. ‘Observation of the newcspecies was
made in a flame produced by the presence.of iodine crystals in a fluorine
atmosphere. The-simple banded structure of the spectrum lec Durie tc
assume the emitting species to be diatomic, but confirmation of this

was not established un£il the high resolution spectrum.was published in
1966 (23). In that work the rctaticnal and slightly revised vibrational
frequcncies of the mplccule were made available. The equilibrium inter-
nuclear distance calculated from the rotational spacing was in good
agreemént with that expected from the average of the iodine and fluorine
bonds lengths, thus giving strong evidence that the species was indeed
diatomic. - Thirty two bands.from v' =0 to v' =11 (and J' up to 120)
were reported in high resolution as well és fourteen additional bands
obtained cnder lOW‘resolufion. Vclues of the electroniec, vibrational,
and rotational constants, obtained by least squares fits to Durie's data,
are given in Table I. Thebvibrational spacings are givén by

G(vt,v") = Te + wl (v'+ 1/2) -0 x (v + 1/2)2 + oyl (V'/+ 1/2)5(6)

- [a)é’ (v'" + 1/2)- wexg (v" + :L/2)2 + a)ey;' (v" +1/2 )5]

where primes refer to the upper (excited) electronic state and double
primes to the lower (ground) electronic state. Rotational constants

are given by

Bv:= B (v +1/2) +y, (v+ 1/2° (7)
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Table I. Molecular constants of iodine monofluoride

st 5no+
o 611.1.(2) : 410.0(1)
wx, : _ 3.3(0) | : 2.3(0)
W Ve 0. 006 -0.12(6)
B, _ 0.2798k | 0.22725
o, } 1.875(6)x10f5 | 1.14\20'(2)><1o"5
Vg -7.15x10'6 ' -8..189x10'5
D o e.hx10“6 2.8x10'6
r, ' 1.909(3)a 2.118(7)A
D (dissociation 235344100 ' . 4884+100
€ ene rgy) '
T, !‘19054.0 | |
TR | 16.52457 amu I = 126.9044 F = 18.998L
~ (cyp = 12,000) |

All units in cm_l unless otherwise noted ‘
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where v refers to either v' or v", and fimlly, the rotational spacings

are given by
' o 2 :
FV(J) = BVJ(J +1) -DJ(7+1) _ (8)

whefe, again v andIJ refer:either to the upper or.the lower electronic
states. |

Becéuse slight perturbations in both the ¥ibrational spacings and
rotational B valﬁes for v=10 and 11 were observed, these levels Wére

omitted in the calculation of the least squares constants.

2. Electronic States for IF and Their Digdociation Energies.
The transition of IF in the visible region of the spectrum was

o The

attributed to the 5ﬂo+—>lZ+ system analagbﬁs to that found for I
dissocistion products for fhe two states ére two normal (2P5/2) atoms
for the ground state and one normal (EPB/E) and one excited(efi/é)

atom fdr.the excited electronic state (EA)QT The transition, which is

not allowed in Hund's coupling cése a, does become allowed in Hund's
coupling case c which is applicable for molecules conmtaining heavy
nuclel (25). Althoﬁgh'there is no a priori reason for ruling out the
upper state being the'inl component of the %1 system [which dissociates
into 2 normal (2P5/2) étoms],»sufficient evidence exists which eliminates
that possibility. For the latter case, each virational level has two
closely spaced components of opposite rotational symmetry (Aféoubling);
consequently, one would expect to find a Q branch as well as P and R
branches ih the high resolution spectrum. In the former case, the

two combonents (§HO+ and %Ib;)_are sufficienﬁly separated.éo that each

can be considered as an entirely different electronic state (25). In

that case, no A\ doubling is found, and P and R branches, only, are to be
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expected. According to Durie (23 ), no Q branches are observed, thus
eliminating the possibility of the transitionoccurring from theBHI state.
It is interesting to note, however, that in the cases of IBr (26) and

Ic1 (27) strong afterglows from the . state have been reported and

1
only very weak emission from the BHO* states has been observed upon

3

atom recombination. Other examples of transitions from the state

‘ To+
do occur in the cases of Br., (28), C1, (27; 29), BrCl(27, 30), and BrF (23).
In the case of Br2, strong luminéscence-from the BHlf state has also been
reported (26). |

The question of the disSociatibn'energy of the ground state of
IF is also illuminated by the study of the high resolution spectrum,
The a priori possibilities are that the dissociation products of the

i,

The excitation energiésu(with respect to normal ground state atoms) are

.. L2 \ 2 _ 2 2
state are either I( PB/Q) and F( Pl/g).or i( Pl/2) and F( PB/E)'

Lok and 7598 cmnl'r'espectively° The dissocistion energy of>the jHOf
state has been obtained from a conventional Birge-Sponer extrapolation
 and is reported (23, 31) as 488L 100 em™T with respect to the poténtial
.ﬁinimum. Also, from thelvibrational analysig of the spectrum, fhe energy
différencerbetween the pofantial_minima for the two electronic states
has been found to be 19054 cm—l. This yields a diSsoéiatién energy of
23534 or 16359 cm~l, depending upbn the set of dissociation products.
Sihce IF is known to be chemically uhstable wifh regpect to dispropor-
tionation to I and'IF5 (32),'bUrie and Gaydon (31) favored the lower
value (hh kcal) on the grounds that such_a‘choice would support this
fac£ whereas choice of the higher bond energy (66 kcal) would predict
IF to be a staﬁle species, Unfortﬂnately,th}s arguement rests on a mis-

taken value of the bond energy of IF_, Theé value of 19L4.6 kecal/mole

. 5
reported by Woolf (33) is not the bond energy of IF5? as assumed by
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Durie and Gaydon in their calcalatioh, but rathef fhe heat of formation

from the elements. Taking the heaﬁvofbsublimation of I,

one obtains a bond energy of 315 kcal/mole for IF5. This value would

make IF5 the thermodynamically stable species even i1f the higher bond

into account,

energy were chosen for IF, Indeed, it has been pointed out by Slutsky

and Bauer (34) that it would be highly unusual for the molecule IF5 to

have an average energy per bond (63 kcal) greater than that of IF itself.
The strongest evidence in favor of the higher bond energy, however,
is the fact that predissociation in the rétational'fine structures has
been observed for v'! = 11 beginning at J'Vi 45, No predissociation of
vthe v!' = 10 level isvobseived, thué indicating thatithevelectronic state*
responéible for the predissociation crosses the BHO; state nearly

horizontally. (See Fig. 8.) The onset of predissociation occurs almost

* Mulliken (35) and Mathiéson and Rees (36) have indicated that two
different halogen ground state atoms can corfelate with the following
states in Hund's coupling case c? O+(2), 07(2), 1(3), 2(2), 3(1).
Strong interaction (avoidance of crossing) with the excited (07) electronic
state from which traﬁsitions are observed could be caused by the second
(and presumably repulsive) O+ state cbrrelating with ground state atoms.
This possibility does not exist for homonuclear diatomic molecules since
the second O+ state would be of the wrong inversion symmetry in that

case (g vs. v for the upper state).. The selection rules for pefturbation
are (in case c) AQ = O,til, 0t e 0%, 0" 07, 0"l 07 (and u s g)e
Thus, weakefvinteractioﬁ (predissociation without avoidance of erossing)

could be caused by one of the O = 1 states.
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exactly at the higher possible dissociation energy of IF (once the
height of the rotational barrier for J; = 45 is taken into accounﬁ). It
would be nearly'impossible for the responsible state to cross the 3HO+
state withouf strongly perturbing several vibrétional levels if the
dissociation energy of the lZ+ staté were the lower of the two values
under consideration.

In concluéion,vchoice of the higher bond;energy is consistent'with
that found for ICl as reported Ey Clyne and Coxon (27) in which case the
_dissociation products ofvthe 5H0+ state have been identified as »
I(EEB/E) and Cl(?Pl/a). Recent observations (37) of the photodissoéiation
.products of several interhaldgen.ﬁompounds by ultra violet absorption
spectroscopy have shown the dissociation products of i Br to be
I(2P5/2) and Br(.epl/-g) and those of BrCl to be Br(2P5/2) and 01(2P1/2).
Resulfs for ICl were inconclusive., Thus, in all known cases, the
lighter of the two atoms has been the electronically excited (2P1/2)

product in the dissociation of-5ﬂo+ states of the interhalogens..
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B. Interpretation of Spectral Intensities

1. General Discussion

-%n this section general conSidgration_is given”to those factors
governing inﬂensity distribution'in aﬁ elecfronic band emission spéctrum
ofba'diatomic molecule. - Parts of the»diséussioﬁ ére due to Hérgberg (25)
and his text is recommended for a more‘deﬁailed explanétion; The-inten-
sity of emission:of a spectral line (in Quanta/sec)iis'giveh by the
product of the population of the.emitting state and the Einstein transif

tion probability for spontaneous emission as- follows1

s V3w [RZ D
TU N A = _ - (9)

em n nm 3h

where n refers to the upper state, m to the lower state, R™ is the
matrix element for the transitioh, and Vom is its frequeney. For the L
specific case of a single vibration rotation line from an electronic band,

we have (in emission)

: viaiie
. i
L 3 127 R |
vt O Vergemgn Mg (5 Vg
Lyngn = ' (10) -
| 3h s ge -

where the transition matrix element now consists of a sum of individual
transition matrix elements' connecting the various degenerate sublevels

+ 1s the degeneracy of the emitting

of each rotational state, and dv'J

state (equals 2J'+1).
If the system is in rotatibnal equilibrium, we can express the

population of a particular fotational:lev§l as

N, (27'+1) [ B+ 5:(J'+1) ]
exp |-

_(11)»

N g0 =
v'd Qrot kTr '

where Qrot_is the rotgtional partition function and'equals kTr/Bv..'
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The rotational line strength, SJ repreéents that part of the transition

J'"’
matrix element due to overlap of the rotational wave functions and can be -
factored from-the rést ofvﬁhe matrix elemenﬁ which contains the electronic
and vibfational contributions. These rotaﬁiénal line strengths, commonlj

called Honl-London factors (38), will be discussed in more detail in a

subsequent section. Thus, combining the above expressions, we have

I Jt -
v I . 6)4-7]' v"?”J’V"J“ SJ." NV’BV' .B'V"J"(J'-*-l)
Ian-n = * ) . eXp - (12)
: 3h k Tr kTr d
. e! 1 2
' lReanl
The transition moment can be expressed as
e'v' _ . :
Renvn = <we'¢v"M“(’[/,e"¢v"> . (15)

where the we’s are thevelectrénic wavefunctions, the wv’s the Vibrationai
wavefunctions, and M is the transition moment, a vector with components
._Zeixi, Zeiyi and-zéizi. Sgparatioﬁ gf the transition moment into two
parﬁs, one depending oniy on the pdSitidns of’thg nuclei, Mh* and one

depending only on the coordinates of the electrons;, Me’ yields
erV: t " 1 ] n‘ K [ n )

A AR AR A R AR R R E (14)

‘ 1 144
where | Re = (wélMel¢é>

For a . transition between two different electronic states, the first

term goes to zero due to the orthogonality of the électronic wave func-
tions. Re is called the electronic transition moment. Since the elec-

troniec wavefunctions, under the Born~Oppenheimer approximation (39),

are only slightly dependent on internuclear distance, the eléctronic
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transition moment is often removed from under the second integral sign

and is considered to take on an average'value, ﬁe’ thus yielding

e'V'IE

T .r "o ’ ' . | '

= IR | Gl (15)
) t 1" . :

where the squared integrals (¢v|¢%)2 are the well known Franck-Condon

factors (40). Writing ﬁhe expression for the intensity in final form,

we have

CN, B,
V,-J’ 1 v'
IV"J" =_ kA exp [‘

B '. '(J"i‘l) .‘-‘_-
v'J ]lRe|2
T kT ‘
. . r ) ’

ton o 3 J
,w/‘vlwv> L A SJ"',
where C = 64ﬂu/5kh. The assumption that_ﬁé can be ‘separated from the.

vibrational overlap integral is discussed further in Section ITII-B-3.

-2, Calculation of the Franck-Condon Factors

In Section II-ALthe pofentials for the upper énd léwer electronic
states were discusséd in ﬁérms of their dissociation energies and elec-
tronic term values. In order to compute fhe'Ffanck-Condon oVeriap inté-v
grals, however, the vibratidnal wave function themselves must.be deter~
‘mined and this necessitateé accurate knowledge.ofvthe exact shapevéf the
potenﬁigl.‘ Cdrrelation of the states of the‘separated atoms with that
of the diatomic molecules provides us with certain qualitative iﬁforma-
tion about the electronie statés aﬁd pdtential curves; but the exact form
| of the potential has té be determined empiricélly f}omvthe spectral con-
stants. Any useful potential fof a bound state must ﬁmet atzléast the

following criteriay
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1) it must have a potential minimum, thevminimum occurring at the
equilibrium internuclear distance;

2) it must take 5n a value equal to the dissociation energy as the
internuclear distance becomes very large;

3) it must become infinite, or neérly 50, as the.internuclear dis-
tance approaches zero. (This, natﬁrally;fis due to the mutual repulsion
of the nuelei.) o
Varshni (hl)lhas discussed the usefulneéé of many‘potentials which meet
the above criteria in an extensive re#ieW'article. The pofential used
most widely until recentiy has beéh,that due to Morse (42) mainly because
"substitution of this potential into the Schrodinger wave equation in
many cases yiélds energiés'closély'approximating those observed spectro-.

scopically, and,furthef,because it yields analytical wave functions with
vhich orecan calculate overlap integrals in a straight-forward manner.

The Morse function has the form
. - - o ) -
U(r) = D (1-e Plr-re))y (17)

where De is the dissociation energy and ro the equilibrium internuclear

distance. Vibrational energies are given by (25) -

, Dh ‘ . 2
o(v) =8 4/ —— (v+1/2) - = (v+1) (18)

2T cu . 8em

for the rotatlonléss . molecule. _
Equating the coefficients of (¥ + 1/2) and (v + 1/2)2 to the spec-

troscopic constants Wy and WX, yields

| 2ﬂ2cu

¥ Dh we <19)
e
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S | (0)
Applicabilitybof the Morse poténtial can be determihed'by comparing the

De predicted by Eq. (20) with the true dissoclation energy. Also, a

~ Birge-Sponer diagram,'according o EqQ. (19), should yield a straight

line ball the way to the intercept of AG.with'the v axis. Although

such a plot is linearvas far as the energy levels have been measured for
the lZ+, state of IF, definite curvature can be seen in Fig. 9 in.the
case of the 3H0+ state. A similér method of determining thé reliability
of the Morse potential is to determine from a least squares fit to.the

energy levels the necessary number of terms In the Taylor series expansion

- of (v + 1/2) required to give an accurate fit. If terms higher than

BNCES are significan e Morse potential is inadequate. e find -
1 2)2 f t, the M tential inad t We find

that in the case of the ' ground state the @ y_ term [éeevK.'(6)]
is quiteAsmall (Table I); waever, for the 3HO+ state, the SRR becomes
rather significant. Coolidge et al, (43) suggest that nbt only should
a correct potential givé aceurate vibrational»energies; but that it

should also predict correct rotational constants (B_v values)., A solution

of the.Schrodinger using the Morse potential and including rotational

_energy terms has been obtained by_Pekéres (44) using perturbation

methods [see Pauling and Wilson (45), pg. 272 ff]. The vibration

rotation interaction term,'ae, is given by

Bhu%xe

- . . (21)
4ﬂ2ur w ¢ e B°r
‘ e e .
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Figure 9. Birge-Sponer extrapolation
of IF.
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for the 3Ho.g. state

-
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1.874 x lOfB. However, for the 3ﬂd+ spate:ae(Mbrse)v= l;258xi05

" where the average is to be_taken over the period of vibration, Ty
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Using B calculated from Eq. (19), we find that for the 5 state

a (Morse) = 1.821 ><v_lO"5 en™t compared to the ‘actual value (as deter-

mined from the rotatioﬁalvfine structure,épéctra of Durie) of

| 3
to the true value 1.420 x 1072, We recall that the rotational Ev's are
given approximately by_Bv =B, - ae(v‘+ 1/2) where B, = h/87f2 curGE.

Thus, while the Morse potential seems adequate to deseribe the lZf groﬁnd
electronic state, it does not.satisfacfbriiy predict either the rotational
constants or vibrational energy levels of the upper electronic state.

The advent of the high speed electronic éomputer has greatly.facili-
tétéd the calculation of Franck-Condon factofs based on potentials
yielding.non;analyticiwavevfunétiohs. Recently, Zare (46) has published
programs for the calculation of'poteﬁtialé»and‘Franck-Cohdon féctors
based on the semi-classiéal method of Rydberg?Klein-Reés (47). The
essence of Rydberg's original method was. to consider the case of the
classical rotating vibrator having a totai energy U = pr2/2u + Véff(r)>’
where p  is the radial momentum (momentum'gf thenvibratioh) and Veff(r)
is the sum of the poﬁentiallenergy v(r), and'thé fotational energy, K/r?,
where X equais peg/Ep, Py being the angular momentﬁm.' For an éscillatory
motion, the action I is definedvas'ﬁ prdﬁ. In what:is commonly considered
to be a Wentzel~Kramers-Brillouin (WKB) approximation, the Cldssical |
action is sét equal to its quantum mechanical equivalent h(v +.l/2).

Thus; substituting’fdr p,. we have

R AU S NS I UL VS BN CS B

' The classical expression for the energy of rotation is Bot = K(l/re)

+

as compared
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Making use of the definition of P, (=1 %%), we have

{1\ _rR . 1 .. EKu dr
Erot a K:<32> Tt $ 2 dt = T $ 2 (23)
r : v r \'a rpr

Now, since T, = %% , we obtain upon substitution of the quantum mechanical

eQuivalent of X

_ __h” J(J+1) ey 1/2
Epor = BVJ(J+1) = 5 $ [U—Veff(r)] dr

ro 81 i I‘g
o Ry o -
$ [U-Véff(r)] dr (2k)
or N . |
2 r ' Ty :
B = 62 TV 67 e e @)

‘where the limits.of r are such that Véff‘(rl) =.Véff (ré) = U. Rydberg
gdjusted the potentiai such that graphical evaluation of the integrals
v.gave good agfeement with the experimental observables. Difficulty arises
in evaluation of the integrals in Eqs. (2L4) éndv(25) since the integrand
becomes infinite at the limits of integration (fhe classical turning
points).' Klein, in formulating the problem, started with the above
+

equations but was able to-evaluate the turning points r_and r. in terms

of two functions f and g according to relation

- 1/2
r, =L+ ¢ + £ - (26)
g _ v
where f and g are defined as follows

e - 2K o - B8O 50,0 = (2r) R ST ruen(n, 018 ax

(27)
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E(I;K) is the sﬁm of the rotational and vibrational energies in terms of
the previously defined.qgantities VI and K and‘I;, the limit &f inte-
gration, is reached when}the integrand goes to zero. Rees determined
analytical solutiéns.fbf the case in which
E(I,K) = we(v +1/2) ‘+‘wexe(v + 1/é)2 + BVJ(J + 1) + DVJ2(J + 1)2

| (29)
‘where the quantum mechanical equivalents of I and K have béen substituted.
However, as determined in the diécussion of the Mbrse potential, terms
higher than quadratic in (v + 1/2) are necessary to fit the observed energy
levels. TFor the purposes of the pfesent calculations, terms as high as~
(v + 1/2)3 were considered. Although Rees has also indicated analytical
solutions for cases in which terms_cﬁbic in (v + i/2) were present, the‘:l
method is rathér cumbersome and invol#esithe calculation of ellipfical
integréls making use of avcomputer necessary. Therefore; it was decided
to use Zare's prégraﬁs (with some modifications and adaptions for the
-CDC 6600 cémputer) for the calculation of RKR potentigigjggaAiggwasso—
ciated wave functions. Discussion of the prineiples employed in the
numerical calculations is given by Zare (lﬁﬁvand Zare and Cashion (L9).

The chief advantage of the RKR method is that it does not necessitate
: knowledge of a particulaf functional form for the potential., Instéad,
all the spectroscopie information available for the molecule may be.
utilized directly in the calculations. Although detailed knowledgé of
the fotational constants B; for each level are required, even such
refinements of the Morse péténtial as the thburtinrschfelder poten=~
tial (41,50) alsbbrequire knowledge of B, énq a, in order to obtain more

realistic potentials.
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Gaydon (51) has commented that since the RKR method is a WKB
approximation and semi-classical in nature, the potential should not be
considered accurate for the 1oWer'vibratiéhal levels. Schiff (52), in
a discussion of the WKB method, also corments that reliability of WKB
apprbximations is guéranteed only for v §>‘l. waever,-Rees (47) has
shown that whén E(I,K) includes terms of quadrétic and lower order in
(v + 1/2),as predicted in the solufion fo'the Schrbdinger equatibn for
the Morse potential, and when the Morse formulations 6f Qg apd De_are-
consistantly used,:the éalculated RXR potential agrees-with the Morse
potential to the extent that expressions for r,, in terms of B_, and
for (r+-r_) are j.n complete ﬁarmony. In this connection, Jarmain (53)
and Vanderslice et al. (54) have shownvthat the Dunhem (55) potential,
which give; an accurate description of fhe potential for Hé néar the
minimum, and the RKR potential are in complete agreemenf.

The reasons vfor fhis apparent succés_s of the RKR method/ even at low
vibrational gquantum levels have been put forth in a paper by Zhirnov (56)
in which the hypothesis is made that'RKR_method, rather than being a
consequencé'of the usual WKB method, is’ the result of a more generaiized
WKB method préposed by Millei and Gbodv(57). According to.this ﬁethod,
the RKR wave functions are expanded in termé of a set pf basis functions -
which are exact solutions to the Schrodinger egquation for é potential which
closely approximates the pofential to be célculated. In terms ofvthis‘

new potential W(r), the action may be written

1= (eu)/? fr;[E* ()12 ar | (29)

where E © is the total energy with respeet to the minimum of W(r ).

Equation (29) is then expressed as
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I = (2u‘)l/? fre [E - U(r)]l/2 dr = (-ep)l/2 frg [E - W(r )]l/g'dr
: r, . ; ' ri |
(39)

Only for the case in which W(r) is a Morse potential (or harmonic
oscillator; potentiai) can the expression be shown to equal h(v + 1/2),
Thus, the- standard RKRJprocedurefis claimed to be a perturbation method
" for which the Morse Wéve functions form the basis set. .A'pplicability
criteria for use of the RKR procedure are besed upon the producﬁ of two
factors, one of whi¢h is related to closeness of approach to the classical
1imit and the other to the difference between ﬁhe bagis and true poteﬁ— '
tials. In the region of low v, for which the classical Limit [(§ pdr =
h(v + 1/2)]1 does not apply, the difference between the true potential

and a suitable'Morse‘poténtiél is alwayé nearly zero, hence the pertur-
bation method is justified, and yields the séme results as in the classical
limit. For higher vsn the deviation between'the true poténtial and Morse
pbtentials incfeases, but approach to the classical limit then renders

the method;valid. Only for very high v, i;e. when approaéhing the
dissociation limit, does fhe descrepenéy between the asymptotic behavior

of the Morse potential deviate so greatly from the_behavior of the true
potential that the effect of approach‘to the classical limit déés not
counter it sufficiently to meef the abpliéability criterion giveh'by
'Zhirnoﬁ. Thus, in conclusion, one can expect ﬁhé RKR wave functioﬁs to

be highly reliable, except in the regidn Where'thevdissociatién limit i

is being approached or when perturbatiohs fran other electronic states

are present.

3. The Electric Transtion Moment.

As stated in Section ITI-B-1, the separation of the electronic
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transition moment from under the integral sign in the evaluation of the
tranéitién matrix element, although often applied, is not necessarily
valids The assumptiqns-undgrlying‘the approximation are that Re is a
smoofh.and slowly vafying function of the internuclear distance r and
that the main contributions to the bverlap integral come from fanges of
T consideraﬁly more limited than the extent of r for which the wave
function has non-zero value. waever,.once the transition moment has
been separated from the integral, it is not necessary to consider it

to take on an average value for all transitions between pairs of energy
levels of two eléctronic states.v A new*apéroach in the determination
of the dependence of the transition moment on the internuclear distance
was first introduced by Fraser (58) and Turner and Nicholls (59). Asso~
ciated with,eaéh band in the system (v!,v") is an average value of the

internuelear distance called the r-centroid given by

1 =

t
V.IV <V'IV"> v

where we have adopted the shorthénd notation (v'| for the vibrational

z v x]v™) : ‘(51)

wave function (®é « The transition moment 1s then considered to be a

function of the r-centroid. Thus,
(vR(2)v™) 2R, (F 4 on) (v (32)

| This expression is easily shown to be exact for the case in which the
transition"momgnt is a linear function of f; The validity of the
approach for transition moments containing quadratic and higher order

terms restson the degree to which

t] Ty — v '
I‘n,v,, Em = (rvr n)n (55)
vV (vt]v™) .v

Only when this criterion is met, is Eq. (32) strictly true. Fraser (53),
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in. justificatlon of the above assumption,has shown the relation to hold
true for up to n =12 by’comparlng both 31des of Eq. (52) for the case

in which R (r) is assumed to be of the form e %

where terms for n up to
12 are significant in the Taylor series expansion. The particular wave |
functions used were Morse functions‘obtained,by_Jarmain and Nicholls (60)
for the flrst positive system of Né
Evaluation of the actual tran31tlon moment is accomplished through .

semi~empirical means as follows. For a given resolved progression of
bands emanating from a particular v', the intensity of the band, divided
by the product of the approprlate frequency factor (v if T is in
quanta/sec, vh if I is in energy flux/sec) with the calculated Franck—
Condon factor, is plotted against the value of the T centroid for the
band. The samelis oone for each/progression and the curves are normalized
rto one another (because of the differences between the populations of the
emitting states) according to the area underneath the curves (59).
weighted least squares fit to all the experimental points has been suggested
and the results used'to evaluate more accurate tran31tlon matrix elements.
.The purpose of the weighting is to account for the fact that when the
loverlap integral is very small, abrupt changes in the values of the
vr—centroid and higher order centroids are sometimes encountered.

‘ Halevi (61) has suggested that Eq. (32) would be improved by ex~-
panding the transition moment in a Taylor series about the r-centroid
as follows
' 5 Re(r) _ 52 R, (r)

e |(rF) + 5 — <r-r) (34)

Re(r) =»Re(r) + S

Evaluation of the transition matrix element yields



e

(v'|Re(z)]v™)

Re(;) +.l/2 Re"(f)((v’lrglv") - r{vtr|v")) (35a)
' R™(T

- CRYE) = |
Re(f)»(v‘lv") 1+ 1/2 EET?7“ (r° - (5)2)] (35b)

i

Thus, although Eg. (55)voften holds quite well for small values Qf n, it-
is also necessary to consider the magnitude of R} (;)/Re(f). Halevi has
calculate& this correction term for selected bands of the first and second
positive‘systems:ﬂn&NEand of the comet tail system‘of CO+f In the first
two cases, correction factors for the O;O bands were found to be about 1%
(|R2/Re] ~ 10). However, in the latter case, a cérrection of 17% was
found for the 0,0 band [(Rg/Ré) ~ ~135]. Although one might expect
larger correction factors to be obtained only for bands having very small
transition moments, by using the transition moment function for the above
syétem as obtaihed by Robinson and Nicholls (49), one obtains values of
Rg(f)/Re(}) varying from 133 to 195. These numbers. should be éonsidered
'cautiously; however, sinece the functional dependencé of the transition
moment -on intefnuclear distance will no longer be given by the relation
of Robinson and Nicholls if Eq. (35) is used rather than Eq. (32) in the
interpretation of the observed intensities. ‘

| The adVantages_of the above approach are limited, however., The
r-centroid can be determined approximately without actually evaluating
the overlap integrals by the method of Jarmain [see ref. (58)] once given
" the potential curVes for the two electronic states. It is easily shown‘
that |

Evt -E =Y 1 (; n) - an(; t n). (56)
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- where the E's are the total vibrational energies (relative to their re-
spective.potentiai minime) and the V's are the potential energies for
the two states. In order to determine the r-centroid for a particular
band one simply finds that value of the internuclear distance for which
the difference in vibrational energies for the upper and lower states
is equal to the difference in potential'energies. This approximation
holds to the extent that the difference in potential energies of the
upper and lower eléctrdnic states is a linear function of the inter-
nucleér distance, which in generél is a good approximation. There is 

no such simple methal for evalustion of the r2—centroids needed in Eq.

(vt |22 v™)
viiv)

and are conveniently available from Zare's programs as are the numerically

(35). The integrals must be obtained by numerical integration
integrated vaiues of the f—céntroids. Instead of computing the values
of the centroids, however?.one can easily modify the program such that
values of the transition matrix elements themselves are obtained for
some assumed functional form of Re(r). The f-centroid’épbroach céﬁ be
used to obtain an approximate function Ré(f). The validity of the approach
can then be tested by:comﬁaring the integrals. (v']Re(r)lv"> .directly
© with Re(f) (vt|v"). A re-iterative procedure could then be used to
obtain the best R_(r).

The above procedure has been utilized'by many investigations in |
an effort to determine the importance of the transition ﬁoment in band
intensities. In a recent reviéw, Ortenbe¥g and Antropov (12) have enume-
rated systems of diatomic molecules for which Franck-Condbn factors have
 been calculated .and further discuss some systems for which the transition

moment Re(r).has been evaluated and, in & few cases, theoretically calculated.
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The depéndence of the trénsition momeht on iﬁternuclear distance is
given for 20 systems, some of which have been measured by more than one
investigator and by other (lifetime) fechniques.

As in the above cases, accurate intensity measurements could be
" obtained, heretofore, only for systems in which the individual vibfation
rotation bands were. compleftely 6f nearly non-overlapping.l For partially
'bverlapping bands the techniques of Robinson and Nicholls (15) have often
been employed. In the case of low resolution spectfa, in which individual
rotation lines are not-distinguished, the total intensity of a band (area-‘
under curve) is inferred from intehsity measurements of a smali non-
overlapped fraction of the band; e.g., if the band heads are not over- »
lapped, the'intensiﬁy might be taken as pfoportional to the height of the
- band head (assuming that the band head enéompasses'a constant fraction of
the total intensity of the band). For high resolution spectra, measurement
of intensities of individual non—overlépped rdtational lines can be plotted
. éppropriately and the total intensity of the band inferred from -an in-
dividualilihe'intensity and the rotationél temperature obtained frbﬁ the
plot.

In many cases, however, overlapping occurs to such an extent bhét_
neither of the above reéolving methods can be reliably employed. In order
to defive quantities of interest from the spectra, e.g. relative popula-
tions of excited vibrational levels of the emitting‘state for the kineti-
cist or transition moment functions for the speCtroscopist, the problem
must be attacked iﬁ an integrated fashion. The relative populations
[scaling factors used in the method of Turner-andANichoils (59)] cannot
be accurately obtainea withaut a detailed knowledge of the transition
moﬁént functién Re(r), nor can Ré(r) be obtained over the entire region of

spectral interest without knowledge of the population factors. A new
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method of approach is descrilbed in the following section.

4, Details of Calculations

According to the theory for diatomlc molecules described above, it
should be possible to reconstruct any emission spectrum given the followg
ing quantities: l)‘the,electronic configurations of the states, 2) the
vibfational_and rotafional levels of each electronic state, 3) the vibra-
tional and rotationél temperatures (or the relative vibrational bopula—
tions themselves for the upper electronlc state if the system is not in
a Boltzmann equilibrium with respect to the vibrational degree of free-
.dom), h) the transition matrix elements (v'lRe(r)lv") for each band,
aﬁd 5) the spectral slit funetion of the monochromator uéed to make the
measurements and the spectral wavelength response éf the optical system.
Conversely, given all but the function.Ré(r) and the Qibrational popula~
tions of the emitting state, one can determine by the method of least
squares the set of vibrationai~populations and.values of the transition
moment at specified internuclear distances which Eest repréduce the
complete spectrum, This method has two obvious advantages. First, over-
lapping of bands does not cause any serious probléms since the fact fhat
each intensity‘measureﬁent (at a particular wavelength) is actually a
composite of conﬁfibutions from several bands is taken into. account in
the calculations. Secondly, the entire observed spectrum, not Just
those progressions having many distinet bands, can be utilized in the
calculation of the transition moment. Indeed, Jeunehomme and Schwenker (65)
have claimed that the Re(r) cbtained by using the scaling procedure of Turner
‘and Nicholls in treating intensity data of King (64) for the A to Xutransition
of C, does not yieid.the same'Ré(r) curve obtained by treatment of their

lifetime data. The difficulty arises in thevattempt to determine the
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scaling factor (relative population of v') for a shorf progression by

graphical means because of the experimental scatter in the data. It was

found that the intensity data could be safisfactorily accountédvfor by

the Re(r) function determined in (63) if a different set of scaling factors ]
from ﬁhat determined by Nichols (65) was employed. In the present method

the weighting factors (excited state populations) and the transition moment
'functioﬁ are determined simultaneously; Once the;transition moment function
has been'satisfactorily'détermined,it can then be used in the treatment of
other sets of data in which the populations are of interest. The calculations

are broken dbwn into two parts, as follows.

a. Calculation of individual band shapes. For a particular band having
upper vibrational quantum number v' and lower.vibrétional quantum number
v", the intensity for a single vibration;rotation line, apart from con-
tributions of the transition matrii element (other thap that dependent on
rotational factors) and the effect.pf the.o%eréll population of the vi-

brafioﬁal level, has been shown in Sée, III-l.to be
' L
Vt JYY 6L”T Bvl

Iann = EEET;—— v

- (37)

) t - t/ Tt
3’J’V"J"S§" e BV’J (J +l)/kTr

In Hund's coupling case ¢, the anl-London.factors; or line strengths,

for a transition of the type o" —}O+ are given by (25)

J!

= ! LU ! - .
R .onen Syn =J' where J" =J 1 (38)
A ' o TS
= + ) = +
Pbranch | SJ" J 1 where J J 1

The rotational contribution to the energy is given by [see Eq. (8)]
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L ' 2, 2 . . : 2 2
- 1 1 H ! - " 1n - i t 13
Voot = B ,J (J +1) +D ,Jd (J'+1)7=B_nJd™(J +1) D wJ"(J +l) v ,(59)

Adopting the indexing sYstemvin which m=J' for the R branch lines and

-=J'+1 for P branch lines, we can writé the rotational energy expression
. v :
as

. | v2 e 3¢ Y
Vrot(m) = (BV,’*'BV,,)IH + <BV'-BVT' ‘- Dv(+Dv")m = 2(th+Dv")m - (th_Dv")m

(ko)
'whefe m can take on all integer walues, positive and negative, except O,
which;cqrresponds to the missing line at the band oriéin. The viﬁra—
tional contribution to the energy VX; is given by Eq. (6). Thus,
the expression. for fhe intensity of an individual vibration-rotation

. (
line becomes

B o A 5 -Bm(ml)/k T
:Fv"(m) = E".IT— (Vv‘n + Voot (m)) Imle : =0 <K w
| )

If ﬁhe resoluﬁiéﬁ of the mbnochrbmator were comparable to fhe
Doppler liné widths (or somewhat greater than'the‘:otational spacing),
~one would observe individual lines at frequencies VX; +vvrot (m) having
intensities IX; (m). However, as discussed in Section II, intensities
are low enough in most chemiluminéscent experiments, so that only low
resolution spectra can be obtained (slits are wide open). The intensity
dbserved at frquenCy_vo then becomes the convdlution of the intensity
expression and‘the speétral slit function summing over all'rotétional
lines, i.e.» |

’ 1

t © ' | . .
) =E T ¢ [0+ v pemv,] )
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Because the band pass of the monochromator is a constant number of
Angstroms, it is most convenient to define the spéctral slit function in
terms of wavelength rather than frequency. Let XXL (m) equal the wave-
length in air corresponding to frequendy (VX; + Vrdt(m)) where the
correction factors from Vacuumjto air have been taken from Ref.66. We
now write |

vty
Ton(hg) =
m

M8

'—00

IV, (m) £V (m) - ] | (15)

The actual monochromator slit function, when no RC broadenihg

takes place, has the approximate form (see Section II-B)

l >\'>\Q|

1-—2 ) Dogl<a (hba)

f(X - KO) A

I
O.

£ - 2g) = [2-xgl > (4kb)

where \ is the.wavelength of the emission iine, A~ 18 the wavelength

0
of obsérvatidn, and ‘A is the spectral siit width (FWHM). Under actual
‘experimeﬁtai COnditiohs,bhoﬁever, an RC time constant is applied to
improve signal-td-noise.' Depeﬁding on the scahning rate and the time
constant, dispiacement of the observed‘liné center from the true line
center can vary from.a'ffaction ofﬁohe to severgl Angstrbmsf. Let uws.
consider the responsé éf a simple RC series circuit haViﬁg a time
cqﬁstant T to an input voltageé having. the form described by Egs. (h%a-
Lhb). Eprtﬁer let T e@ual'the time necessary to scan one spectral slit
width,

. » . A
i.e. - scan speed = —g¢ = S5 o (45a)
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and let our zero time reference be when A, = A + A (scanning takes place

0]

in direction of high wavelength to low wavelength), i.e.

o (eagr)
6=l I (16)

We break up the time region into the following three domains

1) 0 <t <T in which the input signal is equal to

'taf(x-xo) )

t ’
ot N

2) T <t < 2T in which the input equals -

5 ' S OF(N-NR) o
f(x_ - _XO)|t=T - (t-T) — %, &I

dxt . -7
and 3) t >2T in which the input equals zero, '
The{résponée, E, to eéch of these input3signais is obtained by solving
the diffefential equation govérning éhe behavior of the Simple serles
- R=C circuit and matching solutioﬁs.at the boundarie&, Thus we straight-

forwardly'obtain

B, = = (—f— A %) 0<t<T - (47a)
T T t T/ t/1 | : ‘ y
B, = (2 — - —+ (1-2e"") e +*1)T<t 2T (k)
T T/T 2 -t/T ’ .
E5 = = \1 -¢" e - t >er | _ . _(h?c)

The cofresponding set of-eqﬁations in_terms'of wavelength become, after
substituting for & according to Eq. (46);'
A=\

e Mo o (O )T e
| £.(0ng) = 1.+ R .(e 0 ,/% | 1)

N <A< AL © (48a)
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£,(Ang) = 1 - AXKO z [< 106l > -(Mng + A T/’L’A ]

A f A ~ (48p)

!

f3(>"?‘0) —%' (l"‘?T/ T)2_*é('x~f ?‘Of‘/\;‘) T/ >\.O+.A“_<_v7\. o (48c)

We stiil havé)f(k—;é)f: 0 for X.s'xo - A (Eq; W), Also, for the oondi_
tions under which most of'the spoctral data were obtained viz; T = 3.1k4
sec and T = 17.25 seec, A = 1l. 5A, the spectral slit function had decayed
to zero for A Z'xo'+ 2A. ‘Thus, the sum over m in Eq. (43) does not have
to be taken o‘&e’r an infinite set of rotational lines, but over only those
lines for which XOﬁA < hzl (m)<§ Xé + QA;. A diagram of the RC -broadened

- spectral slit funetion appears in Fig. (lQ)’fbr two different valueé of.

T. |

A similar se't of equatlons can be oerlved for double sectlon filtering

" in which case the output of the flrst RC fllter network, sultably buffered

to prevent loading, is fed into a second RC network. Letting 7, equal the

1

RC time constant of the Tirst network and T, equal that of the second, we

obtain | '_ B L ' :
_ : . . 2
AN T ' |
- Mo 1 =(N-NQHA)T/ATy
fl(x-)\_o.) =1+ -7 <T1+T2+ — e S
| 172
2 o ~Oenot AT/ e < (49a)
T.~-T o 0" ~"-"0
172 -
A-X | T |
fg()v_xo) =1 _ T + 0 ( Tl+'l'2 + Tl-T2 1-2e

| . | |

T |

e-(>§-1-_>.\o+A)‘/A'r1 _ T%—" (l_geT/T2>e-(>\.-7\o+A/A12>
172

N SASAGFA (k9b)
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Fig. 10. RC broadened spectral slit funetion vs. A. X

7 = single seection RC time constant (sec),
T = time to sean speetral slit width (A),
xo = wavelength of observation, A = wavelength of emitting line.
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. : o -
\ T 2 T, 2
f5 (X-XO) = %%- T %T (l-eT/Tl) e-(xwxotA)/AIl - ;‘%‘" (l—eT/TE)
17" 1772
e"()\--XO'FA)/ATQ) )\04.)\! S A (h9c)

where T, A, h,'and xo are the same as defined previously.

The RC time constants 7. and 12 (or T in the case of single section

1
filtering)_can be obtained by pefforming a least squares‘fit:of the output
of the amplifiér ﬁo a step inpﬁt fuhction'according to the applicable
equations. | | | 7

The band éﬁapes wéré numeriéally calculéted»forAgil bands'(apﬁrdxi— :
matély 175) in the regiOn 4350 to T2204 accérding‘to'the above method. |

'Because,of the exponential Boltzmann factofrin the individual line inten-
sity expression [Eq. (41)], the band width of the integrated vibration-
rotation band wili depend upon the rotaﬁibnal femperature; Figure 11
shows the vibration-rotation envelope for the v =05 v" = 4 transi-
tion aﬁ.thrée different roﬁational-températures and normalized such that
the peak‘heighf is a cohstanﬁ. ﬁy‘compéfing the observed band shape
to band shapes calculated at various temperaturés;'one is able to.

estimate the rotational temperature to within £100°K.
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b. Decomposition of the spectra by method of least squares. TFirst let

us conéern ourselves with thé solution of'the’problem assuming that the
transition moment functipn, Ré(r), is khoWn; We let Bi rebresent the total
observedvintensity (corrected for the spectral sensitivity of the optical

systems) at some wavelength.x | Further, let N, represent the population

i* 3
of vibrational level v’ = J of the excited .electronic state. We may then

write

i 55 N - | (50)

J

where the Ai.'s represent the contributions of all peaks emanating from
" v' = J at waveléngth xi, excluding the population factor, i}e.

e ov'=d 2 o AVEIn 2 N o e
Ay = .3 Lyn (;i) ¢ 3lr (x)]v)” = Z, Ton “Ry (F5,m)(3]v™) : (51)

Usually there is only one term in the sum, or.ét most two, since the

~ bands fOrming a particular v'=j érogression overlaé only to a very small
extent. The range of j is over a limited manifold since the dissociation
Limit, for the 5H0+ state of IF cocurs at'v'=l6band the onset of pre-
dissociétion at v'=ll, Under most conditions the pépulations of states
haﬁing v! greater than 8 or 9 is éo léw; because of collisional deacﬁi-
vation, that‘the fange of J caﬁ be limited to v}v= 049. However, at low
preSsures.(below 40 m tor?)laeiﬁainvfeaturés begin”to“appéar?ih*thé“spectrum
which would indicate significant populatién of states having v' greater
thén 9. A difficulty in'treéting such spectra arises because the

accuracy of the RKR potential and wavefuﬁctions diminishes as the disso-
ciatlon 1limit is’app¥oached (see Sec. III-B-2) and certainlj is affected
by the electronic state causing the observed predissociation. Consequently,

results of caleulations ineluding states having v" = 11, 12 and higher
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must be considered with_a certain degree of caution.

In general, the number of daﬁé points, m,.greatly exceeds the number
of unknownsito be determined, n, the vibrational populations of the 5110+
state. In order to solve this oVer~deterﬁined set of simultaneous
equations, the method of least squares is émployed, i.e. that set of

Nj's if found which satisfies the following criteriag

|
(@}

o §<B SRR 3202 een  {2)
where Wi,is a weighting.factor and 1s chosen sugh that each experimental
point 1is weighted by the inverse of the square of the standard deviation
of the measuremént g [seg reference 67} where © equals the noise in
signal, i.e. Jﬁ;:ﬁ;hj as.discussed in Seétion4II;D. Roughly speéking,
then, the weighting factor equalsvoné over the EQEIQEEE intensity, not
the actuai corrected Bi vaiue, sinee the noise is a characteristic of
the number of electrons emitted by the photo cathode surface per unit
time rather than of the numbérvof photons entering the monochromator
per unit time. A standard linear least squares Qomputer program obtainablé
from the’ Iawrence:Radiation: Iaboratory Cdmputerﬂeeﬁﬁer:Libraryk(S§EfAPPr~B)
.was uéed to perform the‘actual calculatiohs;after.evaluating the elements
of the matiix A and the vector B.

From.thé sblution vector, N, it is‘possible to obtain effeétive
vibrational temperatures from the following re1ationship

N

vt
Yo

-(E<v')-E(o))/kT§%b'. |
e o ‘ (53)
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: ; 1Y = et (! 1 - Eya _:L 2 ! 1 143 7 =] 8
where E(v') = ol(v' + 2),+ o x (v + 5+ wys (v' + 5+ .- {54)

|

Thus, T0;° = -<%<v') : E(oﬁ)/k n (N_,/N) (55)

Further, one can easily reconstruct a"combuted specfrum_at-each éoint i
by ferming the sum ? Ais Nj.3lThis.spectrum can then be compared to the
original.

Standara deviations ia the-individuai populatibns, the above tempera-
~ tures, and. in the relative populatlons N ,/N ‘were computed from the
variance-covariance matrix v in the fbllow1ng mamner, as described in
1reference 68. TFor an arbitrary function f of a set of n adjustable
parameters Xl"'xj"'xh and a.vectorbof independent variables‘a, where
the Xj's are to'be determined by a least squares fit to = set of m

independent data points bi corresponding to a set of independent variables

éi’ the variance-covariance matrix is defined as

& orssonen 2]
w,{b.~T, coX seX , a
y =g L 1< : o !

V=0 (56)
(m-n-1).
m L . i
where @jk = i§ Wy Gij Gyy {57
and af(X -qu lQOX 3 ai)
G, =
: J - - Xbest o S

The dimehsions of the matrices ® and V are both equal to the number of

‘adgustable parameters n; the standard deviation © 'j assocliated with the

best determlned value of the parameter XJ 1s given by‘(V )1/2;

Eed
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For the particular case in point, the derivatives Gij are given
by the matrix elements Aij' Thus the ¢3k =i§l Aij Aik W and are not

d ependent upon the paraméters Nj,‘and the expression in the numerator
of Edq. (56) is just that expression which is differentiated with respect
to Nj in Eq.(52). It should be emphasized that m in the denominator is

Eq. (56) is the number of statistically independent data points. In the

case of many of the spectra, points were recorded at periods less than
that needed to assure statistical independence, viz. 2 X Tpq (8) -~

in the case of single section filtering (or 4 x 7_, in the case of double

_ RC
section filtering). For these cases, m in Eq. (56) should be replaced

by '2T¢5 m(or Egﬁ— m) where T is the elapsed time between data points.
 RC RC R , R
vThg varlgnce assoc1aﬁgd with some function g(Xi,Xé) where Xl and Xé

are any two parameters of the set Xi...Xj...Xn, is given by (55)

» o (V. . (2e\. .. % e
Ve(X5)] “(5'%1“) i (E'x'z') Voo 255%1 x; i (59)
and again olg(X,,%,)] = [v (x,,%,)7 Y2, -
" For the populations relative to that of v' = 0O, g(NV,, Nb) = Nv'/NO'

. Upon evaluation of Eq. (21) we obtain

, o _NV,E' N, 1/2 ,
UGYV'/NO) = -ﬁc-)— N_O VOO + VV'V' -2 1'\%— VOV' (60)

We may also evaluate the standard deviation of the effective vibrational

 temperature for each state. Using Egs. (55) and (59), we obtain
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. . N! N 1/2
vib vib2 k v v'
o(T,) = (T7) i (NO) Yoo * Vyryr =2 7 Vour

/[Nv, (E(v") - E(o)>:|l/2

Cw Determinafibn of the transition moment, We would now like to

generalize thé calcu}ation so that account may be taken of the_possibilify
of variation in the{transition moment. If one proceeded in thé mahner
described‘iﬁ the previoﬁs subsection assuming‘Re(r) = 1, the resulfs qf k
the calculation would yield a set of quantities N&, which, instegd of
being proportional to the actual popﬁlations, would be proportional to’
the t?ue populations times a weighted average‘of Re2 (?v'v") sgmmed
over all v" associated with a particular v' in the calculation. The
computed spectrum would then overpredict the intensities of some bands of
a progression while:unéerestimating fhe intensities of others.

| One could perform the calculation many times using only a limited
portion of the:data each time, If each portién of the spectral data
'were to contain not more than one band froﬁ a given v', one would obtain
a quantity equal to NQJRGE(EV,V") for each band. The method of Fraser (58),
previously discussed, could then be applied and a plot of Ré(;) obtained;
'This is a rough startingrpoint, for it is clear that for‘two very closely
spaced bandé it would be impossible to determine the correcthdecomposition
without knowledge of the rest of the spectrum.

ﬁaying.determined an approximation to Ré(;), one woula next select.‘

some functional form for Re(;) which, upon adjustment of the parameters,
could rebioduce the'plotted data. Using Eq. (13), one would calculate

a new A matrix and repeat the above calculations, obtaining corrections
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to the rbugh plot of Re(;) Vs re By repeated tterations the solution
would evenbtually converge upon the best Re(;) curve.

We have found it more convenient and less tedious to approach this
best Re(r) curve by a different means. Starting off in the séme way,
one-obtaips an initial approximation to Re(r).‘ Again, some plausible
functional form is chosen (say Ré(r) = ¢ +7c2r + c5r2.+ .ss) and estimates
of the parameters madé which approximately reproduce the Ré(r) plot. Now,
utilizingcéll the spectral data, one-employs a non-linear least squafés_
routine that is capable of adjusting the transition moment funection para-
meters.ci as well as the populations Nj. The functimto be minimized is

S, (B, A N )
i 11 3 1dd7

-aS in the previous case, but.the Aij are nqt functions of the parameters>
Cy (Eqe 51) and the probiem:bégomes non—linear. The nature of thé‘de-
pendenge of this funqtion on‘%he cy makes evéluation of the derivatives
of the function with respect to the e, guite cumbérsomg. For this reésdnl_
a.procedure ihvolving inﬁernally approximated gradients has been chosen.
The program is again aveilable from the Lawrence Radiation ILaboratory
Computer Center Library (See Appendix B). Because nearly all prbgrams
written for fhe purpose of solving non-linear least squares ﬁrobleﬁs do
so by adjustment ofvan iniﬁial set of "approximate™ values or guesses
of.the Valdesfof the parameters so as to minimizevfhé above-ﬁentidned :
fﬁnction, it may :sometimes be of important fhat the guesses be not too
farfffom the final walues; ;therwise the possibility of convergence on

a local minimum rather fhaﬁ:the ébsoluté minimum exists. It is for this

reason that it is best to use Fraser's method to obtain an approximate

Re(r) as-an initial guess.



-62 -

Most previous work éited iﬁ,séction III—B~3 has'attempted.to fit
plots of Ré(i) vs T to short power series in r or to exponential functions .
of ¥ In the present work it was found that neither of these types of
functions was suitable for fittiﬁg the intensity data over the entire
range of r-centroid valugs'encountered, vié. 1.85 to 2.25 A. 'The treﬁd
of.ﬁeg(r) was‘ﬁo féll off nearly linearly with decreasing r, as if to
pass fhrougg Zero. vSin¢e Bez(r) cannot cross the zero axis, it must
turn sha}ply'tg approach zero.aéymptofiqally;- Sinc¢ no simple analytic
function has these p?opertiés, it was dééided to construct a "functionf
by'lettiﬁg'the adjustable transitioh'mdmént‘function parameters become
actual points 6n'anﬁ3€(r)'vs r élot; i.e. the number of fitting parameters
‘ﬁas increased and the coﬁputer program adjusted.values’of the transition
momént‘aﬁ certain fixed values of r. Values of the trénsition moment for
r values between the selected points were ﬁbtainedﬂby linear interpolation.
In tﬁis manner no functional constrainﬁs were applied to the transition moment
"function”; indeed no a prioribreason exists for imposing such a ré-v
striction. That the function be reiatively smooeth, as is commonly
accepted, is impoéed'by'the linear interpolation. Further smoothing
could be attained by using orders of Lagrangiag interpolation higher
than one or by applying other standard curve smoothing techniques to the
adjﬁstable'points in order té obfain the valuekof the transition moment |

"at any value of r between the end points.
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Iv. IRESULTS,
4 A, Theoreﬁical
Rydberé—Kelin;Rees_potential curvesifor the 5HO+ (excited) and

st (ground) states of iodine monofluoride have beén obtained by means
of Zare}s programs(46);‘ For the ground electronic state, least squares
values of Wy OX 5 O, s Be,and o, obtainéd from Durie's daﬁa were
used in the calculation; for the upper electronié state, however; the
vibrational AG(v+1/2) values and rotatioﬁal Bv’s themse1ves were employed
directlyvsince_no satisfactor&'constants>whichvfit all the levels could
be deterﬁined. The elassieal turning poihts for the lZ?-staﬁe-are presen~
ted in Table II, and those for ti;e 5110+ state in Table ITI. In each
case, thewcorresponding turhing points and eigen energies for the |
best Mbrsé potentiéls are given for'éompariébn.‘ Thefdonétants for the

t

' Morse potentials were obtained by adjustment of w, ', @ x!, mg, o x" and

ee e’e .
Te to give.the best fit té the observed<energyflevéls; These constants
~and the corresponding véiﬁés of B8 [Eqs (19)] and D, [(Eq. (20)] are givep
in Table IV. The potentials so obtained are quasi-Morse potentials
rather than trﬁe Morse pétentials since the dissociation‘energies do

ﬁot éorrespbnd to the observed dissociation energies of the molecules.
Forcing of thgvpbtential to the correct véluelof De,‘pafticularly‘in

the éasev;f tﬁélBHo; state, and use of the cérrect R result in poten~.
tials which give eigéh énefgiés (and wavé.functions)‘far less accurate
than fhoseiobtained by use of the quasi-Morse potentialé.

In order to calculate accurate wave functions; the "complete"

potential curves must be determined. Since the RKR turning points can
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Table IT. - Classical turning points for IF (liﬁ)
RKR MORSE
v" ?2;3%% ) r_(4) r+(A) ) Energyv : r_ r,
0 304,73 1.854 - 1.970 30k, 56 1. 85k 1.970
1 909.26  1.818  2.019 1908.9%  1.817 2,019
2 1507.24  1.794 2,055 1506.97 1.9k 2,055
5 2098,70  1.776 . 2.086 2098.67  1.775 - 2,086
L 2683.67  1.760 2,114 268l 02 1. 760 2,113
5  3262.20  1.747 . 2.140 263,05 1.7h6 2.139
6 383h.33 L.736 2,163 3835, T1 L34 2.163
7 4400.08  1.725  2.188 Lkhoz,ok 1.724 2,187
8  h959.h9  1.716 2;211-_' 4962, Ok 1,71k 2,209
9  5512.61  1.707 2,233 5515. 69 1. 705 2.231
10 6059.45 ° 1.699 2,255 6063, 00 1.697 2,25%
110 6600.08  1.692 . 2.276 6603.98 . 1.689 2,27k
12 T13h51 1.685 . 2.297 7138.61  1.682 2,29k
13 7662.79 - 1.679 2.318. 7666.90  1.675 2.315
14 818494  1.673 = . 2.338 8188.86 . 1.669 2,335
15 8701.01 ~ 1.667 2.359 870k, 47 1.663 2.355
16 9211.05 = 1.662  2.379 9213, 74 1.657 2,375
17‘_ 9T15-06 1657 | 9T16.68  1.652 2,394

Constants for extrapolated RKR potentlal
S b = 2.870Ux10™%; o= -8, 8283x105- d =k 7&6(x10 )

a = 6.3599x10" -6,
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Table III. Classical turning points for IF(3HO+)

MORSE

457,701

RKR -

v' Energy T r, - Energy r_ r,

0 20k, 39 }é;¢50’ 2,192 206,27 2,055 2,194
1 609.38 2.006 2.25%2  613.36 2.010  2.256
2 1008. 63 1,978 5.298  1012.kk 1.985  2.303

3 1401.38 1.955  2.336  1403.87 1.965 2,34k

L 1786.87 '1.957 ,2?375 _1787.56' 1.946 2.382

5 164,37 1921 2,406 2163.% 1.931 2.1418

6 . 2533.09 1.907 2,440  2531.73 1.918  2.k5e

7 0 e8%.20  1.895 2.h73.  28%2.21 . LgoT. 2.5

8 341,21 1884 2.507  3ekk.oh . 1.897  2.518
9 '5576.2; 1875 2.543 3580.9h  1.888 2,550 |

| io' 3895. 71 1.865 2.581 3927.20 | 1.879 2.582 -
11 1190.71 1.857' 2,629 v,£256.72 1,871 2,614
12 1.850  2.679 |

a = 8.729x10"

6

b = ~5.9112x10°3 ¢

- Constants for extrapolated RKR potential |

-5.80151070; 4 = 2.6016x10"
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Table IV, Quasi-Morse parameters for iodine

monofluoride
1
st 590

@ - 610.4(9) b1k, 7(3)
® X, o 3-2(1) 5.8(7)
B - 177k 1.948a7L
o - 1.837 2.343
D, _ 29211 11108
T ‘ | 1905.0

All units in cmil unless noted otherwise
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be determined. only up to the highest known vibrational level, the left
and right ends of the potentials have been extehded»by a fit to the

forms

Uleft(r) = a/r12 + b + De (63)

(r)

» |

oS . . L

Ufight c/r | De o (64)
These constants are given in the footnotes to Tables IT and III. Both

the quasi-Morse and complete RKR potentiais for the 3H + state afe pre-

0
sented in‘Fig. 12. The correspondeénce is_relativély good for energy
levels below v'=10; above this level, however, the-discrepaﬁcy becomes

- large very rapidly.

Franck-Condon factors based on thé'abéve potentials are éiﬁen in
Tables Vland‘VI. A 1isting;of the program used for the Morse calcula-
tions éppears in Appendix B. Because the analyticai_Morée wave functions
afe giveh in part by asscéiated Laguérre:polynomials, and consequently
are funcﬁions of differences of large numbers, it'was found necessary
to perform the célculationsrusing double preclsion arithmetie, i.e;
_keeping'track of up to 30 significanf figures.  Accuracy of the wave-
functions was tested by checking their orthogonality. Excellent results
were obtained only after switchingﬂfo dduble precision arithmetic. In
this respect, it should be notéd'that many previous calculations of'_
Morse Franck?Condon overlapér . have been performed on IBM computers,
which have no more sﬁ;nificant figufes in double precision than the

CcDC computers'have in single preciSion.ﬁ Thus, SMail oVerlap infegrals
at very high quantum numbers obtained by'Nicholls(69)'should.not be regarded
as entirely adcuréfe. The interval for integration in computing the RKR

overlaps and r-centroids was taken as .OOlLA. For the Morse calculétions,



Potential energy v(cm‘1>'<10"v3),

15 20 25 30 3.5

Internuclear distance (A)
XBL 6812-6225

Figure 12. Comparison of Morse (a) and RKR (b) potentials for

9]10_,_ state of IF.



TABIE V., Franck-Condon factors obtained from RKR potentials

v:\\ll 0

1 2 3 T 5 6 T 8 9 10 11 12

1 -5 000-3% 2.2h5.é 543022 8.919-2 1.195-1 1.3h2-1. 1.316-1 .. 1.160-1 9.k56-2 7.196-2 5.139-2  3.515-2 2.307-2
5592 9.015-2 1.307-~1 1.202-1 7.176-2 2.268-2 5,947 7.707-3  3.008-2 5.228-2 6.4k6-2 6.543.-2 5.770-2
s TRh-2 1.49%.1 9.737-2 1.889-2 2,891-3 3.831-2 6.704-2 6,092-2 3.343.2 8.714-3 6.528-6 5.261-3 1.508-2
5 1.602-1 1.183-1 79143 2.4642 7.322-2 5.547-2 1.15%-2 1.660-3 2.405-2 L.502-2 L. hg6-2 2.987-2 T 1.338-2
hoo2,065-1 3.059-2 2.965-2 8.hhg-2 3.050-2 1;055—3 3.567-2 54102 3.098-2 4 4093 2,037-3 1.565-2 2.645.2
U 1.998-1 3.013-3 9.732-2 2.850-2 1.032-2 5.935-2 3.822-2 1.524-3 1,303-2 3.850-2 3.694-2  1.7h2.2 2.842-3
6 1.507-1 6.710-2 6.683-2 7.922-3 7.015-2 2-319-2. 474503 4. 27h2 3.920-2 7.581-3 1.95843~ 1.808-2 2.739-2
7 9.057-2 1.h23-1 . 3.554-3 7.558-2 2,783-2 1.307-2 5.5T3-2 1.934=2  1.90k-3 2,967-2 3:607-2  1.534-2 9.571-4
4 4. hoo-2 1.572-1  2.915-2 6.923-2 7.23k3 64522 1.037-2 1.596-2  4,550-2 1.794-2 1.735-h  1.581-2 2.676-2
9 1.742-2 1.167-1 1,103~1 643093 7.149-2 1.705-2 2.450-2 4.833.2 3.729-3 © 1.5%0-2 3,665-2 1.914-2 1.267-3
10 £.667-3 6.391-2°  1,L78-1  2.388-2 6.012-2 1.487-2" 5.769-2-  8,129-k 3.,269-2 3.522-2 . 2.059-3 9.694-3 2.546-2
11 1.529-3 2,696-2 1.191-1 1.041-1 2,668-3 Tkl A3 u.091;2 3.166-2 9.753-4 3.113-2 2,750=2 3,996-3
12 3.h39-4 9.010-3 6.702-2 1.h17-1 3,271-2 4.384-2 3,106-2 4 ,226-2 3.382-3 L 6.2 1.583-2' 1.926-3 2,143-2
13 6.396-5 2.433-3 2.814-2 1.117-1 1.120-1 3.1k2-5 Te398-2 1.589-4 5.307-2 1.103-2 1.334.2 3.533-2 1.213-2
14 9,869-6 54335k 9.162-3 6.026-2 1.364-1 5.218-2 2.335-2 5.192-2 2.058-2 1.987-2 3.977-2 2.036-3 1.184-2
15 1.305-6 9.425-5 . 2.360-3 - 2[396-2 9.821-2 l.2k2-1 6.409-3  6.272-2  1.011-2 5.081-2 2,358-k  2.89h-2 2.669-2
16 1.345-7 1.366-5  4,838-4 T.317-3 L. 8712 1.276-1 7.818-2 5.925-3 6.755-2 3.413-3 3.876-2 2.416-2 75224
17 8.433.9 1.678-6 8.0%9-5 1.760-3 8.125-2 = 1.318-1 4,139-2 3,183-2 3. 4462 4.338-3

1.788=2

2.509~2

3.517-2

*
Abbreviated notation for 5.000 X 10

-3

Y
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TABIE VI. Franck-Condon factors obtained from quasi-Morse potentials

'

1k

0 1 2 3 b 5 6 7 8 9 - 10 11 12

0 3.5 1.723-2  4.031-2 6.785-2 9.226-2 1.079-1  1l.127-1 1.081-1  9.688-2 8.236-2 6.T10-2  5.285-2 4,951-2
12,5882  7.651-2 1.162-1 1.177-1 . 8.554-2 L3172 1.186-2 1.h2ask 5.276-3 1.945-2 3.507-2 b, 7232 5.398-2 °
2 T.893-2 i.398—1 1.065-1 3,480-2 L,010-4 1772 L u632 5.959-2 5.249-2 3,083.2 1.339-2 2.054-3 b3k
3 1.505-1 1.249-1 1.810-2 9.647-3 5.618-2 6.561-2 3.3902  h.697-3 2.308.3 1.911-2 3.629-2  4.202-2 3.563-2
4 2,017-1 4,205-2 1.5TL-2 7.7h2-2 5,013-2 3.5é8-3 1.102-2 4.107-2 L, 272 2@769-2 = 6.380-3 - 1.780-h 8.597-3
5 2.022-1 2.606-h  8.7h1-2 - b.6662  Lh.926-h  Bl036-2 53922 2.032-2  2.17-5  L.3k7-2 55702 3.66k-2 - 2,309-2
6 1.577-1 5.135-2  8.089-2 L 19k 5.728-2 k4 589-2. 1.555-3 17592 h.3T2-2 3.248-2 7.092-3  8.0k2-k 1.407-2
7 9.827-2 ©1.305-1  1.309-2 5.705-2 49772 3,167-4 . 4.090-2 4.361-2  6.833-3 5.020-3 2.905-2  3.511-2 1.830-2
8 L4.986-2 1.590-1 ' 1.289-2 8.251-2 1.84%0-5 5.é95-2 3.591-2 8.045-5  2,931.2. . b.033-2 - 1.323-2 - 2,298-4 1.504-2
9 2,0882 1.282-1  8,727-2 2,267-2 4, 8462 L.335-2 2.415-3 .69 2,916-2  2.684.5 1.994-2  3,583.-2 . 1.92he2
10 7.295-3 7.632-2 Leok2k-1 5.549-3 . T.769-2 1.621-h4 55542 2.205-2 . 5.346-3". . L4,010-2 2.608-2 - 5.678-4 1.20%-2
A1 2.1k2-3 - 3.538-2 1,321-1 7.247-2 2.139-2 5.163-2 3.166-2 9.950-3  L4.911.2  1,196.2 6.356-3  3.42h-2 2,503-2
12 5.316-4 1.317-2 8o hTh-2 -1.330-1 6.138-3 7.101-2 2,994-3 S5.TT2-2 T.696-3 1.946-2 4,055-2 T.652-3 5.633-3
13 1,120.4 " 4,010-3 4,085-2 1.286-1 . 7.341-2 1.395-2 6.032-2 1.689-2 © 2.4h3.2 4,207-2 6.712-4  2.345.2 3.373-2
2,011-5 1.012-3 1.544-2 843342 '1.306-1 1.175-2 6.038-2 1.2342 5,293-2 ©  8,352-5 3.654-2  2,668-2 1,023k

15 3.078-6 . 2.135-4  b.697-3 3.986-2 1.221-1 8.343.2 5.103-3 6.87h-2 " b,022.3 b,176-2 24762 k5383 3.751-2
16 b4,02h-7 3.788-5"  1,169-3 1772 7.629-2 1,308.1 23722 Lbogw2 . 2,9%2-2 3.815-2 ; 6.059-3 4 bsho2 7.518.3
17 hb90-B . 5.672.6  2.409-h 1.128-1 ©  9.810-2 8.846-5 - 7.053-2 3.149-k- 6.231-3 2,249-2

4,366-3

* ' : K
Abbreviated notation for 3.985 x 10 3

3.502-2

5.253-2'

-OijA
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no difference was found between regults obtained by using a wider
interval, .0lA, and those obtained by use of a .00lA interval. r-centroids

calculated from the RKR potentials are given in Table VII.

B. Spectra

Emissioh spectra’of.iodiné monofluoride have beén recorded under
é variety of experi@entai conditions. Such quantities as the fléw raﬁes'
" of iodine and fluorine;"thé-résultanf total pieséure,,dnd the partial
pressure of the "MV gastargon were‘amonglthe”parameters varied, 1In
Appendix A, -the meaéured,inténsities;"cOrrected-for theispectral
sensitivity of the optical system (see Fig. 6), have been tabulated
as a function of wévelength [Which has'beeﬁ correéted according to‘Eq,
(1)].ﬁ In addition to the pert inent chemiéal'éonditions for each experi-
meﬁt values of the. scannlng <peed and RC time constant(s) are given so
that the spectral slit function corrections [Eqs. (48 and 49 &,b,c)]
may be applled in the anaLysis of the qpectra.

At the end of a scan, & check of the intensity levéls of the peaks
occurring at the béginning of the scan was made to assure that experi-
mental conditions héd reﬁained nearly constant during the course of'the
scan. In nearly all éases, the.intensities were found to match to within
-2-5%h. |

As a further aid in the_examination of the.obsérved spectra, a list
of band heads. of the 5H0+ - st system of:IF arranged in order of in- |

creasing wavelength"-is given in Table VIII,

C. Quantities Derived from Spectra

Having obtained the emission spectrum of the chemluminescing speciés,
one is able to apply the methods developed in Section III-B-L4 so as

to deduce quahtities of interest. In order to study the effects of



TABIE VII. r-centroids obtasined from RKR potentials

t,vr ’

N 1 2 5 5 6 7 8 9 10 u 12
N2 1,991 L.975 1.960 1.946 1.932 1.918 1.905 1.892 1.880 1.868° . 1.857 1.847
1 - 2,051 2,014 1.998 1.983 1.986 1.953. 1.935 1.928 1.915 1.902 1.890 1.879 1.869
2 2,055 . 2.038 2,021 2.003 1.998 1.978 . 1.963 1.959 - 1.956 1,924 '1.927 1,900 1.890
5 2,080 2.061 2,039 2,032 2,01k '1.998 1.982 1.980 - 1.960-- 1.946 1.954 1.923 1.914
i 2,105 2.084 2,073 2.053 2.035 2,038 2.009 1.994 1.979 1.962 T1.963 1947 . 1.936
5 2,131 2.125 2,095 2,074 2,068 2,046 2,029 2,003 2,006 1,990 1977 1.965 - 1.952
6 2,58 2,12 2,119 2.112 2.086 - 2.066 2,064 2,041 L 2.02k 2.006 2,011 1,991 1.979
7 2.186 2,168 . 2,134 2,130 2.107 2,101 2,078 2,059 2.065 - . 2.0 - - 2.021 2,007 1.983
A 2,215 2.195 2.180 2,154 2,147 2,119 2,095 2.092 2.072 2,05k 2,092 . 2.035 2,022
g 2.246 2,224 2.205 2,171 2,165 2,139 2,13% 2,111 . 2.082 2.086 2.068 2,052 2,027
19 2.278 2.254 2,234 2,218 2,189 2,180 - 2,153 2,101 2,124 - 2.104 2.07%  2.084 2.068
1 231 2.286 2,264 2,24k 2,199 2,201 2.166 2.166 2,142 2,162 2,117 2,100 2.080
12 - 2.345 2.320 2,295 2.273 2.256 2,225 2,21k 2,187 2491 - 2,156 2,150 2,148 2,117
13 2,382 2.354 2,329 2.304 2.283 2,482 2,238 2,314 2,200 2.172 2,17k 2,151 2,132
W 2.hel 2.390 2,363 2,338 2,314 2,295 2,261 2,251 2.221 - 2,216 . 2,191 2,153 2,171

15 2,455 2.430 2,399 2373 2,347 2.32k 2.316 2.276 2,269 - 2,237 2.141 2,208 2.187
16 2.503 2.471 2,439 2,409 2,382 2.357 2.335 2,294 2.289 2.246 2.252 2.227 2,258
17 2.633 2.507 2,480 C2.b7 2,418 2,391 2,367 2,349 2,316 2,30k 2.275 2,280 2,247
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‘Psble VIII. Calculated band heads of IF (5no+ - 15h

v A(A)- - vt V" A(A) oyt oyt A4)

0 430746 9 6 531840 8 10 615746

.0 4357,5 1 1 533047 2 . 6 61604

0 441443 4 3 533441 11 12 620446

1 442248 7 5 535047 6 9 621943

1 447545 2. 2 . 5287.8 3 T - 622648

0 44774 12 8 538843 9 11 623544

1 4535,4 10 7 538848 - 0 5 624948

2 4543,0 5 4 539348 . 7 .10 629248

0 454642 - 8 6 541544 4 8 629540

2 459846 3 3 544601 12 13 630743

1 4602,0 0 1 54484 1. 6 - 6315.8

0 4619,5 6 5 545546 10 12 . 632044

2 4661,8 11 8. 546647 5 9 636544

3 466845 9 7 5483.1 8. 11 636947

1 467447 4 4 550549 2 7 638249

0 469744 1 2 550643 11 13 641540

3 472742 7 6 551947 6 10 643844

2 4732,2 12 9 555349 -9 12 6450¢4

1 475262 10 8 555643 3 8 645146

0 478043 -2 3 556542 0 6 648146

3 4794,1 5 5 556746 T i1 651445

4 4799,6 8 7 558646 4 9 652241

2 4809,2 I 562544 . 12 14 652242

1 4834,8 6 6 563144 10 13 653847

4 4861,7 o 2 . 5631.9 ) B & 654969

0 4868,1 11 .9 563742 -8 12 659442

9 3 4868,5 9 8 565646 5 10 659540
7 2 4891,3 4 .5  5687.2 o2 8 661943
5 1 492245 1003 56917 11 14 . 663743
10 4 4932.4 4 7 569767 6 11 667046
12 5 493647 12 10 572749 9 13 667801
8 3 495040 10 9 5732¢5 3 9 6690e4
3 0 496143 5 6 575048 0 7 672844
6 2 4978,7 2 4 575245 12 15 .6T49e4
11 5 500244 8 8 576649 T 12 674945
9. 4 50113 3 ) 581447 4 10 676364
4 1 5015,.8 11 10 581645 10 14 676949
7 3 503740 6 7 581648 1 8 67991
2 0 505949 o} 3 582640 8 13 683243
5 2 507169 9 .9 5839,4 5 11 683849
10 5  5077e4 4 6 587845 2 9 68710
12 6 508042 7 8 588543 11 15 687248
8 4 509746 1. & 588748 6 12 691743
3 1 5114,7 12 1 561140 9 14 691944
6 3 5129,9 10 10 591841 3 10 694445
11 6. 5149,8 5 7 594443 12 16 699041
9 5 51610 2 ] 595046 0 8 699146
1 0 516442 8 9 595649 7 13 699942
4 2 517049 11 11 600544 10 15 701561
7 4 5190,0 6 '8 601245 4 11 702042
2 1 5219,6 3 6 601448 1 9 706408
.5 .3 522848 0 & 60316 8 14 708541
10 6 522943 9 10 603240 5 12 709804
12 7 523046 4 17 608048 . 11 16 712246
B 5 525246 7 s 608344 2 10 - 7139.3
0 0 527446 1 5 609545 9 15 717567
3 2 527641 12 12 6103.9 6 13 71797
6 4 528846 10 11 6113.8 3 11 721545

11 7 5 8 614848 12

530444 17 724544
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chemical conditions on the vibrational population:distribution of the
electronically excited state of 1od1ne monofluoride produced in the

- reaction of fluorlne and iodine, the transition moment function, R (r),
was_first obtained by separate fits to Speectra II-112-3, IT~113-1 and
II-li5-2, each covering the range h§OO-7EOOA, but taken at successively
lower total pressures and floW'rates_(See Appendix A). For each calcu- i
lation, the transition moment was allowed- to vary at each of 16 values
of the internuclear dlstance from 1.84 to 2.25A, covering the range of
;r-centroids for the 177 bands in the region covered by the spectra. The
value of the transition momentzbétween these points was obtained by
linear extrapolation on a seﬁi-logarithmié plot, Use of the logarithmie
plot was found advisable because of the wide range of values of the
transition moment. In addition to the 16 adjustable transit‘ion moment
parameters, the populations of up‘to 13 vibrational levels were allowed
to vary;_ The intensity was_measured'at abqut 850 pointslfor the latter
two spectra. The fesults of these calculations are shown in Fig. 13.
Agréement was found to be quite satisfactory to ﬁithin a constant factor
which arises from the different overall intensitles at the different
pressures, .The sets bf poiﬁts depicted in Fig, 13 have beén normalized
%o the transition moment curve obﬁéineq from IT-113~1.

Each of.the_Other spectra has been fit by.allowing adjustment of
jvibrational populafionsvaloné in a particular calculation. Several
values‘of thé rotafional temperaﬁufe were used to calculate the band
shapes and that temperature giving the minimum deviation of the welghted:
sums of the squares of the difference~between computed and observed in-
tengities was assuméq to‘be thé co?rect*mbtational temperature. Such
estimates of ﬁhe rbtétioﬁal temperature are probably not more accurate

than 50-100°K,
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In Teble IX the results of ‘the calculatiohs for selected spectra
are presented, In addition'té the relative vibrational populaiions,
temperatures, and their respective statisfieal standard deviations, as .
~arbitrarily scaled index giving a comparison of the intensities of the
gréund vibrational levelvuhder each set of experimental conditions is
also given. Fbr certainvsefs or groups of spectra the intensity was
checked periodicélly'under spééific "standard" conditions so that.
systematic errors which might‘affeét the comparison of 6ne.speCtrum with
another in thesserieg could be.eliminated or significéntly reduced.

Calculated spectra ﬁere coﬁstructed_frém the experimentallonbtained
trahsition_moment functioﬁ and the least squares values of the Vibrational
populations aceording to Eqs.»(50)'and’(5l).' In Figs. 1ha-u both the
'experimental pointsvand ealeculated spectré are given for each set of
experimental conditions. 7 _ |

A plot of cgléulated vibfational'popuiétions for the.series of

" spectra II-lll—H, IT-111-5, II—iL2-l, and II-112-2 is presentea in Fig.
15. Althouéh a population invefsion is indicated, the large standérd
deviations in populations of levels with v' higher than 5-6 cast éonsiderable

doubt over that observation.



Table IX. Calculated vibraticnal populations and temperatures
‘ - relative to v' =0

TR Scan speed 0A/min -

Spectrum 1114 7o~ = 3.14 sec (single section) A = 11.5A
. Trial rotational temperature = 650 °x |

Computed v'=0 population factor = 8.787E-Olfi"p, N

v!

VW ® AU FE W D H O

SRS

. X2 =-_.]7..11.4—9“..

Nv‘/gb |

1. 000E+00
7.340E-01

6.852E-01

L.ok1E-01
5.1512-01
3.967E-01

| 1.650B-01

3.5089E-01
5.101E-01
2.402E-18
8.956£-18
9.926E-01

- 3.755E-01

o (N,0/Ty)

0

3. 179E=-02

" 3. 413E-02

4,198E~02

4.258E-02

5. 459E-02

6. TOUE=02 -
T.439E-02

8. 498E~02

1;393E-Oll_;

3.993E-01

2.,18kE-01
5. 8438E~01

®

T+ (°K)

- 188k

3061

2hl3

3432
3050
1865
37T

6oL
2o
136

>iOOOO

6338

o(T,.) (°K)

264

294

408
hslh
k2o

' >1.0000

10076

763 G

| 1606
©>10000
>10000 -




(continued)

Table IX. Calculated vibrational populations and temperatures
. relative to v' =0

A =11.5A . Scan speed hOA/min

RC

Spectrum IT-111-% . 7., = 3.1k sec (single section)
Trial rotational temperature = 550°K

Computed v'=0 population factor = 9.4&13-0;

v N/ o (N,./Ny) - Ta(E) o(Tv.) (°x)
o 1.000E+00 0. —_ —
1 7. 364E~0L 2.90R2E~02 190 -
2 6.84TE-02 3. 085E~02 3055 . 363
3 ~ 4.90kE~01 3. 8268-02 2417 265 -
u ~ L4.800E-01 3. 830E-02 3102 357
5 3. LU9E-O1 4.965E~02 - 26k9 - 358
6 . 1.156E-01 6.1351E-02 1555 . 382 .
7 .  2.8788-01 7.0T1E~02 - 3105 . 612
8 4 4TE-01 7.991E~02 5430 1206
9 9. 489E-15 | 1.319E~01 150 10000
10 ' 1.490E-01 3. 84UE-O01 2797 3790
11 . 8.777E-OL 2. O4TE-01 >10000 >10000
12  3,893E-1h 5, 652E~01 201 >10000 -
@ =935

C -gle



(continued)

. . . N -
feble IX. Calculated vibrational populetions and temperatures

3 = 854

5.5298-01 -

12

relative to v' =0
Spectium iI-:lll-h Tre = 3.14 sec (single section) A = 11.5A Scen speed LLOA/min i
Trial rotational temperature = T00°K - Computed v'=0 population factor = 9-8_584"'-:-01;_}'.".‘
V’- .'NV'/NO g (NV'/NO) " TV!(QK) O'(Tv:) V(QK) T
0 '~ 1.000E+00 o. — J—
1 7.245E-01 2. TUTE-02 1808 213
2 6.753E~01 2.919E~02 2948 325
3 L. 84T7E-01 3.668E~02 2378 248
k4 4. 550E-0L 3.6188-02 2892 292
5 3.322E-0L 4, T26E-02 2559 330"
6 1,193E-01 5. 861E-02 1576 " 36h
7 2.558E~01 6. T99E~02 2837 555
8 4. 158E-01  T.T39E-02 w979 1056
9 6.678E~15 1.265E-01 . -1k >10000
10 9.891E-02 . 3.739E-01 - 2302 3761
1 7.967£-01, 1.96LE-0L >10000 >10000
12 2.217E-16 >10000




(continued)

Table IX. Calculated vibrational populations and temperatures
relative to v' =0 D

Spectrum. 111-5 Tpo = 3.1k sec (single section) A = 11.5A Scan speed LOA/min
Trial rotational temperature = 550°K Coﬁputed v'=0 pbpulation factor = 9.821E-01 .
"V" . . ch/No g (Nvt/NO) " 7 TVI(OK) ' U(Tvl) (°K)' - a T
0 1. O00E+00 0 - — —
1 7.019E-01 2.825E-02 1646 187
2 6. 701E-01 3.053E-02" 281 329
3 4.151E-01 3.6T2E-02 1% 197 ©
b 4.380E-0L1 3. 785E-02 2758 - - - 289 .
5 3.871E-01 k. 930E~02 | 2972 - 39
6+ 1. 4T4E-01 6.026E-02 1750 - 3
7 2, 685E-~01 7.055E-02 < o291 o588
8 ~k.553E-01 - T.651E~02 5553 o 1186 .
-9 2.533E-15 1.165E-01 -1k >10000
10 6.978E-17 3. 604E-01 143 >10000
11 7. 840E-01 ~ 1.961E-01 >10000 >10000
12 1. 41E-01 - ' 5.278E-OL 3205 6059
X = 1.168. ’

: -.08-: . .
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(cdntinued)

‘Table IX. Calculated vibrational populations and temperatures
o relative to v' =0 ' '

Spectrum II-111-5

Trial rotational temperature = 650°K

vl

VW O VU & W N O

B E S v

¥ = .98

Nv'/nb

1. 000E+00
7.030E~01
6.689E~di
4, 090E-O1
L. 050E-01
3, 460E-01

9.955E~02
 1.9T4E-O1

3.925E~01

2.087E-15

7.822E-03
6.888E~01

1. 439E~14

Tpe = 3.14 sec (single section)

o (N ./N,)
0. |
2.632E-02

2.817E~02-

3. 41TE-02
3. 483E-02
s, S8TE~0R
5.630E-02

6.T958-02 -
T.3WTE-02
1.127E-0L -
'3.539E-0L
1.879E~01

5.206E~01

Computed v'=0 population factor = L.0S4E+00

U<Tvl) (°K) '

T+ (°K)

A = 11.5A

—

2878

1926

2519
2657

e

2384

ko722
B

1098

" >10000

1195

Scan speed 40A/min

——y

Y
176 -
. 30L -
180
2ho
32
%6
s
935 |
>10000
>10000
>10000
>10000

,-Tg~



(continued)

Table IX. Calculated vibrational populations and temperatures
relative to vi =0 '

Spectrum 11-111-5 Tpe = 3+1k sec (single section) A = 11.5A

Trial rotational temperature = TOO°K

_ Vi S r/N U(T 1) (°K)

} Scan speed hOA/min e

Computed v'=0. population factor = 1. 100E+0° ‘ | '

Mo
H O

O 0NNV E W N O

. "1.000E+00
© 6.905E-01
. 6.584E~01
~ Lh.osiE-01
‘ 3.818E-01

3.316E-01

. 1.0TOE-01

1.736E-01
3. 490E-01
5.768E~16

2,824E-16
6._15OE-01
1.113E-15

0. =

2.689E-02
-3.308E~02

3. 32L4E~02
¥, 408E-02

5. 435E-02
6.576E-02
. 7.180E-02
- 1.094E-01
 3.475E-OL

l- 821E-01
5.138E-01

c (N +/5 ) Lo v,(,_ K)
s p
02769

1906

2365 -

.__ ' 2}55&3' -

199 -
s

138
.
© >10000 -
180

fisi'ff“a, S
e o
12

214

08
B2 B

> 10000 -

> 10000 .
M5
> 10000

-




(continued)

Table IX. Calculated vibrational populations and temperatures
relative to v! =0 '
Spectrum 112-1 Tae = 2.14 sec (single section) A =11.5A Scan speéd LoA/min

Trial rotational‘temperature = 550K Computed'v'=0 population factor = 1.182E+00 ;

v NN, o (N, ./N,) T (°K) ofT,,) (k) .-

0 1. OOOE+00 0. - -

1 6. TO9E~OL 2.117E-02 1460 15

2 5.940E-01 2.26TE-02 2222 163

3 3.996E~01 -2.805E~02 18718 ook &
L 3.954E-01 2.874E-02 2h5h - 192 1
5 2.930E-0L 3, T6LE-02 o297 240 -

6 1.186E-01 4, 591E-02 157 e85

T 1.907E-01 5.055E-02 233k 3

8 3.550E=0L 5,865E=02 - b9 IR Y - . "
: 9 3,656E-02 © 8.930E-02 1467 . 1085 .
10 8.899E-02 2.T99E-OL 2201 2861

11 3.662E~01 1. 486E~0L . 5750 - 2me33

12 1. 361E-02 4, 145E-01 145 .- > 10000 .

%= 993




(continued)

Table IX. Calculated vibrational populations and temperatures
relative to v' =0 :

Spectrum 112-1 Tao = 3,14 sec (single section) A = 11.5A Scan speedrhoA/hin'
Trial rotational temperature = 6§0°K |

Computed v'=0 population factor = 1.267E+00 .
o Ny e /Ry

" .Tv:(°k3 | N u(Tv.)(°K)

Hﬁgxoéonu,f-u M Mo

' . 1. 000E+00
~ 6.TO9E~OL
 5.91TE-O1

3.9368-01.

3, 6333—01

2.591E-01
7. 513E-02
'1.409E-01
 2,978E-0L
T.93UE-15

1.831E-02
3.16TE-01
1.02TE-14

@ . .88

0. -

2.024E-02

2. 146E~02

2., 680E-02
2. T16E-02

3. 59 TE=02

4 4OSE-0R -
5.023E=02

" 5.780E-02 - -
8.856E-02
2, 816E~01

1. 466E-01

4,183E-01

S 160 -
2205
S aswr

22k9

.2088 -

129k -
973 .

3607

150 .
1331
S5024

195 - -

110
152

135
166
215.
293 - .

> 10000
5117
- 2023

> 10000

518 .

wis

4"



(continued)

Table IX. Calculated vibrational populations and temperatures

relative to v! =0

Spectrum  112-1 Tpe = 3.14 sec (single section)

Trial rotétional-temperature = TOO°K

Tvl (QIK)' .

v - N/E, o (N_./N,)
Q  1.000E+00 0. -
1 64 59TE=OL 1.983E~02
2 5, 833E<01 2.103E-02.
3 3.919E-0L 2.663E~02
'S 3, 4158-01 2,658E-02
5 2.483E-01 3, 543E-02
6 8.463E-02 L4, 363502
T 1.204E~0L 4. 99TE~02
8 2,645E-01 5, T9LE-02
9 2,405E-19 8.819E~02
10 3, 834E-20 '2,833E~01
11 - 2,531E-0L - 1.458E-01
12 6.34TE=19 },22TE-0L

%2 = .858

Scan speed L40A/min

Computed v'=0 population factor =

1.319E+00

o(T,.) (°K)

o—

101

14

. 133
154

207 -
283
358

'51;1,'.‘ S

>10000
10000

1763
>10000




(continued)

Table IX. Calculated vibrational populations and temperatures '
relative to v' =0 :

Spectrum 1122 Scan speed 40A/min

TRe

= 3.14 sec (single section) A =11,5A
Trial rotational temperature = 550°K

Computed v'=0 population factor = 1.355E+00

vl , Nvt/No c (er/Nd) TV'(°K) . U(Tvr) (°k)
0 ~ 1.000E+00 O , | _— _—
1 6.272E~0L 1.533E-02 1l 65

2 5.191E-01 1.6248-02 1765 - o8k

3 . 3.5T0E=0L 2, 0L9E-02 1672 - .95

oy 3, 005E~0L 2,112E-02 . 1894 1

5 | 2,375E-01 2, T6TE-02 1961 159

6 9.656E-08 3. 4OSE~2 Wk 216
T 1.243E-01 3. T56E~02 1855 269

8 2.519E-01 L, 348E-02 - 169" 397
9 b.30TE-15  6.7LhE-02+ 147 >10000
10 1.006E=0k 2,050E-0L 518 10000

1 _2;825E-01 1.117E-01 4569 - - 1429
12 3, 004E-OL . 205 © >10000 -

6.68TE~14

R T




(continﬁed)v

Table IX. Calculated vibrational populatiohs and temperatures
relative to v' =0

Spectrum- 1122

Trial rotatioral temperature = 650°K .

vl

B E &

Tpo = 3,14 sec (single section)

NN,

O .= N\ & WO

1..000E+00 " -

6.244E~0L
5,138E-01
3. 536E-01
2. TORE-O1

2.052E~01

6. 502E=02

8.068E=02

1.789E-01

‘1. 176E=1T
1.T30E-15 -

2,270E~0L1
1.08TE~16

X = .843

A =11.5A Scan speed LOA/min

_ Computed v'=0 population factor = l.U44E+00

o (N /M) T_,(°K) ofT.e) () -
ot o= —_
1.699E~02 B SR CHR
1. T86E~02" 17T 91
2.27hE-02 | 1657 105 -
2.321E-02 1o . - 11k
3.060B-02 8L - 18
3.800E-02 . 1226 ek
h3ME-2 - 1536 . . SR8
ho980E-2 2539 Wi .
T.T5TE-0R. o 125 > 10000
2.39TB-0L . 157 . >10000 -
1.275E-01 , 3895 -1kt
3,526E-0L 169 : > 10000




(continued)

Table IX. Calculated vibratloral populations and temperatures
relative to v' =0 -

 Spectrum 112-2 Toe = 31k sec (single section) A = 1154 Scan speed 4OA/min
Trial rotational temperature = TOO°K _ Computed v'=0 population factor = 1.500E+00
v! N_./N, o (N_./N,) T +(°K) o) (K)o
0 1. 000E+00 0. — —_
1 6.131E-01 1. T78E~C2 1191 mo.o
2 5.051E~01 1.870E~02" 1694 e
3 3.516E-01 2. h1kE-2 1647 108 -
b 2, 49TE-01 2.l28E-02 1641 us
5 1.9598-01 3.2308-02 1730 s
6 7. TOSE=02 L. 023E-02 - 1307 . _266__>"‘_ _:_
T 6. 415E-02 4, 618E~02 - 1408. 369 -
8 1. 455E-01 5.355E-02 2266+ B
9 L, TT1E-LT 8,263E-02 129 >10000 -
10 5. 552E-17 2.57TE~0L - 12 >10000
11 1.900E~0L 1. 353E-01 3478 - 1491
12 3.554E-16 175 > 10000 ©

K =951

3,811E-01

- -gg-



(continued)

Table IX.

=0

Calculated vibratlonal populations and temperatures
relative to v! '

Spectrum‘ 112-3

Trial rotational temperature = 550°K

vl

b R 5

TR

vi/Nb,

O -1 OV &= W N o

1. O00E+00
T« 113E-01
5. 519E=01
3. 400E-01
2,626E-01

_ 2.332E—0;'

1.08TE-01

1. T65E~0L

1. TS0E-02

1.856E-02
2,280E-01
2, 463E-01

= 2101

< (Nv;/nb)

0.
1. k96E-~02

1. T9UE~CR’
| 2.522E-02
2,967E~02

c= 3.1k sec (single section)

3,500E=-02+

' 3,918E-02

Se 3633-02
6.188E-02

1.30TE-OL |

'8.06LE~02

1.990E-01 -

A = 11,54

T, (°K)

—

"l 1711 v’ E

19k7 -
1596
1703
1957
1657

i |
2519 .

1200

,.- 1535_7'

3997_,,
L4350

Scan speed 40A/min

o(T,+) (°K)-
106 -
106_"
110
144
200 -
243 -

lohg.i R
2359

955 .

2544

Computed'v'=0 population factor = 6,478E+00

B ]

_‘é69-



(continued) -

Table IX. Calculated vibrational populations and temperatures
relative to v' =0

c = 3.14 sec (single section) A = 11,5A

Spectrum 112-3 Scan speed 40A/min

TR

Trial rotational temperature = 650°K Computed v'=0 population factor = T.O000E+00 -

v N/, o (N ./N,) T +(°K)  o(T4) (°K)
) 1. O00E+00 O ' :

1 64955E=01 1. 5T9E~02 1605 - 100

2 5.491E=01 1.899E~02 1930 - ‘11

3 3,426E-01  2,6T6E-02 1608 1nr-
R 2.310E-01 3.128E-02 1554 1k

5 1.999E-01 34 T39E-02 1752 20k
6 9.355E-02 4. 181E-02 Caak 267
T 4, 158E~02 5.216E-02 1216 k8o
8 1.282E=-01 | 5. 822E~02 2127 - - - k10
9 1.553E-13 6.TOOE-C2 165 >10000
_ 10 6.193E=-02 1.463E~01 1914 1626

11 1.21TE=OL 8. T84E~02 2742 940
12 4, 889E~03 2,236E~0L 1167 ' >10000

2 =23.55

-6~



-(continued)

Tablé IX. Calculated vibrational populations and temperatures
relative to v' =0 :

Spectrum 112-3 Scan speed 40A/min

Tre = 3.14 sec (single section) A = 11.5A

Trizl rotational temperature = TOO°K Computed v'=0 population factor = 7.182E+00 

v N,./N, o (N_./Ny) T, (°K) o(T,.) (°K)
0 1. OO0E+00 0. S — — .
1 6.89TE-OL 1.78TE-0R 1568 109
2 5. 503E=01 2, 166E-02 1937 128
3 . %.369E~01 3, 048E~02 1583 132
4 2,159E~01 3.563E~02 11;85\ - 160
5 1.862E-01 4, 252E-02 - 1678 . 228
6 ' 9,8658-02 4, TT9E~02 1M Fo303
T 1.87TE-02 5,966E=02 93 T8 - .
8 1.116E-01 6. T23E~02 13993 | "5157’_ '
9 - 2,024E-20 7. TLOE-02 107 >10000
10 2. T56E~02 '1.710E-OL 1483 2561
11 9. T89E-0R2 1.015E~OL - - 2485 | 1109
12 2,621E~01 138 >10000

34300E-20

x2 = 29,64




(continued)

Table X. Calculated vibrational populations and tcmpcratures
relatlve to vl =0 :

Spectrur-n'l'lj-l Scan speed 2+OA/1ﬁ.’m ‘

Tae = 3.1h sec (single se-ction)' A = ll..5A

Trial rotational temperature = 550°K Computed v'=0 population factor = 9. 399E~Ol

v

. X2 =.29"53‘

2. 603E-o._1

| N_./N, o (N, ,/ Ny) .( °K) o(T,.) (°K)
0 1. 000E+00 ' o'_. o — SNSEEEEN
1 7. 695E-01 1.969E-02 ool 27
2 64 S15E=OL 2.353E-02 2700 - 228
3 4,613E~01  3.316E-02 2226 . 207
N ), LO6E~OL ’ 3.’{3551:—'0’2 o218 295
5 3.128E-01 4 5SU3EL0R, 2lp6 - IR R
.6 1.4ME-0L  5.046E-0R 1730 >
i 2.934E-01 6.094E-02 3154 53k
8 - 3,697E-OL . 6.902E-0R. 4390 R
9 © 9.080E-1}4 7950802 162 >10000
10 1.129E~02 1.TORE~OL 1188 3995 .
11 5.920E-01 1.048E~01 11017 3721
12 5.27TE~01 9712




(continued)

'Tablé IX., Calculated vibrational populations and temperatures
relative to v' =0

Trial

Spectrum 113=1

Tpe = 3.14 sec (single section)’

rotational temperature =

v

O N WD B

o
o

b b

Nv'/NO

1. 000E+00

7. 589E~01
6.50TE=-OL
4. 663E~01
L, 103E-01
2.6TTE-OL

9.183E-02

2.155E~01

2,9T76E-01
 1.604E-1T

2.32TE~02

L, T30E-O1 -

3.193E-01

X = 25072

g (Nvf/ﬁo)

Os

1. 866E~0R
2,235E-02
3, 151E~02
3.629E-02
}.332E-02

© h.B3UE-02

5.912E-02

© 6.6T9E=02
7. T768E-02
1.692E-01
 1.021E-01

2.593E~O0L

A = 11.5A

Computed v'=0 population faétbr = 1,012E+OO:

T+ (°K) o(T;.) (°K),
2112 . - 188,
2693 . 215
2257 © 200
2556 -
210 - 265
o3 309
ese0 450
3605 668
126 - >10000
146 2738
Té -

5438 _ 3868

Scan speed 40A/min -



(continved)

. Table IX. Calculated vibrational populations and Lewperatures '
: relative to v =0

Spectrum 113-1 = 3.14 seec (s1ngle section) A = 11.5A Scan speed hOA/min

"RC

Trial rotational temperature = 700 K Computed v'=0 population factor = 1.011-3E'*'00

v | . Nv,/No o (N ,/ ) . .TV,( °K) - -‘ c(T +) (°K)

0 © 14 O00E+00 0. ’ L — ' —

1 - " 7. 468E-0L 1.912E~02 1996 - 175 -
2 6. 471E~01 2,3503E-02 2658 RE-3Y 4

3 4, 658E-01 34 259E~02 225} 206

ok 3.966E~01 34 TU2E-CR 2462 251

5 2.524E-01 4, 485E-~02 2048 26k
6 8.914E~02 5. 015E=~02 1386 33
T 1.942E-01 6. 123E~02 - 2360 hsh

8 2,820E~0L 6.980E-02 CozhsR 675

9 9. 582822 8.111E-02 © 100 . © >10000
10 2, 08TE-02 1.787E~OL - 1376 3046

11  4,324E-01 1.069E-01 ° - 6889 2031
12 - 2.349E-01 . 2.T43E-01 - Lo86 alsh

2 . 26.85

e



(continued)

'Tablé IX. Calculated vibrational populatiorns and teﬁperatures o
relative to v'

Trial

Spectrun:l 113-2

TRrC

rotational temperature =

vl

W 003 VYV & W N~ O

Mo
H O

5

' Nv'/Nb

1. O00E+00

7.894E-01

T« 5 T3E=OL

 6,920E-01

6. 1T6E~0L
), 431E-01
1.541E-01
5.558E=-01
5.124E-01
L, 26TE~15

4, 888E-02

9. 162E~01

 7.632E~0L -

X2 = .814'0

= 3.1k sec (single section)

o (-NV 1 / NO;)

0.

3. 5THE-02

4. 331E-02+
6.236E-02

7. 000E-02

8.168E-02

9. 123E~CR

1. 106E~01

1.245E-01

1.435E-01

| 3.066E-0L

1.908E~01
k4, 683E-01

A = 11.5A

T, (°K) -

2464
ne2
1679
- h72)
3465
1792
6584
. 653k
147
1764
>10000
>10000"

Scan speed 40A/min
Computed v'=0 population factor = 2.T8TE=OLl°

o) (K)o

k2
856
1145
G-
;T
2229 -
2373
>10000
3665
>10000

10000

. 'ng6~



(continued)

.~

Tabié X. .Célculated vibrational populations and temperatures
relative to v! ‘

. Spectrum 113-2

R

- Trial rotational temperature =

v

e

OV O3 AU WD O

5

b EB

Nv'/nb

1, OOOE+00

T+ T5TE=OL
T+ 555E=01

' 6.95TE-01

5,805E=01
3.881E-01
9.024E~02
k4. 671E-OL
}4,316E~01

- 2,668E-1k4
fz.oo7E-02

T« 595E~01

5.966E~01

X = JTHNT

c = 3.14 sec (single section)

i (Nv’/NO)

Oe

© 3.391E-02

L, 123E~02
5.939E~02
6.639E=02
7.80TE=02 .
8. T64E-02
1.0T3E=0L

1.207E-01 -
© 1.LOTE-01
3.055E~01

1.859E~0L
4, 67TE-0L

A = 11.5A

'Tv,(fK)’ .

2294
1128
y7he

5200

155
1362
>10000
>10000 -

R
2980
1393
5081

Scan speed 40A/min
Computed v'=0 population factor = 3.008E-O1

. U_(Tvr) (ox); .. '

s
8ok
1117
- 880 -
653
562
1534 .
iBL

S >10000

5307
>10000

 >10000




':(antinued)

B

. Caleul:

.

elative to v =

ribrational populations and te

e

BREBowowausruwmnmro

Spectrun 113-2

rotational

V’

Tge = 3+1k sec (single section)

guperature =

.Nv'/NO

1.000E+00

7.636E-01
7.546E-0L

6.970E-0L
5.635E=01

3,673E~0L
8. 089E-02

L, 416E~01
k. 1bkE-01
4, 612814

7.014E-0L

5.281E-01

X2 = 7221

o (N, ./N,)

0.
3.344E-~02
4, 092r-02

" 5.915E-02

6.588E~02
T.TT9E-02
8. T4TE-02

1.069E-01
1.214E-01

1. 414E-01
3.106E~01

1.873E-0OL

L. 763E-0L

Computed v'=0 population factor

A =11.5A

T, (°K)

2160

k109

k772
3969
2816
1332

T
h960_

158
208

>10000

972k

Scan speed EOA/mih;'ﬁ i

3,1573-0115f‘ﬁ553'

dn) 0

351
792
1122
809

595

515

1ko1

- 1650
>10000

>10000

>10000
>10000

et e 77




~ Normalized intensity -

- 043 .
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‘ Spectrum II-111-4
Rot. temp. = 550°K
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intensity

Normalized
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intensity

Normalized

10

Spectrum [I-111-4

-Rot. temp. = 700°K
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intei’isity

Normalized

10~
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Spectrum 1I-111-5 7]
— Rot. temp. = 550°K —
-
B 1
l—l
-
1
llllIlIllLlllll‘lllLlllLllllllIllllull[llllllLlLlLlllllllllllllIAlllJllllllLLLllllllllll

0.43 0.45 0.47 0.49 0.51 0.53 0.55 0.57 0.59 0.61

Wavelength (microns)

XBL 6REZ-0383
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intensity

Normalized
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inténsity

Normalized
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Normalized intensity

10
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Spectrum 1I-112-1

- Rot. temp. = 550°K .
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Normalized intensity
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Normalized intensity -

.

10~ Spectrum II-112-1
Rot. temp. = 700°K
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intensity

Normalized

10

Spectrum 1-112-2
Rot. temp. = 550°K
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Normalized intensity
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Normalized

intensity
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10~ Spectrum [I-112-3 : o : : ‘ » T

Normalized intensity
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intensity

Normalized
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intensity

Normalized
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Normalized

intensity

10K

~  Rot. temp. = 550°K

Spectrum [I-113-1

llll]lllllll|l‘l]|||]lll!]'rl111|lll1llllll|llllll]llllllll‘|‘llll]ll(‘lllllllllll]1]];‘[IIT|]lllll!i‘lI'VTIITTTIlll‘lTl1Tl"ll!l|l]7lll'lIll‘|l¥1]TI11lY17T

[SETE INTTI FNUTE FUFRE FRTTY FENTURYTES FNUTE VST AUUNUFRERE EONTI FUUN] FUUTE FURTE CNSVIUURTE SUVE NN FURTE CRUTE ANURE FUTTY INUTY FRUNY SUNTE SNV FUUTY IUUTE

043 045 047 049 051

0.53

055 057 059 061

Wavelength (microns)

Fig, lbp

0.63

0.65

0.67

0.69

0.71

0.73

XBl. 6812-6395

_Qn-



Normalized

intensity

10

Spectrum 1I-113-1
Rot. temp. = 650°K

T
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V. DISCUSSION

“A, Reliability of the Transition Moment and

Vibrational Population Determinations

l. General Remarks

The methods derived in Section III-B-& can be e#pected-tb yield
excellent results when 1) transitions occur from and'give rise to
vibrational levels which are lowjor intermediate in quantum number, and
2) the S/N ratio is great enough so that unéertainties in the measured
intensities of even small peaks.are on the-order of not more théﬁ.ten
peréent. " The first cqhdition is avrestatemeﬁt of the necessity of
knpwing_the Pranck~Condon factors to a high degreé of precision; the
.sécond-condition assures that noise peaks are ﬁot mistakeh in the calcu-
lations for actual.peaks.

In the present investigations, these criteria are met withvonly‘
~partial suceess. Of great chemical interest is the behavior of the
distribution functibns over_qﬁahtum lévels of products and intefmediates
in chemical reactions. The closer in time the Qbservation takes place
to the formatiqp of the excited.species, the'leés.uncertainty thére is
in the history of that species, or the simplerthé analysis of the kinetics
becomes. In the case of atom recombination, then, oné would like to méke
obsefvations of populations of the highly excited vibrationél levels.

It ig precisely here that we have the least confidence (Sec. IIIQB—B) in
the RKR (or éther) wave functions and resultant Franck-Condoﬁ overlaps.
For the.5H0+ state of.IF, the dissoci&tion_limit occurs at v' = 16. |
Significant deviation between the Morse and RKR potentials (Fig. 12)
begins -to occur bejond v! =10, 11} thus, applying the criterion of (56)

we should expect Franek-Condon factors for these and higher levels to
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be somewhat inaccurate. Furthermpre,_the7electronic state responsible. for
- the onset of predissociation at v' = 11, J' = 45 (Sec. III-A) can be
assumed to give rise to further perturbations of the wavefunctions for

.V.l

= 11 and possibly for.v’ = 10. Thus aécurate analysis of portions
of the spectrum below 4450A becomes extremely difficﬁlt.

Difficulty in meetiﬁg the second cqnditioniresults from the nature
of the quantity we are trying to'determine; viz. the transition moment.
From Fig. 13 it is seeh‘that ﬁhe vaiue of Ré(r) ranges over two orders
of magnitude, falling off rather rapidly at T-centroids less than 1.95A.
The strongest transitions from V',= L and higher oceur at these values
of the r-centroid and consequently have_only low to moderate iﬁtensity;
Increasing their intensity relative to peaks emanating from v' =0, 1, 2,
3 can be accomplished by lowering the pressure in the cell by reducing flow
rates of I2 and Fé (see following section). However, at the same time,
the overall intensity is diminished (See.Spéctra II-llQ-B,,II-llB-l_
and II-ll}-é). The low intensities in this region 6ccur in spite of the
‘fact that the wéveiength;Sensitivity is highest in this_region (Fig; 6)

3

and the v~ factor in the intensity expressibn [Eq. (57)] is favorable.
Thus, the very fact that Re(r) is smgll in this region gives rise to
only a mgderate éignal-to—noise ratio and ultimately to lower precision
in its determination than- at.values of F-centroid greater than 1.95A.

Two possible methods of obtaining a moré_accurate evaluation of the
tr#nsition moment in this region suggest themselves. First, ﬁse of a
larger cell having avloﬁger optical.pathleﬁgth would increase the light
. intensity whiie retaining the p’o'ssibility of maintaining similar chemical
conditions. Seéondly, repeated mﬁltiple scans of the spectrum, time

averaged, could greatly inecrease the S/N ratio while using the'present
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apparatus.

An added difficulty in the-determination of'Re(r) at small r is
that no prdminent peaks having v' =4 ér higher'occur in the region of
the.spectrum:where the transition moment takes on higher values. This "
results from either the fact that Franck~Condon factors fér these péaks
are generally quite smail or that the peaks coincide»with bands of large
inténsity having v' = 0;1,2,3. “Again the importance of having acecurate. .
intensity data must be stresséd,vfbr the éeparation of the contributions
6 the intensity of the transition moment and the population for the (%,0), -
(5,0) ...;.(9,0) bands will depend on the precision to which the spectra |
at higher wavelengths can be décomposed. Iﬁ this regard every effért
was made to calibfate all aspects of instrumentation which Wbuld effect

either the position\of a band or its intensity (See. II).

2. Effect of Pressure on the Observed Spectra

The radiativé lTifetime for the 5IIO+ state of IF may be aSsuméd to
 take on an intermediate value between that of IE,(7><lO-7 sec) (770)

and that of F2 which has not been measured but can be considered as very
1afge due to the forbiddenness of the tranSitidn for light molecules.
Measurement of vibrational relaxation times for homonuciear halogens,

made by Millikan and White (71), indicate typical values of Pt of about
10T at 506;1000°K where p is thé’preSsure-in atmospheres and r  is the
vibrational relaxation.time. 'At'breséures of 100;m‘tbrr,-this'rélatiOn yields
‘& relaxation time of about 8x10™" seconds. A radiative lifetime much
shorter than this wculd drain the population.of the excited molecular stéte
befére the effects of collisional aeactivation could take‘place.‘ A_&ery

long radiative lifetime would meke the transition too weak to observe.

Study of the molecule IF is of particular interest because its radiative
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lifetime falls in\gn‘intermediate range such that the effects of pressure
on the spectra‘are.readily seen; i.e. the rates of radiative decay and
vibrational energy transfer are_compeﬁitive;

Application of this effect was méde in an effort to help evaluate
the transition moment.by increasing the prominence of some of the
shoulders observed on phe sides of larger peaks. The results were
encouraging on the one ﬂand, but'discongerting on the other. Variation
of the relative vibratioﬁal populations was readily accomplished and will
be diécussed in further detail in a later section. As seen from Fig. 13
the transition moments obtained from spectra taken at total pressures of '
55m torr (11-112-5);3526 mtorr { II-113-1)-and 18 m torr (II-113-2) are
in good agreement. -

The disconcerfing aspect of the pressure effect is that élthough a
- comparison of the observed spectra and the calculated spéétra'at higher
pressures yields good.agreement, at the loﬁeét pressures noticeable
diséiepéncies at certain wavelength regions are quite evident..”A list
of these disérepancies is given in Table X Many of these differehces
coincide with positions of known bands‘having low v' [e.g. (1,4), (2,4),
(O,l)]. However, the effect of pressure on the intensities at these
wavelengths is much mofe pfonounced than can be attributed to change in
populatign of}these low~lying vibrational levels.as inferred from intensitj
changes in other regions of the spectrgm. The conclusion that must be
dréwn is that thesé peaks, although appearingfto have only one predominant
cohtributing band, are the composite of at ieast two and perhaps several
.strong bands emanating from states having widely different upper guantum
levels. The fact that agreement is good fbr the 55 m torr spectrum would in-

dicate that the Franck-~Condon factors are not in significant error..
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Table X. Wayelengths of unexplained band intensities

5070 A 5760

5200 - 5880-90
5170 :‘59_:50'
5280-90 75990-6000
5360 6130-40
5450-60 - 6370-80
555060 | 6520-30
5650-60 6680
| 6960

See Spectrum IT-113-2
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Indeed, there is no reaéon to believevthatithe RKR wave functions for
the low quantum levels involved are in ahy way inaccurate.

Examination of Table VIIT shows that in many of these regions, one
should expect contributiohs from bands hgving moderate values of v!
(i.e. 5-8). Yet, the calculated Franck-Condon factorévfor these bands,
e.g., the (5,6) at 5751A or the (7,8) at 58854 and the (3,3) at S54ki6A
(where large discrepancies occur at low pressure) do not have sufficiently
large magnitudes to account for the obsefved intensity when compared to
that of their respective transitions to v" = Of-'The sharp decrease in
the:transition.moment toward smallAvalues of the T-centroid is in part
caused by an attempt to incréase contributions of peaks from moderate
"v' 's in the region of tho discrepancies. The argument may be restated
as follows: given the IOW'intensity of Say the (5,0) band which has a

3

relatively high Franck-Condon overlap and favorable v~ term, in order

to account for the large intensity at (5,6) which has & Franck-Condon

3

. factor down by a factor of 5 and a less favorable v term, the transition
ﬁoment must be greatly different at the two wavelengths (or, more precisely,
at_their réspective values of r-centroid). The value of.'Re at ;5,65
- howevei, is fixed quite well by intensity variations in neighboring

bands hay}ng t’ = 0. Thus, R (55’0) is caleulated to be quite small.

Of direct bearing in these considerations is the fact that some of
the unexplained observed bands, notably those at 6000 and 6130A do not
corfespond in wavelength to any of the band heads listed in Table VIII.
Even when the iist is extended to inolude_bands from v' =_15-l6 (vy |
taking AG (v'#1/2) values from Fig. 9), no band heads are found at thése
wavelengths. Thése observations strongiy suggest the possibility ofv

transitions froir another excited electronic state of IF since emission
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from the recombination of iodine atoms would be expected to occur at
significantly higher wavelengths,*‘while emissioh from the recombinétion
of fluorine atoms has nof beén reported. Thus, it would seem possible '
that these unexplained bands are due to the IF (BHl -»1zf) system
analogous to that observéd for-ICi and IBr (see séction ITI~A). At
_higher pressures, the only levels abundantly populated would give rise
vto-transitions_too>far to.the red to be obéerved in.the present Sﬁudieé.
At lower pressures, however, higher v' 's would have significant popula~
tions and these,could give rise to bands in fhe region being studied.

This hypothesis could be tested in the future by looking in the
red and near infrared with a red sensitive photomultlplier tube for
the remalnder of the 5Hlv—> Z system.

In brief, the results of calculations of the -transition moment
function based on three independently measured spectra are in general.
égreement. The possibility of sysfematic errors caused by the overlapping
of transitions from two excited elecﬁronic states to the ground stéte is
suggested in the case of the low pressurg_specfra. Nevertheless, the
closeness of agreement of tﬁe results iﬁdicates.that this error is not
of great magnitude. Yét,.it is to be remembered that any error in the
calculation Bf the_ﬁransition moment will have direct effects on subse-

quent;calculations of vibrational populations and temperatures.

*
Because of the rapld deactivation of ( Pl/2) iodine atoms by'Ié(YE),

. the concentratlon of I would be expected to be very small if, indeed,

any I( Pl/2

iodine atom recombination would have to ocecur through ( _>lzf) tran-

atoms are formed to begln w1th Thus chemiluminescence from

sitions. Nearly all reported bands in this system (Qbserved in absorption
experimentally) lie well to the red of the spectral region belng studied

in the present 1nvest1gatlon [see, e.g., ref. (75)]
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3. Explanation of the Behavior of thefTransition Moment

~In the summary of the systems for which determinations of the
transition moment have been made given in;(12), one finds both systems
for which fhe derivative of Re with respect to‘; is positive and tﬁose
‘for which it is negative.v_Fbr the 5Hb+ —leﬁ system of‘the halogens,
one would expect,:in all cases, that the_transifion moment decrease for
laige intefnuclear separations since in tﬁe éeparated atom limit the tran-
sition-is forbidden (EPi/E {;253/2).v The range of T for which observa-
tiohs have been made in the present studies has not extended to large
enough values ofiE for this consideration to haﬁe come into play. A second
consideration on the projected behavior of the transition moment is that
all of the halogen (énd‘interhélogen)'diatomic molecules are somewhere
betﬁeeanund’s coupling case a-and case cl(25). The character of the .
?HO+ state is determined by the extent to which the electriq field along
the internuclear axis breéks down the spin-orbit coupling of the eiec—
trons. When the field‘is weak (large intérnﬁclear separations) the (I,8)
coupling:is strdng (Hund's case ¢ is applicable) and the transitionvis »
allowed. Conversely, fér strong fields (short internuclear distances)
the field is strong, and the individual atomic (L,S) coupling is broken
down sucp that the projections of the spin,éngular moﬁentum Zrand the
orbital ;ngular momentum A along the internucléar axls become good
guantum numbers. In this limit,itransitions to the ground.lZﬁ state
are spin forbidden. Igland Fékare respectiVe eiamples of the two cases.

As indicated_aﬁove, IF is”intermediate in its properties between

L and Fe'ﬁith regard to‘ité radiative lifetimg. It is to be expected
then that smali changes iﬁ inteinuclear distance may have profound

changés on the coupling characteristics of the emitting state. The
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continuously increasing case a charactgr'concomitant with smaller values
of the r-centroid gives rise to the sharp fall off in the Re(r). At
first it might seem that the aboVé hypothesis should prediet an inerease
in the transition moment for higﬁer vibrétionai levels since the average
internuclear distance increases ﬁith vibrational'quantum number. However, .
an examinafion of the pbtential cufves (Fig. 8) éhows that the strongest
transitions to (lZ+, v"=6) should:come'ffdm the léft side of the’3H0+
potential curve, i.e. tﬁe Franck-Condoh vertical transition prindiple
holds. This is further quantitatively evidenced by the fact that the
F-centroids decrease for a given v' progression.‘

The present determination'of_the transition'momént function seems -
to follow the predictions of Zare, Larsson and Berg (74) who have.pro—
posed that only small charges (a factor of 2) in the transition moment
.with inﬁernuclear distance are’torbe expéCted for strong tfansitions

(7 ~ 10—6

to 1072 seec) but much larger charges are to be expected for
weak or partially forbidden transitions (v > ZLO"'6 sec). This hypothesis
has been further confirmed by obServationsvof Joshi, Parthasarathi, and

sastri (75).

L. Validity of the F-centroid Approach

As pointed out in Sec. III-B-> and by James (76), present day
computer'technoiogy is such that_theri—centroid approximation neéd no
longer be relied upon for the evaluation of transition matrix elements.
‘The yafiétional me thod of‘obfaihing fhe transition moment discussed ih
Sec. ITI-B-4 can readilj’be adapted such that trial Re(r) is integrated
over the vibratibnal coordinate and the resulting matrix elements
(v'lRe(r)|V"> géed in thé calculation of the best set of vibrational

populations. The form of_Re(r) would then be adjusted until the best
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fit to the spectrum is obtained. waever,:since many adjustmenté of the
transition moment function are necessary before a final solution is
converged upon, £he repeated calculation of the transition matrix elements
could use up. so much time -as to béCOme prohibitive. Thus, although
somewhat "outdated" the‘§~centfoid abprqach can nevertheless be a useful
ahd perhaps necessary épproximainn.- Its validity is easily.tested by
comparing the quan£iti¢s.Re(§v,V")2 (vf|v"}2 with the transition matrix
elements obtained with this best Re(r). Such a comparison is made in
Table XI. As can be seen, the two forms are in moderately good agreement,
and the r-centroid approagh justified. Such agreement cannot be pre-
.supposed in all cases, however, énd each molecularvsystem must be ekamined
.indepepdently.

A note of‘cadﬁion=should be added with regard to the comparison'of
the two forms of.the transitiéﬁ matrix elements, For bards having
-_.E—centroids towards the extremes of the range for which Re(;) has been

- determined, accurate evaluationrof the integrals (v’[Re(f)]v”) would
necessitate a knowledge of Re(r) be&ond this range. .Thus, matrix elements
-based upon the exﬁfapolation of the determined‘Re(§) are expected to be
somewhat in error. The fact that agreément is good for bands having
Af—centroidé in the middlevof thelrange covered:by'thé calculations
strongly suggests that Eq. (35) holds for'a sufficiently high value of.

n. Where discrepancies do exist thén, it isbexpécted that the quantities

Re(r

v,v")'(v']v">‘are more accurate than the integrals (v'IRe(r)|vﬁ>.
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| Table XI. Test of r-centroid approximation

v : -
VN 0 1 2. 3 L 5 6
0 L4, 861-4 - 1,861-3 3;639-3 C4,842-3  4.843-3  3,646-3 2,17%4-3
- b,557-b 1.734-30 3,373-3  L4,511-3  L.586-3  3.678-3 2.367-3
1 3.605-3 9-363-3 1.169-2 9.076-3 14.408-3 1.075-3 1.780-5
- 3.466-3  9.090-3 1.149-2 9.073-3 4.600-3 1.256-3  5.051-5
2 1.22672 1.861-2 1.070-2 1.77&43a é.571-h 2.715-3  3.809-3
- 1.192-2  1.,848-2  1,105-2 - 2,106~3 1.254-4 2,228-3 & 3,351-3 .
-3 2,512-2  1.699-2 9.980-4 2,961-3 7,631-3 L,971-3 8.600-k -
: 2.496-2  1.720-2 . 1.173-3 2.660-3 7.502-3 5.294-3 1,15L-3
b, 3,584-2 L8843 L.512-3  1.16b-2  3.737-3  1.298-L  3.549-3
3.606-2  5.121-3 W.271-3  1.163-2  b,110-3- L.BW3-5  3.088-3
5  3.819-2 5.62h-h  1,625-2 14.,365-3 = 1.530-3  7.838-3 L.uB3-3
- 3,862 5,026-4 1,630-2 L4,579-3 1,380-3 7.791-3 4.889-3
6 3.138-2 1.327-2 1.é22.2 ' 1.&09-3 1,131-2 3.#13-5 6.900-4
3.158-2  1.314-2.  1.258-2 1.302-3 1.1k2-2  3.698-3  5.490-k
7 2.0242 3.043-2 '6.8h8-h - 14372 L4,865-3 2,228-3 8.688-3
2.050-2 3.034k-2  8,883-4 1,k27-2 5.117-3 2.111-3 8.876-3
8 1.0M7-2 L 3.581-2 6.425-3 14232  1.457-3  1.182:2  1.750-3
1.066-2 " 3,592-2 6.,223-3 1l.4b1-2 1,323-3 1.186-2 1.895-3
9 'u.h06-5.';2.832-2 2.567-2  1.363-3 1.518-2 . 3.342-3  L,703-3
4, hh7-3" 2.8u2f2 C2,565-2  1.458-3  1.500-2 3.500-3 - L,546-3
010 - 1.522-3  1.64h-2  3,654-2 5,721-3 1.553-2 3.279-3 1.182-2
1.490-3 1.652-2 3,662-2 5.620-5_ 1.377-2  3.113-3 1.183-2
11 . L.287-4 T7.361-3  3,117-2 2.62k-2 6,128-4 1.715-2  1.007-3
4.195-h  T7.355-3  3.126-2  2,616-2 6.778-4 1.726-2  1.098-3
12 9.672-5 2.528-3 1,860-2 3.77h-2° 8.439 43 1.066-2  T.37L-3
- 1.077-4 2,578-3 1.85k-2 3.757-2 8.255-3 1.099-2  T7.286-3
13. 1.805-5 628&94u 7.902-3  3,129-2 3.0L0-2  8.966-6  1.,8kL-2
12.363-5  7.38%3-4 8,131-3 © 3.111-2 2.979-2 2.11556 1.876-2
14 2.796-6 ‘1.507-4  2.581-3 A1;693-2 3.82h-2 1,448 6.086-3
2.878~6  1.716-L  2,7k5-3 1,7k22 - 3.790-2 1.369-2 - 6.L1k-3
15  3.709-7 2.673-5 6.67h-k  6,756-3 2.763-2 3.486-2 1.798-2
1.051-7 2.770-5.  T7.208-4  7,051-3  2.,814-2 3,148-2 1.550-3
16  3.843-8 3.889-6 1.373-4 < 2.071-3 1.375-2 3.50k-2 2.197-2
© 3.598-8  2.566-6  1.351-k 2.132-3 1.k08-2 3.626-2 2.131-2
17  2.440-9  b,794-T 2.291-5 5,001-k  5.065-3 2.296-2 3.715-2
. 4,151-8 1.619-5 5.099-3 3.734=2

" 2.880-7

b, 7h5-1

2.336-2




12
1.843-4
1.313-4

11 '
6.028-4
5l 265"&

10
1.473-5
T.649-6
1.521-7
5. 409~
1.333-3
1.148-3

-131-

8.443-5
lolh7-b4
L 765-)4-
lo 535-)4-
lc 851"5
1.494-3.

34114
I, 6814
1.0%9-3
9.84h-1
1.297-3
90210-)4'

9.969-4
1.210-3
2.656-3
2.430-3

0

Table XI - continued.

.‘2

- 1.018-3  1.307
lt 670"

2.597-3
- 2.361-3

3.165-3
2,651-3

8.660-k

1.260-3
b kok-3

1.429-k
3,0Th=~k

>

1.969-3
1.560-3
T.253=5
1.822-4

1.020~3
1.497-3.

le 055"3

- 1.489-3

1.752-3

1.960-4
5. 783=5
5.97h-3
L.029-3

T.328-4
1.032-3
3, 666-3
3.369-%
2. 4763
2.87%-3

h.?;l-}
2.75T=4
1.588-k
7’6.892-5

5. 438-3
50 27’"’"3 )
2.745-3
- 3.,102-3

6
7

MY Y

\O
(XN ot

v
N

1.943-3
1.604-3

2.853-5"
7.106-3 - 2.870-7

2.635=3
. 2.519-3

8

1.468-
2.919-
- 3.780-3
3.799-3
6.266-4
7. 798~k
.2.326;3v
2.383-2
5.977-
6.106-
1.9k7-
1.391~-
8.915-5
8.904-3

e

2,613-3
2.99&-3
1.550-3
1.416-3

- L4, 678-3
4,960~3
7.202-3
7.197-3
6.771-3
6.678-3
5.898-3
6.214-3

©1.171-3
1.010-3

5.439-3
 5.609-3
5- lh‘8-)‘"
‘u,155-u,
5.671-3
50 685-3
2.900-3
2.811-3
k,651-5
,8'778'5
9.,926-3
9.208-5
9 . 576—3 ]

. 9.759-3
"2
lower value: (v'|R lV>>

£.465-3
2.342-3
6.074-3
6.345-3
2.05u-u'
1.738-L
2.389-3
2,506-3
1.264-2
1.292-2
8.630-4
1.012-3
8.916-3
8.326-3

5.916-4
T.057-4
6.083-3
'6.01u-3
6.277-3
6.361-3
1;22é-2
1.234-2
2,676-3
2.436-3
1.854-2
1.798-2
1.161-2
1.169-2
RN v

e

8.562-3
8.754-3
lo 588-’)-1'
l-757~h‘
8.701-5
8.501~3 -
4. 1595

- 25TT7-5 |
1.680-2

- 1.687-2
1.6L40-3 .
1.788-3

- 7.060-3
6.698-3

9

10
15
16
17

11
. upper valuei
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1B. Rotational Temperatures

1. Determination and Influence on CalcuLation of Vibrational
Populations and Temperatures

Examination of Fig. 11 shows that large changes in rotational
temperature have pronounced effeets on the band width of the integrated
rotation-ribration enveldpe’or band shape. For a change from hOO to
800°K the full width at half max imum integrated intensity is increased
by 50%., The'p051tion qf_the intensity maximum is shifted only slightly
and conse@uently the low wavelength sides of the three bands are nearly
superimposed. Despite the.fact that the:widening appears exelusively
on one side of the band, visual examinatienvof the spectra does not
offer a veryvsatisfactory method of evaluating the best'rotational
temperatare as can be seen from a comparison of fits of Spectrum II-112—2_
at rotational temperatures 550, 650 and TOO°K. The presence of over-
lapping bands and scatter in the data points tend to obscure the effects
df‘small changes in the rotational temperature. - Attempts to fit speetra
‘at temperatures'ranging'frbm 300 to 900°K haye been attempted; visual in-'
speetion of fits at the extremes of this range point out their_in~
 accuracies-band widths much too narrow in the former case and washed
out resolution of neighboring peaksiin the latter. waever, in the
above mentloned spectra, only in the case of the (0,3) band at 5826A
and its nelghboring (l h) band at 5888A can some visual 1nf1uence of
'the'rotatlonal spectra perhaps be observed. For this reason, more
reliance has been placed,on the value of the weighted sum of the
squares of deviations between the computed and observed spectra -
the "goedness-of-fit" parsmeter O e value.

'The results of caleulations of vibrational populations and
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temperatures for the series-of 4 runs iIziil-h, II-111-5, II—llQ-i,
II-112-2 and for the 3 spectra from whieh‘Re(r) calculations have been’
made shoﬁ X2 values varying by aboet 20% at the best and worst fits.

The vibrational populations (and temperatures) are only slightly affected
by.the different rotational temperatures, however. In no case is a |
determination of a vibrational population inecluding the range covered by
its standard deviation, found not to overlap the range of a determination
based on a different rotational temperature; Of course, the better the
overall fit, the smaller the standard deviation associated with each
Vibraticnal poéulation [Eq. (56)].

The best fi£ does not oceur fer_the same value of the rotational
teﬁperature in all cases. -For low”pfessure spectra with no or small
.amounts of M gas, (II-11l-k, IT-111-5) the lowest standard deviations -
occur for T7OO°K rotational temperature fits., For slightly'higher partialv
pressures of argon (é? mtorr), other conditions being kept_the same,
(II-112-1), fits for rotational temperatures.of 650.and 700°K give nearly
idehticel velues of Xg. For still higher éressures of argon (50 m torr),
the best rotationalvtemperature is 550°K (II~112—2). Similar trends
are noted for the~otherfthree above-mentioned spectra. In these instances,
no‘M ga? was added, but flowirates of Ié and F2 were adjusted so as tovchange
the total pressure in the cell. For II-113-2 (18 mtorr)z the best fit
oceurs for a rotational temperature of 700°K; for II—liB-l (26 mtorr),
at 650°K, and for II-112-5 .(58 mtorr) at 550°K. |

Additional confirmation of‘this trend was obtained for these three
spectra by meaeurementvof the band width at half intensity of the (0,4)

" peak which is relatively iSOleted partly because of the anomalously low

Franck-Condon factor for the (1,5) band. Measurements of 27.7TA, 32.9A
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ahd 38.5A were obtained from the recorder tracings for Speetra II-112-3,
II-113~1 and II-113-2, respectively, corresponding to rotational tempera-
tures of 450, 600 and 750°K (see Fig. il). |

| These results are somewhat’surpriSing.in that rotational relaxation
proceSses are expected to be rather faet.. Although Steinfeld and Klem-
perer (3) observed changes in rotational Quantum number of up to 50 (both
positive and negative) ib their'study of vibrational relaxation in Ié,
one would expect changes to be considerably less for IF since the ro-
tational spacings are.nearly a‘factOr‘of 8 greater. ‘In their stud& of the -
NO* system, Broida and Carringtbﬁ.(77) found ehanges in J of up fo 5
only. It must be remembered, heﬁever, that the radiative lifetime of
IF is considerably longer than thaf of 12 and therefore many more re—'
laxing collisions are undergone before emission takes plaee._ This should
have the effect of bringing the,system closer to tﬁermal equilibrium,

Brennen and Carrington (78) have observed non-equilibrium rotational
distributions in a study of CH chemiluminescence,'the system being
characterized by twovrotational tempera tures, one at the reector tempera-
ture (360°K) and one at ~l200-lhOO°K;“It was assumed that the lower
characteristic temperature resulted when inifially'excited molecules
suffered relatively'feW'relaxing collisions, however. Moore (79) has
d;scussed the probability of vibrational to rotaﬁiohal energy transfer
(é possible means of obtaining retational temperatures different from
%?anslationai temperatures) but concluded that the effect is most sig~
nificant forlhydrogen containing molecules., :
The possibility of'a contribution to the decrease in rotational

temperature with increased pfessure (at least in the case.of added M

‘gas) from the fact that the equilibrium translational temperature is
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also being lowered by the added heat capacity of the higher conecen-
trations.of M gas is doubtful. Although such an effect would oceur

in the case of adiabatic heating of the gases in the cell, a more
realistic treatment would have to include conduction by these gases to
the cell walls. This type of calculatioh is carried out in the next
section.

2. Comparison of Rotational and Translational Temperatures

An estimate of the maximum temperature in the interior of the cell
has been made using the formula of Benson (80), viz.
, ‘ 5 .

70, ©) - Ty = T | (&)
where.T(O,m) is the temperature (°K) in,thetéenter of a spherical cell 
of radius r (cm) after an "infipite" induetion period, T, is the
, temperature of the cell wall, R is the rate of reaction per unit volume

5

(moles/cm” sec), H is the heat of reaction (cal/mole) and k, the co-
efficient of thermal conductivity (cal/cm deg)r This model assumes that
the cell walls act as an infinite heat sink.

The heat of reaction was assumed to be that of

I, + F, - 2T AH = =60 kcal/moie.

Coefficients of thermal conductivity were calculatéd for Ié, Fé and Ar

according to the réLatioﬁ'(8l), .

_ ~b (zp)? n % s
< = 198900 — T — (15 T 5) (6L)

where T is the temperaturé, M thé molecular welght, o the Lennard-Jones
, . . " *
. . ¥ : (2,2) *
collision diameter, T the L-J reduced temperature, and Q () a

correction factor tabulated in the reference. ~Values of K_for the three
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6, 7.5><lO"5 and L.2x10™° cal/cm deg, respectively.

ﬁolecules_were 8Xl0-
Because Fé was usually present in some excess, the concenfration of 12

is expected to be small. Therefore, the value'of K wés approximated as .-
6XlO-5, resulting in a maximum tempefature.rise at the interior of the
cell of ~20°K above thé wall temperature. This estiméte is based on a
flow rate of fluorine of 2.2)(10-3 pmoles/cm3 sec and a cell radius of

6 cm in addition tQ the previously mentioned quantities.

In order to oﬁtain k for a bihary or ternafy mikture,.the exact
‘molar concentrations of ali'the épecies must be known. Since the values
of the individual thérmalbconducfivity éoefficients lie very closé in
vé;ue (with the exception of Ié which is:thoughf td'be present in only
small quantities) the increasing concentration of Ar in fhe series of
runs IT-111-L tovII;llE-E would not be exbééted to change the overall
coefficient of thermal conductivity significantly, and consequently, the
internal translatibnai temperature would remain unchanged.

From these‘¢onsiderations, it seems more plausible that fhevrole
of the added Ar is to increase the rate at which equilibrium between '
rotational and_translational degrees of freedom is'achieved, rather than
to actually affect the translational temperature itself. More detailed

studies of this phenomenon are being undertaken.

Ce Possible Mechanisms for Formation of IF(?HO+)

Knowledge of the mechanism of férmation of the execited electronic | -
state of IF is de;irable for the Subsequent analysis of vibraﬁional
relaxation processess. If, on the one hand, the formation step is a fogr
cenfef reaction involving the combinaﬁion of an iodine and a fluorine-
molecule to form transifion étate complex which bréaks.up into a ground 

, - * : v
state If and an electronically excited IF , the kinetics become quite
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‘complicated since the IF% may be initially formed in any bound vibrational
quantum state. However, if theifofmation step is that of atom récom-
bination, all IF* molecules are formed at the top of the eﬁergy "ladder,"
and population of low lying vibrational levels prbceeds only throughl
collisional deactivation.

Formulations of two such mechanisms under steady state flow con-

ditions are given belowg
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Mechanism I

R .
S
— L
—> T, -
a 1t 3 :
I, + F, > IF("Z) + IF( Ho+) OH = +6 keal to -7 keal

% ]
IF ——> IF + hv

IF +M: > IF+ M

Fy, Ly, IF*

where Ri, RF Input flow rates of.I2 and F2,¢r§spectively, anq RO is the

- pump-out rate. Solution of the steady state rate equations yield

(17 ) (65)
£+ g(M) :

and (12) and (Fé) are independent of (M) and are functions simple of the

constants R, RF, R,, and a.

Mechanism IT

i SO
I, + F, S S IF+I+F AH = +6 keal
I+ F, b S 4T
Fo+ I, <> IF+1I | S | "
I+F <;—l> IF
wh+M S— F o+ M
x f

IF —> IF+hv



-39

% g o
I#F +M——> TF + M
_ R

70

¥, I, F —>

IE, D1+

Recombinations steps of I atoms and F atoms to form 12 and Fé, respective-~

ly, have been omitted because they are negligibly small compared to the

input flow rates of ]é and F2' Steady state rate equations for (IF#) and

* : ! .
(IF ) straightforwardly yield

IFDF)'.:._E]‘_(E)_(_.F)._ana (IF*) ,.___M (66)
ay + e (M) [f+ g(M)]

The expression for‘(IFF) simplifies because the rate constant d, >> e(M).

One expects d2 to correspond to the time for one vibration (1015/sec).

~10
e

Assuming reaction € to be gas kinetic (lO mi/mol sec), any reason-

i

able concentration of M gas‘still'caﬁses negligible contribution. Thus,

we may write- : _
(rF") = | (67)
dy[f + g(M)] ‘ ,

Further steady state rate expressions for (Ié), (F Y, (I) and (F) lead
to the result that concentrations of (I) and (F) and also (12 and (¥, ).
are not dependent on M gas concentratlon but solely on the parameters
RI, RF, RO and other constants., No further assumptions have been made
to reach these conclusions.

It is quite ev1dent then, that the total concentratlon of IF
(5HO+),1 e. the sum of all v1brat10nal populatlons, is expected to
exhibit different behavior as a function of M gas concentration depending
upon which of thése,mechanisms is correct. From'Mechanism I, a plot of
(IF*) vs (M) shsuld be flat at O pressure, and gradually begin to decrease

as (M) increases. On other other hand, from Mechanism II, one expects
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a possible slope-at low pressures 6f M gas, and a gradual flattening
out for higher concentrations of M gas. |
The total concentrationé of IF* have been obtained from Table IX.‘
Unfortunately;bthe results are not’completely clear. If populationé from '_-
all thirteen states are counted, the total population appears to remain
constant (5;28, 5.18, 5.21, 5.1k, in.arbitrary units) for runs Ii;lll—h
(30 m torf,Fé + Ié, no Ar), II-ill—5 (13 m torr Ar addéd), IT-112-1
(27 m torr Ar), and II-112-2 (50 m torr Ar). This would indicate that
either the low pressufgiregime of Mechanism I or thé high pressure
region of‘Mechaﬁism II had obtained. It must be remembered, however,
(Sec. V—A), that the‘p0pulations for high v' as well as having generally
:high statistical errors; are also subject fo large s&stematic errors due
to the presence -of the unaésigned and relaféd peaks most likély coming
froﬁ'the 5Hl electronic stéte. Oountiné vibrational populations up to
v! = 9 only, the total pqpuiation of IF(3H0+) shows a-gradual increase
with increasing (M) gas concentration (4.39, Lk.51, h.87; L.76 in
‘arbitrary units). vSQch a trend could not be explained in terms of
Mechanism I. That we are in the low pressure regime of_Meéhanism II
(as opposéd to the hig? pressure regime) is highly likely éince'achieving
the high pressure 1limit at the pressures encountered would imply a_radia-

~13

tive lifetime of 1ofl sec assumihg g~ 10 ™~ cmi/mol'sec. g cannot be
‘much greater otherwise the excited IF molecules would be electronically
quenched before being vibrationally deactivated. |

Mechanism IT is further in agreement with that postulated by | o
Kapralova etfal. (82) for the reaction of HI and F., viz.

HI + F, —>HF + I+ F



141~

*“
I+F +M = IF + M

This second step is simply;a combination of steps (d)’and (e) in
Mechanism II. If should bevnoted, howévér, that no detailed reasoning
was advanced by the authors for their choice of the above mechanism.

On theoreticgl grounds, however, Mechanism I would seem highly un-
likely. Even thoﬁgh'IF* has only limited triplet.character,Iaccording
to the Woodward-Hoffman rules (83), one Qould nbt expect the initiating
step to proceed through a four-center (trapgzoidal) transition state
compléx due to thegpoor correlation of molécular orbitals of the reac-
tants and products. Similar.arguments héve been proposed by Hoffman
and Cusachs et al. (84) concerning the reaction of Hé and ;2 to yield
2HI, reactants and produbts all being in their ground electronic state.:
They~concludedhthat the orbital correlations again were such that it |
would be unlikely for the reaction to proceed through a four center

complex.

D. Vibrational Energy Transfer

In this concluding seétion, a brief analysis of the vibrationai
.population distributions obtained from Spectra II-111-4 to II-112-2 is
presented. The model discuésed is that of the step ladder - all elec-
tronically excited molecules are assumed to be .formed in the highest
bouhd guantum vibfational state. Eéch lower lying le%el is populated
b&'collisional deactivation of highér levels and collisional excitation
from lower levels, For the saké of simplicity (and the uncertainties
in.the calculated populatioﬁs'do not warrant other than a simplified
treatment) only one quantum vibrétional Jump will be.considéred.
For a given vibrational:level i, we may write the steady state

equation
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dn, - ' “ :
& T T4, (W41)00) + kifl,i(Ni—l)(M)'ki;i+l(Ni)(M)'ki,i-l(Ni)(M)

~(,)f = (n;)(4)g = 0 (68)

‘where Nj is the population of level J, M is the concentration of the
collision partner (Ar in the present case), f is the fluorescentce rate
constant, g the Quenching'rate‘constant, and kz;m is the probability
upon collision of a moleculevin initial state being transferred to
final state m.  From the principle-of microscopicvreversibility we have
(1) . .

g ef<Em“Et)/kT

Eﬁ,l _ gm (69)

where the g's are the degeneraciés of their respective states (unity

in the present case) and the E's are their vibrational energies. Thus,

Ky 541 =_e--(EiJrl.-Ei)/kT _ ewAG(i+1/2)/kT (70)
k, - :
i+1,1 . -

Further, a relation between collisional vibrational energy transfer rate

cons?antszki+l’i and ki

;i-l can be written (85)

Kii _ <¢&+1|V(r)l¢i>?

S, vl )8

where V(r) is the form of the perturbation bringing about the transition.
For.an exponential field and harmonic oscillator wave funetions we find

(85,86)

Kivi,1 a1

(71)

i,i-1
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, = (i+1) k.. Substituting

- If we now write k = k. we have X,
i+1,1

1,0 1
these relations into Eq. (68) yields

1

dN,
L= (1) 1 (v, )00+ 1 w00 - (1) AT k() ()
-k () (M) = (m)f - g(w,)(M) =0 (72)

where AG(1i + 1/2) is set equal to hv for all i (a sufficiently good
approximation since we are restricting this discussion to low values of

1).Eq. (72) can be arranged to yield

(i+l)(Ni+l) + ie‘h"/kT(Ni

N,

-1 ~hv/kT

= [(341) e ti g/l k-lfM] (73)
A plot of tﬁé ief% side of Eqs (73) vs. 1/[M] sﬁould yieid a stréight |
line, the slope of whigh is proportional to the rétio of the fluorescence
and vibrational deactivation iate constants, and_from:then'intercept of .
which can be extracted the ratio of the eléctrqnic:quenching énd vi-
brational deactivation rate constants. Such_a plot is presented'in
Fig., 15, forfi = 0,5;- Higher values of ivhave,not been included because
of the increasing uncertainties in the populations Ni' |

The results are only qualitative in nature due to the large amount
of scatter in the plotted points. This could reflect either the uncer-
tainties in the vibrationai populations.or the inapprobriateness of |
the chosen‘model. An aferage of thése results ylelds g/kl = 0.1k and
f/kl = 5Xlolhrmol/cc. Thus, for a reasonable estimate of the vibrational

7

relaxation time of ~10~' seconds at 1 atm (71), a radiative lifetime

1 - .
for IF(3HO+ - st) of ~10 2 sec is implied.
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Fig. 16 Left hand side of Eq. (73) vs. inverse
pressure : ‘
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APPENDIX A

- Intensity Data and Table



Appendix A. Corrected intensitles .vs wavelength for observed spectra

Flow rates (std cc/min) Pressures (mtorr) ©. " Remarks
Spectrum F, I, L  LtF, T +E,+M ( sec.) FiZ(ngz)'j.ng Scad;/i?;;d
IT-109-1 8.2 3.8 28 60 60 2.06 6 100
T1-109-2 8.2 5.8 28 € 104 2,06 6 100 o
 II-109-3 8.2 3.8 28 61 126 2,06 6 100°
TT-109-k 8.2 3.8 28 61 15k 2.06 6 1100
II-109-5 8.2 3.8 28 61 192 2.06 6 100
II-110-1 2.5 1.1 8 28 .28 2,06 6 100, .
II-110-3 2.5 L.k 10 29 33 2.06 6 100
II-111-1 2.5 B 10 29 B 2,06 6 100
IT-111-2 2.5 1.b 10 29 = 2.06 6 100 :
TI-111+3 2.5 1.k 10 29 99 2,06 6 100
II-111-k 2.5 «95 T 30 30 T3,1h 6 40
II-111-5 2.5 .95 7 29 Ja 3,14 6 ko
II-112-1 2.5 .95. 7 29 56 3,14 6 . o
TI-112-2 2.5 .95 7 28 T8 3,14 6 Lo -
II-112-3 8.2 3.8 28 58 - 58 ERLY 6 %0
IT-113-1 2.5 .8 6 26 26 3,1k 6 ho-
II-113-2 2.5 .5 4 18 - 18 3.4 .6 %0

. -91-('[- . ) : o * ’



44719
4485
4499
4495
4500
4505
4509
4514
4518

4522 -

4527
4532
4536
4541
4546
4552
4557
4563
4568
4574
4579
4585
4593
4595
4600
4504

4609
4613
4618
4622
4627
4631
4636
4641

4646

4652
4657
4562
4068
4674
4579
46384
42£69C
4695

4699
4704
4709
4713

4718

4722
4727
4731
4736
4741
4746
4751
4757
4762
4768

4773

4779
4784
4789
4794
4799
4804
4809
4813
4817
4822
4826
4831
4836
4857
4EB62

4868 .
4873 -

4879
4884
4889
4894
4899
4904

4908 -

4913
4917
4922
4926

«235

- «196

-173
.148
«109
.103
.078
-079
-080

T .042

« 046
«C42
«036
«039
.083
«214
.431
+538
e447

.329°

«235

206"
«176 -

«130
«112
-107
.078
.051
«165
<422
.1729
.821
« 727
«593
«500
<439

"«375

.318
+281
«240
e245
«249

«249

4931
4936
4941
4946
4951
4957
4962
4968
4973
4979
4984
4989
4994
4999
5004
5008

5013

5017
5022
5026

. 5031
5036

5041
5046
5051

5056

5062
5067

5073 .

5078
5084
5089
5094

- 5099

5104
5108
5113
5117
5122
5126

5131

5136
5140
5146

SPECTRUM I1<109-1

«203
«200
.182°
.226
+310
+653
«974
1.074
.980
«796
- 709
<564
476
429
«381
<478
«610
«738
. 748
648
«553
422
«396
«381.
«555
<874
1.192

1.243 -

1.100
«898
.739
+588
=541
«485
«544
«845
1.258
1.639
1.621
1.422

1.204
1.038

.873
<747

5151
5156
5162
5167
5173
5178
5184

. 5189

5194
5213
5217
5221

5226

5231
5235
5240
5246
5251
5256
5262
5267
5273
5278
5284

5289

5294
5299
5303
5308
5313
5317

5321

5326

- 5331

5335
5340
53446

" 5351

5356
5362
5367
5373

5378

5384

«693
«732
+901
1.007
.885

" e Th6

«613

0571"

«552
1.226
1.933

24534

2.647
2.430
2.079
1.649

1.350

1.200
.942
.815
.883

<977

1.014
1.005
915
«877
« 741

« 662 -

«553

«524

«514

«835
1.594
2.554
2.838
2.561
2.214
1.833
1.645
l.466
1.284
1.174
1.298
1.822

5389
5394
5399
5403
5408
5412
5417
5421
5426
5431
5435
5440
5446
5451
5456
5462

. 5467

5473
5478
5484
5489

5494
- 5499

5503
5508
5512
5517
5521
5526
5531
5535

5540

5546
5551

5556

5562
5567
5513
5578
5584
5589
5594
5599
5603

2.299
2.232
1.949
1.667
1.428
1.130
1.004

«948

2812
.747

« 714
1.128
1.841
2.261
2.087
1.682
1.405

1.175 .

2962
«867
-840
«955
1.718

3.074 "

3.977
4.050
3.585
2.579
2.519
2.120
1.982
1'846
1.711
1.541

-1.318

1.309
1.258
l1.164
1.057
872
- 187
«680
<644

.579 ‘

5608
5613
5617
5621
5626
5631
5635
5640
5646
5651
5656

5662 -

5667
5673
5678
5684
5689
5694
5699

5703

5708
5713

5717
8721 -

5726
5731
5735

5740

5746

5751
5756 -

5762

5767

5713
57178

5784

5789
5794
5799
5817
5822
5826

5831
5836

 .488 .

<582

«802 -
1.417

2.585

©3.973 .

4.096

- 34527
2.872

2.451

2.07Y

1.807
1.581
1.524

2.044

3.105

K 3-776."

3.653
3.122
2.621
2.360

1.964

?~Lnr?<- 

1.698

1.575

1.379
1.229 o
1.127- -
1.268:

1.543
1.597

1.604
1.422
- 1.143

1.C55

+918.

.811
«703
« 657
2.182

4.080

6.196
6.734

6.020



5841
5846
5851
5856
5862
5868
5873
5879
5884
5889
5894
5899
5904
5908
5913
5917
5922
5926
5931
5936
5941
5946
5951
5957
5962
5968
5973
5379
5984
5989
59 G4
5999
6004
6008
6013
6017
6022
6026
6031
6036
6041
6046
6051
6057
6062

4.884
3.977
3.304
2.715
2.297
2.195
2.223
2.364
2.449
2.441
2.260
2.041
1.658
1.493
1.365
1.210
1.144
1.104

.973

1.013
1.134

1.671
2.350

2.343

2.026

"1.684%

1.421
1.285
1.106
« 949
1.042
1.119
1.370
1.018

.992
1.198
1.965
4.261
T.212
8.683
T.622
6.288
5.068
4.051
3.488

6068
6073
6079

6084

6089
6094
6099
6104

6108

6113

6117.

6122

6126

6131
6136
6141

‘6146

6151
6157
6162
6168
6174
6179
6184
6190
6195

6199

6254

6209 -

6213
6218
6241
6246
6252
6257
6263
6268

6274
16279

6285
6290
6295

- 6300 .

6394
6309

2.880
2.500
2.276

2.067

1.892
1.633
1.544
1.401
1.209
1.159
1.096
1.009
«964
+919
903
«851
+«890
1.156
1.612
1.813

1.744

1.588
1.221
1.106
1.034
-899
«783
«709
«693
« 720
.« 179
2.740
5.365
7.870
7.982
6.491
5.438
4.362
3.717
3.222
2.649

2.367

2.015
1.896

1.992

6313
6318
6322
6327
6331
6336
6341
6346
6352
6357
6363
6368
6374
6379
6385
6390
6395
6400
6404
6409
6413
6418
6422
6427
6432
6437
6442
6447
6452
6457
6463
6469
6474
6480
6485
6490
6495
6500
6505
6509
6514
6518
6523
6527
6532

2.549
2.893
2.870
2.617
2.160
1.833
1.545
1.332
1.313
1.192
1.108
1.049

«946

«936

-802
« 726
« 137
703
«603
609
«496
472
«467
«473
«460
470
«576
« 797
1.132
1.079
1.073

1.218

2.086
4.107
6.007
5.897
4.856

4.190

3.594
3.018
2.697
2.649
2.563
2.302
2.234

‘6537

6542
6547
6552
6558
6563
6569
6574
6580
6585
6590
6595

6600 .

6605
6609
6614
6618
6623
6627
6632
6637
6642
6647
6653
6658
6664
6669
6675
6680
6685
6691
6696
6701

6705°

6723
6728
6732
6737
6742
6748
6753

6758

6764
6769

6175

2.130
2.262
3.346
4.546

4.518

3.771
3.206
2.853
2.292
1.900

1.702

1.588
1.378

1.216 .
1.204

1.206
1.212
1.255

1.234

1.156
«875

- .728

.703
.544
<604
.516
.508
545

<439

«406

«423

«389
1.309
2.395
3.430
3.352
2.918
2.412
2.086
1.892
1.791
1.629
1.476

6780

6786
6791
6796
6801
6805
6810
6815

6819 -

6824
6828
6833
6838
6843
6848

6853

6859
6864
6870

6875

6881
6886
6891

6896

6901

. 6906

6910

6915

6919
6924
6928
6933
6938
6943
6948
6954
6959
6965
6970
6976
6981
6986
6992
6997
7001

1.297.
"l.267

1.398
2.224
3.686
4.486

" 4,288

3.663
3.324
2.888
2.505
2.287
1.933
1.856
1.668
1.506
1.360
1.477
1.957

2.768

2.644
2.250
1.914
1.643
1.567
1.300
1.260
1.038
.920
.797
.811
.849
.615
.702
.681
<679
<721
.582
+550
.627
.569
.75
1.322
1.824

1.887

70C6

7011
7015

7020
7024

‘7029
7033
7038

7043
7049
7054
7059
7065
7070
7076
7081
7087
7092
7097

7102
7107

7111

7116
7120 -
7125

7129
7134

7139
7144

7149
7154
7160
7165
7171
7176
7182
7187

‘7192

7197
1202
7207

1.708
1.416

1.192

1.154"

.987
924

e 189°

«665

<693
1. 1‘92

20145

3.228
3.236
2.733

2.181 .
1.889°
. 1.616 .

1.614
1.407

-1.423

1.217
1.111
1.030

1.097 .

1.254

2.085

3.018
3.009

~ 2686

2.500
1.856

-1.710.

1.457
1.450
1.254

S 1.001°

.378
« 742
+ 801

- =gHT~



4479
4485
4490
4495
4500
4505
4509
4514
4518
4522
4527
4532
4536
4541
4546
4552
4557
4563
4568
4574
4579
4585
4590
4595
4600
4604
4609

4613

4618
4622
4621
4631
4636
4641
4646
4652
4557
4662
- 4668
46 T4
4679
4684
4690
4695

<007
«011
« 002
<021
.002
.010

.012
- 006

.004
.009

.011

016"

« 047
.025
.012
-034
.018

.009

.002

.013

.« 029
-027
- 086
.078
.078
<076
. 063

.038 '

»039
.011
-030
«022
. 026

- «04%9
.023 -

.035
<093
«207

4699
4704

4709
4713

4718

_ 4722

4727
4746
4751
4757
4762

. 4768

4773
4779

4784

4789
4794

. 4799

4804
4809
4813
4817
4822

4826

4831

4836
4841

4846
4851

- 4857
- 4862

4868
4873

4879

4884
4889
4894
4899
4904
4908
4913
4917
4922

4926

282
<2175
«227
-175
131
+105
«104
«043
.023
-036

-059

<114
2238
L4175
.565
.524
<408
-340
.267
.232
.225
0138
131
<126
© .096
061
-061
.083
.122
.193
.534
<947
1.009
.830
.662
.529

«520.

<400
364
«273
«216
«254
«254

.288

4931
4936
4941
4946
4951

4957

4962
4968
4973
4979
4984
4989
4994
4999
5004

5008.

5013
5017

5022

5026
5031
5036
5051
5056
5062
5067
5073
5078
5084
5089
5094
5099
5104
5108
5113
5117
5122
5126
5131
5136
5140
5146
5151

5156

SPECTRUM 11-109-2

L2649 5162
.205 5167
<159 5173
.190 5178
.391 5184
.847 5189
1.262 " 5194
1.294 5199
1.072 . 5204
.934 5208
Ce177 5213
.632 5217
.526 5221
W4T 5226
«442 5231
.527 5235
.613 5240
.817 5246
.869 5251
<697 5256
.603 T 5262
C4T2 T 5267
.659 5273
1.130 5278
1.523 = 5284
1.445 5289
1.212 5294
.989 : 5299
.853 5303
.659 5308
.619 5326
.540 5331
.591 5335
.937 5340
1.461 5346
1.920 5351
1.875 5356
1.589 5362
1.328 5367
1.173 5373
<913 5378
.818 5384
.742 5389
.842 5394

1.106

1.232:

1.031
«854
« 778
« 125
«669
-610

« 646

.806
1.426
2.437
3.278
3.401
2.916

2.404

2.025
1.569
1.170
1.045

«916

«949
1.254

.'1.318

1.190
1.048

«909

«752

«651

«630
2.123
3.398
3.891
3.421
2.729
2.121
1.860
1.505
1.317
1.247
1.421
2.043
2.711
2.699

5399
5403
5408
5412
5417
5421
5426
5431
5435
5440
5446
5451
5456

5462

5467
5473
5478
5484
5489

5494

5499

- 5503

5508

- 5512

5517
5521
5526
5531

5535

5540
5546
5551
5556
5562

. 5567

5573
5578
5584
5589
5594
5599
5603
5608
5613

1.870
1.559

1.441

l1.128
1.023
- 855
- 757
«919
1.534

. 2.510

3.043
2.761
2.112

1.688 °

1.383
1.130

-900

«910
1.098
2.288
4.175

'5.409

5.316
4.683
3.907

T 3.272
2.705

2.300
2.129
1.829
1.604
1.489
1.480
1.390
1.234
1.085
.958
.812
«692
«584%
«542
«566
«572

5617
5621
5626
5631
5635
5640
5646

- 5651

5656
5662
5667
5673
5678
5684
5629
5694
5699
5703
5708
5713
5717
5721
5726
5731
5735
5740
5746
5751
5756
5762
5767
5773
5778
5784
5189

- 5794

5799 .

5804
5808
5813
5817
5822
5826
5831

«902

3.917

 6.167

6.937
6.245

4.924 . .

3.999

3.212

2.510
2.093
.1.810
1.752

2.524

4.070

4.917
4.686

3.992
3.321
2.850
2,449

1.947

1.722
1.545
1.276

1.230.

1.411

~6HT

'1.683v“.

1.881
1.839

" 1.553

1.251
1.133
.936
«894%
«685
.638
«685
T 821
1.377
3.133
6.7030
10.208
10.778



5836
5841
5846

5851 .

5856
5862
5868
5873
5279

5684

5889
5894
5899
5904
5908
5913
5917

5922

5926
5931
5936
. 5941
5946
5951
5957
5962
5968
5973
5979

5984

. 5989
5994
5999
6004
6008
6013
6017
6022
6026
6031
6036
6041
(XX
6051

6057

9.275
7.205
5.545
4.341
3.504
2.877
2.546
2.523
2.805
2.865
2.884
2.621
2.246
1.905
1.736
1.439
1.316
1.149
1.088
1.053

«949
1.220
1.962
2.691
2.799
2.363
1.902
1.580
1.383
1.156
1.055
1.070
1.130

1.089

. 996
1.111
1.413
2.882
6.837
11.952
13.925
11.876
9.263
1.556
5.639

6062
6068
6073

6079

6084

6089

6094
6099
6104
6108
6113
6117
6122
6126
6131
6136

6141

6146
6151
6157
6162
6168

6174,

6179
6184
6190

. 6195

6199
6204
6209
6213
6231

6236

6241
6246
6252
6257
6263
6268
6274
6279
6285
6290
6295
639290

4.590

3.784

3.157
2.766
2.430
1.946
1.716
1.508
1.376
1.290
1.048
1.045
1.042
1.009
" +824

+839

.988
1.241
1.723
2.115
1.948
1.613
1.400
1.286
1.115

«999

-864

«785

124

«619
1.806
2.256
4.341
9.229
12.981
12.869
10.253
8.0006
6.441
5.354
4.304%
3.455
2.955
2.548

6304
6309
6313
6318
6322
6327
6331
6336
6341

6346

6352
6357
6363

" 6368

6374
6379
6385
6390
6395
6400
6404
6409
6413
6418
6422

6427

6432
6437
6442

6447

6452
6457
6463
6469
6474
6480
6485
6490
6495
6500
6505

6509
6514
6518

6523

2.284
2.549
3.029
3.706
3.662
3.152
2.558
2.151
1.830
1.512
1.320
1.167
1.223
1.146
1.C47
«980
«857
+810
+733
+600
«610
e 545
«536
<455
+419
«402
+462
«568
<824
1.187
1.2C1
1.235
1.464
3.331
6.890
9.769
9.382
7.794
b6.467
5.162
4.396
3.817
3.307
3.127

6527
6532
6537
6542
6547
6552
6558
6563

- 6569
6574

6580
6585
6590
6595
6600
6605
6609
6614
6618

- 6623

6627
6632
6637
6642

6647

6653
6658
6664
6669
6675
6680
6685
6691
65696
8701
6705
6710
6714
6719
6723
6728
6732
6737
6742
6T48

3.042
2.523
2.417
2.799
4.323
5.811
5.788
4.612
3.747
3.220
2.767

2.364

1.967
1.696
1.455
1.316
1.295
1.265

T 1.341

1.353
1.322
1.039
1.016
.851
.708
«692
«595
«530

«532

«554
.488
«530
«596
<406
«432
e 434
«361
«510
o771
1.978

" 4.156

5.713

5.711,

4.642
3.834

6753
6758
6764
6769
6791

© 6796

6801
6805

6810 -

6815
6819
66824
6828

6833.

6838
6843
6848
6853
6859
63864
6870
6875
6881
6886
6891
6896

6901

6906
6910
6915

6919

6924
6928
6933

" 6938

6943
6948
6954
6959
6965
6970
6976
6981
6986

16992

3.028
2.622
2.471
2.009
2.075
3.240

4,844

5.973
5.892
4.897
4.138
3.455
3.033
2.524
2.436

C2.244

2.027
1.725
1.573
1.758
2.527
3.341
3.150
2.688
2.378
2.256
1.680
1.503
1.365
1.321

. 1.050
«952 -

- 786
« 729

«711 |

«793
<844
«751
- 705~
718
«694
« 724
. 705
1.087

2.003

6997
7001

© 7006

7011
7015
7020
7024
7029
7033
7038

T043 .

7649
7054
7059
7065
7070
7076
7081
7087
7092
7097
7102
7107
7111
7116
7120
7125
7129
7134
7139
T144
7149
7154
7160

7165

7171
176
7182
7187
7192
1197
7202

- 7207

2.950

3.003.

2.614
2.267
l1.818
1.513
1.352
1.205

«974

817
+«696
«935

"1.560

3.149
4,280
4.232

3.323 .

2.930
2.442
2.095
1.962

" 1.839
1.423 .

1.285

- 1.202

1.034
1.041
1.436

"2.597
3.491°
3.771

3.239

2.826

2.339
2.012
1.656
1.560
1.327
1.150
1.078
- 892
.Q}l

=061~



4474
4479
4485
4490

L 4495

4500
4505
4509
4514
4518
4522
4527
4532
4536
4541
4546
4552
4557
4563
4568
4574
-~ 4579
4585
4590
4595
4600
4604
4609
4613
4618
4622
4627
4631
4636
4641
4646
4652
4657
4662
6L668
4674
4679

4604

4690

«020

«009.

.011
.009
.016
0.

- 014
.017

-006
<009
0.
0.
. 000
.016
.033
<044
.030
«034

.009 .

- 009

<007,
017

.016
-017
.022
«022
-026
«043
-074
- 090
«079
<044
-062
<049
.030
.0190
.010
.018

.01l

009
.032
.039
.086

4695
4699
4704
4709
4713
4718

- 4722

4127
4731
41736
4741
4746
4762
4768
4773

4779

4784
41789
4794
4799
4804
4809
4813
4817

14822

4826
4831
4836

4841

4846
4851
4857
4862
4868
4873
4879
4884
4889
4894
4899
4904
4908
4913

4917

«250
<214
203
«122
«091

<116

- 065
-058
«049
.028
+054
«069
. 094

T e241

.395
.508
.468
.363
.264
.235
174

«143°

«143
-136

«116
" +083

. 040
.091
. 083
»118
«168
«4h4l
.776
.838
«731
«565
«498
386
343
286
- 245
.211
-263

4922
4926
4931
4936
4941
4946
4951
4957
4962
4968
4973
4979
4984
4989
4994
4999
5004
5008
5013
5017
5022
5026
5031
5036
5041

‘5046

5051

- 5056

5062
5067
5073
5078
5084
5089
5104
5108
5113
5117
5122
5126
5131
5136
5140

5146

SPECTRUM

281
219
.183
«161

.165
J152
.326

.712
1.124
1.213

928

.808

«691

«625

«499

e445

398

478

«609

«699

686

.591

<540

<445

<374
399
«578
.986
1.423
1.345
1.121
«945
- 787

T .616

+«558
«867
1.390
1.8G62
1.724
1.494

. 1.217

1.028

© « 841

«698

11-109-3

«629
«703
.997
1.183
1.064
«801
«651
«600
«578
«575
+ 585
.734

1.333

2.357
2.990
3.001
2.575
2.160
1.744
1.367
l.112
«897
«822
» 865
1.041
l.191
1.081

«919:

.754
.703
.581
.531
.488
.617

1.094

2.176

3.507.

3.784
3.348
2.625
2.130
1.680
1.470

1.229

5373
5378
5384
5389
5394
5399
5403
5408
5412
5417
5421
5426

5431

5435
5440
5446
5451
5456
5462
5467

5473

5478
5484
5489
5494
5499
5503
5508
5512
5517
5521

5526

5531

5535

5540
5546
5551
5556
5562
5567
5573
5578
5584
5589

1.160
1‘369
1.994
2.531
2.556

2.059

1.811
1.468
1.227
1.018

.877

.735

.707

.812
1.455
2.559
3.229
2.837
2.218
1-699
1.306
1.058

.871

<840
1.129
2.373
4.215
5.432
5.445
4.670
3.856
3.096
2.575
2.077
1.905
1.707
1.436
1.305
1.274
1.207
1.100

.951

.781

.656

5594
5586
5603
5617
5621
5626
5631
5635

5640 .

5646
5651
5656
5662
5667
5673
5678
5684
5689
5694
5699
5703
5708

. 5713

5ST17
5721

5726 -

5731
5135
574C
5746
5751
57156
5762

5767

57132
5718
5784
5789
5794
5799

5804,

«580
-564

532

«889
1.944
4.114
6.571
7.581
6.448

5.037 -

3.926

3.116
'2.533

1.987

1.608 -

1.669

2.473 . .

3.963
4.772
4.629
3.719
3.161
2.728
2.236
1.833
1.551
1.330
1.257
1.159

1.238

1,462
1.765
1.626
1.359
1.125
<957
.508
+7T13
.651
+ 596
.531

‘“IQI“



4474
4479
4485
4490
4495
4500
4505
4509
4514
4518
4522
45217
4532
4536
4541
4546
4552
4557
4563
4568
4574

4579

4585

45990
4595
4600
4604
4609
4612
4618
4622
4627
4631
4636
4641
L4646
4652
72657
4662

4668 -

46 T4
4679
46 84
4690

4695
4699
4704
4709
4713
4718
4722
4727
4731
4736
4741
4746
4751
4768
4773

‘4779

4784
4789
4794
4799
4804
4809
4813
4817
4822
4826
4831
4836
4841
4846
4851
4857
4862

. 4868

4873
4879
4884
4889
4894
4899
4904
4908
4913

4917 -

«100

‘=165

«170
«148
095
.085
. 046
«045
-C36
029
.025
.021
«027
-054
148
«291
«385
«319
«265

-192 .

«156
.149
«131
.086
«074
«052
+041
-038
« 047
« 046
« 064
«110

T 317

«527
629
542
<444
.315
.258
209
.198

T e176
.154
- 144

4922
4926
4931
4936
4941
4946
4951
4957
4962
4968
4973

4979

4984

' 4989

4994
4999
5004
5008
5013
5017
5022
5026
5031
5036
5041
5046
5051

- 5056
‘5062

5067
5073

5078

5084
5089
5094
5099
5104
5108
5113
5117
5122

5126 -

5131
5136

SPECTRUM 11-109-4

c147
2159
.163
.133
.096
.128
.237
.514
.845 .-
+860
.740
.607
«494
<416
<330
.281
.230
.326
<444
.489
511
<461
<348
.302
.253
.254
.367
.810
1.114
1.128
.856
.698
.554
.432
.382
.360
c411
<663
1.106
1.325
1.324
1.075
911
.755

5140
5146
5151
5156
5162
5167
5173
- 5178
5184
5189
5194
5208
5213
5217
5221
5226
5231
5235
5240
5246
5251
5256
5262
5267
5273
5278
5284
5289
5294
5299

5303
5308

5313
5317
5321
5326

5331

$335
5340
5346
5351

5356

5362

85367

«639
«544
«456
«570
«B46
1.006
-871
“e633

«536

«462
«383
«519

1.055"°

1.792
2.399
2.424
2.075
10644

1.288

1.010
-804
«669
«630
«657
«864
«949

«B69

« 145
«623
..517
«459
«371
«358
L eh24
. 787
1.684
2.762
3.122
2.805
1.995
1.561
1.296
1.073
« 924

5373
5378

5384 -

5389
5394
5399
5403
5408

5412

5417
5421
5426
5431
5435
5440
5446
5451
5456
5462
5467

. 5484

5489
5494

- 5499
" 5503 .

5508
5512

© 5517

5521
5526
5531
5535

5540 -

5546
5551
5556
5562
5567
5573
5578
5584
5589
5594
5599

-814

.943

1.452

1.847
1.820
1.600
1.209
1.033
<917
. 128
«562
+510
« 475
1.136
2.111
2.731

2.342 .
1.727
1.290

<646
«644

«806°
1.769

3.138
4.360
4.537
3.780

3.063
2.360 -

1.984
1.652
1.398
1.194
.997
.918
.878
-« 807
848
<677
.588
467
-390
<365

5603

5608 -

5613
5617
5621

5626
5631
5635

5640
5646

5651

5656
5662
5667
5673
5678
5684

. 5689

5694
5699
5703

5708.

5713
5717
5721

5726 -
5731

5735
5740

5746 .
- 5751

5756
5762
5761
57173

57178
5784 .

5769
5794

5799

5804

300
«327
«355

" +582

1.413
3.341

- 5.782

6.739
5.861
4.435
3.459

. 2.706
2.071
1.661 .

1.387
1.313
1.977

- 3.115
3.963

3.750

3.173°

2.613

=261~

2.085

1.729

1.481
1.256

. 1.025

.£89
- 809
<921

1.120°

1.312

T 1.268

1.044

«901

« 703

«588
«5C6
<458
396

387




4474

44719
4485
4490
4495
4500
4505
4509
4514
4518
4522
4527
4532
4536
4541
4546
4552
4557

4563

4568
4574
45719
4585
4550
4595
4600

46904

4609

4613

4618
4622
4627

4631 .

4536
4641
4646
4652
4657
4662
4568
4674
4679
4684
4699

.022

4695

4699
4704

4709

4713
4718
4722
4727
4731
4736
4741
4746
4751
4757
4762
4768
4713
4779
4784
4789
4794
4799
4804
4809
4813
4817
4822
4826

4831 .

4836

4841

4846

4851

4857
4862
4868
4873
4879

4884

4889
4294
4899
4904
4908

«037
.017
.011

©.024

« 026
.012
.032
059
«164
260
«296
«263
-172
2153
1406
+104
.090

L3 065

4913
4917
4922
4926
4931
4936
4941
4946
4951
4957
4962
4968
4973
4979
4984
4989
4994
4999
5004
5008
5013
5017

5022 .

5026
5031
5036
5051

5056.

5062
5067

' 5073

5078

5084
5089

5094
5099
5104
5108
5113
5117
5122
5126
5131
5136

SPECTRUM

069
«072
.070
064
.057
-.013
.039
.051
~103
<254
<370
«403
316
.252
.2C9
160
161
.145
.101
107
. 166
-196
201
«171
.113
.105
.212
<346
.47"
<471
-390
.300
.214

.159"

.122
.137
«152
.285
«432
«568
« 566
.458
367
<324

11-109-5

5140
5146
5151
5156
5162

5167

5173
5178
5184
5189
5194
5199
5204
5208
5213
5217
5221
5226
5231
5235
5240
5246
5251
5256
5262
5267
5273
5278
5284
5289
5294
5299
5303
5308
5313
5317
5321
5326
5331
5335
5340

- 5346

5351
5356

«272
«215
« 204
«260
.349
«b4]

.413

.283
<230
200
.228
.179
<213
256

.527
<879

1.182 .

1.169
.988
.767
-619
L473
.363
.286

«286 .

.293
<377
<422
«362
.299
« 269
«229
«198

«138°

<163
.217
398
.826
1.379
l1.443

1.142

«883
«731
«535

5362
5367
5373
5378

~ 5384

5389
5394
5399

5403

5408
5412
5417
5431
5435
5440
5446
5451
5456
5462
5467
5473
5478
5484
5489
5494
5499
5503
5508
5512
5517
5521
5526
5531
5535
5540
5546
5551
5556
5562
5567
5573
5578
5584
5589

<482
«414
«366
«430
.618
-821
« 770
«617
«476
<434
345
«246
«152
<244
«510
-959

1.072

<950
«695
539
«400
312
- 277
224
«300

«720.

1.322
1.790
1.749

© 1.504

1.164
+960
.823
658
.619
.530
<510

402

.373
«343
-318
- 305
«208
<173

5594
5599
5603
5617
5621
5626

- 5631
5635 .

5640
5646
5651

©.5656

5662

5661
5673

5678
5684
5689
5694
5699
5703
5708
5713
5717
5721
5726
5731
5735
5740
5746
5751
5756
5762
5767
5773
5718
5784
5789
5794
5799
5804

«163
«125

<112

«222

«584 .

1.355
2.184

2.596 -
© 26202 -

1.733
1.3907

1.039

« 164
«574
« 484
- 509
. 761
1.201
1.51¢0
1.388

1.097

«87T7
- 709

«5718

-cCT™

475

366

«334
«296
+268
«355

.438

+550
<498
«432
«360
.278
<220
«192
«217
_«153
.134



4474
4480
4485

4490
4495
4500
4505
4510

© 4514
4518
4523

4527

4532
4537
4542
4547
4552
4558

4563

4569
4574
4580
4585
4590
4595
4500
4605
4509

4614

4618

4623 °

4627

4632

4637
4642
4647
4652

4658 -
4663
4669

4674

4689

4E85
4690

4695
4700
4705
4709
4714
4718
4722
4727
4732
4736
4741

C4T47

4752
4757
4763
4768
4774
4719

4785 -

4790
4795
4800
4804

' 4809

4813
4818
4822
48217

4832 -

4836
4841
4846
4852
4857
4863
4868
4874
4879
4885
4890
4895
4909
4904

" 4909

«036
«055

«059 .

« 047
.056
.031
.028
.023

- «041
_«C07

«01l4
-014
- 0‘.4

006
.Cl8
‘075
«094
«106

T «096

075
« 066
«057

-050

«C60
- 047

<037

.Ol7
019
«011
«020
+015
«031
.038
0090
.183
<174
«178

«127

103
100
-074
<077

.090

4913

4918
4922
4927
4931
4936
4941
4946
4952
4957

4963
- 4968

4974
4979
4984
4990
4995
4999
5004
5009
5013
5018
5022

5027
5031

5036

5041

5046
5052
5057
5062
5068
5074
5079
5084
5090
5109
5113
5118
5122
5127
5131
5136

S141

SPECTRUM 1I-110-1

<039
«039
+064
«C67
«061
<053
«057
.044
0083
«142
«242
«247

- 184

«184
.129
«1C4
+109
-101
«107
.1C5

<184

.184
.171
«156

«124
«134.

-103
«092
-134
«224
«3C4

.315

«230

224

- 169
«163
.211

" +296

.373
« 402
.321
.302
2244
«224

5146
5151
5157
5162
5168
5174
5179
5184
5189
5194
5199
5204
5209
5213

5217

5222
5226
5231
5236
5241
5246
5251

- 5257

5262

. 5268

5273
5279
5284
5289
5294
5299
5304
5308

15313
5317

5322
5326
5331

- 5336

5341
5346
5351
5357
5362

<211

«207 .

«206
«236
.274
«200
0185
«155
-171
162

<172

. «200 .

321

<466
«603

« 624

«551

«452
«343
«306
«235
.224
«213
‘239
«283
« 307
.284
.274
266
.195
179
<182
+146
«152
.219
«399
591
«653
«575
«461
«458
<407
«353

5368

5373

. 5379

5384
5389
5394
5399
5404
5408
5413
5417
5422
5426
5431
5436
5441
5446
5451
5457
5462
5468
5473
5419
5484

5489 .

5494
5499
5504
5508
5513
5517
5522
5526
5531
5536
5541
5546
5551
5557
5562
5568
5573
5579
5584

«337

«320

«335

" <435

.543
«532
405
«358
«307

«284
0261
.«180

«172
2217
«300
«480
«634
«522
<414

.335

.268
.251
207

+189

«206
+«391

<667

«892

. «906 -

« 752
« 694
«574
«465

474

.430
<497
.399
402
.354

" .371

«357
e 262

«227

5589
5594
5599
5604
5608
5613

5617

5622
5626
5631
5636
5641
5646

5651 .

5657
5662

5668.

5673
5679
5684
5689
5694
5699
5704

5709

5713
5717
5722
5726

5731

5736
5741
5746
5151
5157
5762
5768
S114
5778
5784

15790

5795
5799

5804

«213

+192
.168

- «159
«149
«139 .

«174

«330-

«568
«863
.919

876

«813

o T61

«655
<470
«438
<417
381
.486
«625

- 817
-+ 158
.662

.570

533

aﬂgIn

.484 -

. ..389

.329
.317

2323 -
1,292

«331
241C
£473
<442
<419
.283

.319

.213
.223
.228
.311

.179




4474
4479
4485
4490
4495
4500
4505
4509
4514
4518
4522
45271
4532
4536
4541
4546
4552
4557
4563
4568
L4574

4579
4585
4590
4595
4500
4604

4509

4513
4618

4622
4627
4631
4636
4641

4646~

4652

4657 -

4662
4668
40674
4679
4684
4690

«025
<016

«004
. 006
-002
-004
.0C1
- 006

-000
0.

-003
- 009

. 001
0.
0.
.011
<001

.005

.010

.021
-022
-016

.012
<006
.022
2027
.022
-018
.006

0.
.013

0.

0.

.005

- .008

009

.016

4695
4699
4704
4709

- 4713

4718
4722
4727

4731 .

4736
4741
4746

4751

4757
4762

4768

4773
4779
4784
4789
4794
4799
4804

" 4809

4813
4817
4822
4826
4831
4836

4841

4846

4851

4857
4862
4868
4873
4879
4884
4889
4894
4899
4304
4908

«027
«053
«042

«025

« 040
«035
«024
.018
+014
«022
<005
027
<017
<011
«010
.025
«052
.078
+093
+106
+074
2069
-059
« 042
«C4C
«046

.024 .

.030

031
.029 -

+025
«036

. «040

.081
«143
o172
144
«112
.108
. 089
«113
.078
- 046

4913
4917
4922
4926
4931
4936
4941
4946
4951
4957
4962
4968

4973
4979.

4984
4989
4994

4999
" 5004

5008

5013~

5017
5022
5026
5031
5036

5041

5046
5051
5056
5062
5067

5073.

5078
5084
5104
5108
5113
5117
5122
5126

. 5131

5136
5140

SPECTRUM 11-110-3

«C70
. 065
«071
057

054

.038
«059
+049

- 074

+ 149
.188
«196
«204
.196
«169
«151
<124
.080

«097

-128
155

- 149.

«127
«124
.116
-103
01010
-087
«135

T e 216

.266
«219
198
.192
.176
0160
«194
309
366
360
«359
«262

<244

«2206

5146
5151
5156
5162

- 5167

5173
5178
5184
5189
5194
5199
5204
5208
5213
5217
5221

5226

5231
5235
5240
5246

5251 -

5256
5262

- 5267

5273
5278
5284

5289

5294
5299
5303
5308
5313
5317
5321

5326

5331
5335
5340
5346

5351 .

5356

5362

«195
148
<166
200

«217

«251

.165

- 147

«140.

+152
.161
«168
«193
«292
-433
«.580
.596
«502
.461

<360

228
«199
.187
22717
«302

- 305

«223
«200
.208
«174
«157
.108
«192
«344
532

"e633

«558
« 424

© .371

<387

«356

5367
5373
5378
5384
5389
5394
5399
5403
5408
5412
5417
5421
5426
5431
5435
5440
5446
5451
5456
5462

- 5467
. 5473
. 5478

5484

5489

5494
5499
5503
5508
5512
5517
5521
5526
5531
5535
5540
5546
5551
5556
5562
5567
5573
5578
5584

317
«296
<354
«432

508

<469
2432
+«329
«333
«263
«231

’ ‘167 i

-133
.190
«269
«622

© .528
L6491
<389

«342

294

«242
«207
.182
«232
.356
«634
«897

«743
«612
«490

.432

«h43
<478
<475
«422
«378
.381
«347
«313
«272
«213

.170

«177
«175

«124

-135
-128
«131

«282.

<481
« 766
.828

=839

« 740

<670

631
'517

«386

«359

«351

+ 488
« 674

<750 ¢
697 -

«633
565

460

L] 362

327

-301
245

«289—

361

<467,

517
<417
367
324
235
.208
.132
.10t
<195

e



44713
4479
4484
4490
4495
449G
4504
4509
4513
4518
4522
('5 27
4531
4536
4541
4546
4551
4557
6562
4568

L4513

4579
4584
4589

4594

4599
4604

4608

4613
4517
4622
4626
44531
4636
4641
4646
4651
4657
4662
4668
4673
4619

L6 84

4689

4694

4699 _

4704
4708
4713
4717
4722
4726
4731
4736
4741

T 4746

4751
4756
4762
4767
4773
4778
4784

4789

4794

4799

4804
4808
4813
4817

4822

4826
4831
4835

4840

4846
4851
4856

4862

4867
4873
4878
4884
4889
4894
4E99
4903
4908

+030
+ 069
<055
«045
«059
«035
.026
.022
.017
007
L] 009
.020
«025
.001
-018
- 069

.108.

-143
.108
+ 045
<054

«J60-

« 060
«033

0028 B

«025

.016

«022

.019

.056
.111
«184

194

.169
.124
.121
.097
.090
085
.073

4912
4917
4921
4926
4931
4951
4956
4962
49867
4973
4978

49837

4989

4994

4939
5003
5008
5012
5017
5021
5026
5020
5035
5040
5045
5051
5056
5062
5067
5073
5078
5083
5089
5094
5099
5103
5108
5112
5117
5121

5126 .

5130
5135
5140

« 065
.080
- 064
«072
071
«196

.296
.283

«239
«199

2179

«125
«141
L] 104
-.109

«138

« 149
«190
.186
+167
«114
«1l11
«134
.147
«233
«294

. 32’0.

« 290
«212
«146
L] 146
- lcg
- 101
«143
<215
» 357
« 427
<405
+«333
«294

«2%0
.225

SPECTRUM II-111-1

5145
5151
5156
5161
S167
5173
5178
5183
5189
5194
5198
5203
5208
5212
5217
5221
5226
5230

5235

5240
5245
5250
5256
5261
5267
5272
5278

5283 -

5288
5294
5298
5303
5308
5312

5317

5321
5326
5330
5335
$340
5345
5350
5356
5361

182
.14l
«203
.216

«239

215
-182
168

Te171

.209
.188
.180
192
349
«530
«692
+616
513
.443

<310

.2"1
«223

.219‘

222
«267
«312
.281
« 269
245
235

" .193

<167
<145
.150
.222
<455
.653
.715
L674
.526
.479
.453

Q429

5367
5372
5378
5383

- 5388

5393
5398
5403

5408

5412

5417 -

5421
5426
5430
5435
5440
5445
5450
5456

5461

5467
5472
5478

5483

5488

5493

5498

5503
5508
5512

5517
5521

5526
5530
5535
5540
5545
5550
5556
5561
5567
55172
5578
5583

.402
<349
.383
.510
.563
.539
.482
.358
.328
.300
.257
.238
.202
.209
.211
.297

498

.589
.541
452
.359
.327
<274
.218
.205
«252

YA
.710
.948

1.010
.853
.673
.603
+499
L486
c474
.483
<414
.418
- 394
W412
.299
J274
.217

5588
5594
5598
5603
5608
5612
5617
5621
5626
5630
5635
5640
5645

5650°

5656
5661
5667
5673
5678
5683
5689
5694
5698
5703
5708
5712
517
5721
5126
5730
5735
5740
5745

5751

5756
5761
5767
57713
5718
5783

5789

5794
5798
5803

9183
<204

<139

127

«146°
«120

.160
« 348
«685

.932
1.025

«970
+855
<728

<679

«452
<357
«403
.563
-812
873

.870
656
.574

«539

<453 "

<437
.367
«349

«291

«307
« 366
«438
«492
«521
396
352
«353
- 295
.273
.211
- 184

+155 .

=9GT™



44 14
4480
44385
4490
4495
4500
4505
4509
4514
4518
4523
4527
4532
4537
4542
4547
4552
4557
4563
4569
45174
4580
4585
4590
4595
4500
4605
4609
4614
4618
4622
4627
4632
4636
4641
4647
4652
4657
46063
4668
46174
46TY
4685
4690

005
010
.010
.005

.003
«000
0.

-002

0.

0.

0-
-007
.012
+025
-023
.016
.008

0.

.014

0.

0.
.002
.008

-003
.023
.003
.030

« 026

.010
.010
.010
-010

. 004
. 000
.007
.013
022
.021
D24

4695
4700

4704

41709
4713
4718
4722
4727
4731
4736
4741

4746

4752
4757
4763

4768

4774
4779
4784
4790
4795
4800
4804

4809
4813 .

4818
4822
4827
4831
4836
4841

4846

4852
4857
4862
4884
4895
4904
4909
4913
4918
4922
4927
4931

«055
"« 047
069
«046
«020
«032
«024
-016
.025
.009
-C04

.015
.011
-015
-041
111
«133
-132

- .087

+062
-056
«064

«040

«039
«036
<034

+008
2015
.023
018
064
.121
.164
. 096
074
.061
.066
.057
.072
.062

.061

-010.

4936
4941
4946
4951
4957
4962
4968
4973
4979
4984
4989
4994
4999

5004

5009
5013

5017

5022
5026
5031
5051

5057

5062
5068
5073
5079
5084

5089 .

5094
5099
5104
5198
5113
5117
5122
5126

5131.

5136
5141
5146

5151°

5157
5162
5168

SPECTRUM 11-111-2

00100
0049
-070
125
«2C2
<311
313
«250
«203

190

.125
-123
-114
.108
«122
«172
«223
.2C2
148
«096
<177
<254

»301

«360
.312
210
-194
.158
«143
+138
«141
<241
«376
484
«423
«390
«304
286
«233
.211
.189
«182
«240
. 268

5173
5179
5184
5189
5194
5199
5204 .

© 5208

5213
5217
5222
5226
5231
5236
5241
5246
5251
5257
5262-
5268

52713 .

5279
5284
5289
5294
5299
5304
5308
5313
5317
5322
5326
5331
5336
5341
53406
5351
5357
5362

5368

5373
5379>
5384

5389

.288

«215 .
<193 -

«178
185

«177

«239°

«398
«641
-812
-858
.708

«636

«457
«394
.295

220

«237

277

" «334

-338

-«255
-.189 -

«230
-171
«115

.182

-284
«532
«773
.891
- 805

.621

« 549
«455
<404
«375
+308
358
£494
«587

5394
5399
5404
5408
5413
5417

5422

5426
5431
5436
5441
5446
5451
5457
5462
5468
5473

5479
5484

5489
5494
5499

5504

5508
5513
5517
5522

5526
5531

5536

5541

5546
5551
5557
5562
5568
5573
5579
5584
5589
5594
5599
5604

5608

«594
«525
.473
«370
+316
278

243

196

- «207

203

334

+574

.708.

<664
.520
<424
.341

. =257

«218
201
«273
526
-983
1.301
l.246

1.040 .

«850
« 709
«576

<486

©.501
481
L413
.395
380
.383
.312
.262
.218

L1510 .

. 099
.115
125
«122

5613
5617
5622
5626
5631

5636
5641 .

5646
5651
5657
5662
5668

- 5673
. 5679

5684
5669
5694
5699
5704
S70¢
5713
ST17

5722

5726

5731 -

5736
5741
5746
5751
5157
5762
5768

5773

5173
5784

.5789

5794
5799

5804

<192
«415
. 845
1.316
1.425

1.269
1.061 .

«891
.751
«59C
«505

T L&TT

«377

<572

«580
1.175
1.030

-878

« 157

« 644

«533

«437

405

«295
<3090

.296

=419
543

5568 .

.464
.388
.331
.289
.190
.131
.173
.135

~LGTH



44 74
44 EQ
4485
4490
4495
4500
- 4505
45909
4514
4518
4523
4527
4532
4537
4542
4547
4552
4557
4563
4569
4574
4580
4585
4590
45595
4600
©605
4609
4614
4618
4622
4621
4632
4636
4641

- 4647

4652
4657
4663
4668
4674
46179
4685
4690

.013
-C10
.003

0.

0.

0.

-014
-003
0. .
0.
0.-
0.
0.
.024
-019

0021
0.

_00

.017

- 002
.003
0.
0.
0."
0.

.010 .

.012
-026
.009
.008
022
.012
-004
-001
-014

- «003

0.

.006
.010

-007

4695
4700
4704
4109
4713
4718
4722
4727
4731
4736
4741

4T46

4752
4757
4763
4768
4774
4719
4784
4790
4795
4800
4804

4809

4813
4818
4822
4827
4831
4836
484)
4846
4852
4857
4862
4868
4874
4879
4804
4890
4895
4899
4904
4909

.033

4913
4918
4922
4927
4931
4951
4957
4962
4968
4973
4979

4984

4989
4994
4999
5004
5009
5013
5017
5022
5026
5031
5036
5041
5046
5051
5057
5062
5068
5073
5079
5084

5089 °
5094

5099
5104
5108
5113
5117
5122
5126
5131

5136
© 5141

SPECTRUM T1-111-3

.035
«053
+051
«063
«C67
-C84
.154
259
«276
.2"2
«234
«148
.138
‘c96
.C80
<076
«076
«151
- 145
-136
«136
«123
+C97
.071
.087
146

.232

«314
«252
«254
222

144
.136

- 109
«087
-105
.2C0
«359
393

«332
‘286
«238

«195

5146
5151
5157
5162
5168
5173
5179
5184
5189
5194
5199
5204

5208

5213
5217
5222
5226
5231
5236
5241
5246
5251
5257
5262
5268
5273
5279
5284
5289
5294
5299

5304

5308
5313
5317
5322
5326
5331
5336
5341
5346
5351
5373
5379

.l66

.179
.188
.229
'274
.255
- 189
0142
.163
<169
.158
.138

«180 .

308

-«539

«697
«688
«632
«463
«360
.288
«238
.182
«169
«200
«283
«305
2227
«224
- 187
«141
- 145
«137
. 098
.133
220
«453
.802
816
<734
- 604
.497
.286

«319

5384
5389

5394 .

5399
5404
5408
5413
5417
5422
5426
5431
5436
5441
5446

5451 °

5457
5462
5468

5473

5479
5484
5489
5494

.5499

5504
5508

© 5513

5517

5522

5526
5531
5536
5541
5546
5551
55517
5562
5568
5573
5579
5584
5589
5594

5599 |

.438

+558
<464
.383
OZQS
L2717
177
-123
<148
.295
.531
.622
.610
.488
.380

.320

-227
+190
<162

0248 -
<496
T .8G2.

1.184
1.166

«982-

+«830
+ 666
«529
<452
«480
<431
«355
<297
" e322
«304
e 262
«229
«184
« 146
-106
«120

5604
5608
5613

5617 -

5622

5626

5631

5636

5641
5646

5651 -
5657

5662

| 5668

5673
5679

5684

5686

5694

5699
5704

5708 .

5713
5717
5722

5726 .

5731
5736
5741
5746

5751

571517

5762

5768
5773
5779

5784

5789
5194
57389

5804

1 .120

»103
.085
-168

359
776

1.305
1.478

1.283
1.054

«843
+658

T a514 .

«456

—

«362
«363
<497
805
.059
«970
. 771

b4t
512

«437

.359.
.278 -
.262 -
- .228

«218
« 267

.367
.380

<417
-382

.309
e 287 .

.188
. 184
.180

062

-118

'fggt"



4473
4477
4481
4484
4488
4491
4495
4468
4501
4504
4507
4510
4513
4516
4519
4522
4525
4528
4531
4534
L4538
4541
4544
4548
4551
4555
4559
4562
4566
4570
4573
45717
4581
4584
4588
4591
4594
4558
4501
4604

4607

4610

4613

4516

4619
4622
4625
4628
463]
4634
4637
4641
L84
4648
4651
4655
4658
4662
4666
4669
4573
4677
46890
4684

. 4687

4691
4694
4697
471
4704
4707
4710
4713
4716
4719
4722
4725
4728
4731
4734
4737
4741
4744
4747
4751
4755
4758
4762

«014

.08

-019

«009
0.

.025

-017
.018
«029
.010
.009
.011

- 004
-013
.008

006
.002
.009

.011
«015
.028
«054
.047
-032
»030
-010
.014
.018
«026
-.011
«020
«002
.003
«012
«002
-004
.C04
.C04
«005
.015

4766
4769
4773
4777
4780
41784
4787

- 4791

4794
4797
4800
4804
4807
4810
4813
4816
4819

4822

4825
4828

4831

4834
4837
4840
4844
4847
4851
4854
4858
4862
4865
4869
4873
4876
4880
4884
4887
4891
4894
4897
4990
4903
4906
4910

SPECTRUM II1-111-4

0009
«025
«C27
«043
« 076
.089
+C80
. 061
« 063
. 060
« 049
. 044
.038

«036 .

«034
.033
<033
.C31
.019
.026
-017
«024
.012
.016
.C05
00010
«012
.017
.028
0039
.C94
.127
«126
«133

118

«114
.083
.Cqb
.073
2071
. 084
.049
« 062
«059

4912
4915
4918
4921
4924
4927
4931
4934
4937
4940
4944
4947
4951
4954
4958
4962
4965
4969
4973
4976
4980
4983
4987
4990

4994

4997
5000
5003
5006
5009
5012
5015

5018

5021

5024

5027
5030
5034

S037 -

5040
5044
5047
5051
5054

2043
<039
«049
«048
045
«049
+ 049
«049
.019
.036
.028
«054
.079

«124°

+159
.183
.192
.168
.151
-157
«145
«132
«096
.089
«106
.072
<094
<091
.101

"« 096

<101

« 140
.125
0120
.110
- 090
«095
«100
<069
«0T1
«092
137

5058
5062
5065
5069
5073
5076
5080
5083
5287
5090
5094
5097
$100
5103
5106
5109

5112

5115
5118
5121
5124
5127
5130
5134
5137
5140
5143
5147
5151
5154

5158

5161
5176
5180
5183
5187
5190
5194
5197
5200
5203
5206
5209
5212

0157

 .205

«206
«212
<200
.161
=155
«139
o111
.123
.109
«115

.087

100
.113
«173
« 205
-273
«304
-318
298
«262
«236
.228
«202
.187
.186
«135
<136
.128
«162
«156
.150

.115

. 095
«127

-124

.151
«162
+153
«165
s 1471
«158
«213

5215
5218
5221
5224
5227
5230

5233

5237
5240
5243
5247
5250

5254

5258
5261
5265
5269
5272
5276
5280
5283
5287
5290
5294

5297 .

5300

5303 .

5306
5309
5312
5315
5318
5321
5324
5327

© 5330

5333
5337
5340

5343

5347
5350
5354
5358

.256
<342
<453

«470 -

«456
«417

«404
<309

«293

«236

-192

151
«160
- 169

» 175

«177
«236

C «236 -

«256

.224
.221
L .203
.227

-193

.163
<166

«136
<114

«128
«124

«117 -

.190

«260

<407
<475
+ 480
«455
398

© «359

.310

.~6gtn )

340 -



5361
5365
5369
.5372
5376
5380
5383
5387
5390
5393
5397
5400
5403
5406
5409
5412
5415
5418
5421
5424
5427

5430

5433
5437
5440

5443

5447

5450 -

5454

5461
5465
5469

366

-308

«266

.261
«261
«263
«349
+396
418
«398
«405
<359
«326
<277
252
«253
205
201
-160
«150
«162
«130

.120

«112
«154
e 246
«342
«433
<449
ehlh
«367
«340
.289

5472
5476
5480
5483

5487 -

5490
54933
5497
5509
5503
5506
5509
5512
5515
5518
5521
5524
5527
5530
5533
5537
5540
5543
5547
5550
5554
5558
5561
5565
5569
5572
5576
5580

.25"
«232
«209
.182
<175
155
155
.157
282
<426
+595
«683
«696
«617
«565
«503
«416
<427
359
«371
358
=351
394
<416
«395
<364
322
2320
«309
«21717
«266
«234

.218

5583
5587
5530
5594
5597
5600
5603
5606
5609
5612
5615
5618
5621
5624
5627
5630
5633
5637
5640
5643
5647
5650

5654 .

5658
5661
5665
5669
5673
5676

- 5680

5683
5687
5690

«207
153
-136
«157
«133
.119
.081

.107

»108
-.088
-114
-1C5
<167
«254
«380
-528
608
«691

-676
<650

<617
«585
«570
490
«463
«423
«354
«3GC4

«293°

«264
300
350

«519

5694
5697
5700
5703
5706
5709
5712
5715
5718
5721
5724
5727
5730
5733
57137
5740
5743
5747
5751
5754

5758 -

5761
5765
5769
5773
5776
5780
5783
5787
5790
5794
5797
5800

«584
«575
«550
472
«395
«385
«333
«289
«274
287
« 266
«275
«223
«212
«215
«192
<199
«301

«363

«394
<416
+411
«374
«318
«301
«277
«215
«229
- 182
«195
«172
«153

5803
5806
5809
5812
5815
5818
5821
5824

5827 .
‘5830

5834
5837
5840

. 5844

5847
5851
5854
5858
5862
5865
5869
5873
5876
5880
5883
5887
5890
5894
5897
5900
5903
5906
5909

«156
T e131

«146
. 145
222
301
<434
682
.874
«971
+959
.838
759
663
<544
<506
<487
<429

. «358
‘e346

«373

401

+491
«473
«480
«521
«505
<454
<417
«396
«362
«290
«293

5912
5915
5918
5921
5924
5927
5930

5934

5937
5940
5944
5947
5951
5954
5958

5962

5965
5969
5973
5976
5980
5984
5587
5990
5994
5997

. 6000

6003

«260
-238
<210
«231

223

«227
.188
165

- =187 .
-192.
- =233
«321:

+«353
-384
«385
«403
.328
«296
260
«229
.187
.159
<193
-200
«236

-264-
. «269
- .278

S



4473
4477
4481
4484
4488
4491
4465
4498
4591
4504
4507
4510
4513

4516

4519
4522
4525
4528
4531
4534
4538
4541
4544
4548
45951
4555
4559
4562
4566
4570
4573
4517
4581
4584
4588
4591
%594
4598
4601
46 04
4607
4610
4613
4616

4619

4622

4625
4628
4631
4634
4637
4641

4644 .

L£648
4651
4655

T 4658

4662
4666

4669

4673
46717
4680

4684

4687
4691
4694

4697

4701
4704
4107
4710
4713
4716
4719
4722
4725
4728
4731
4T34
47137
4741
4T44
4747
4751
4155
4758
4762

«012

- 009

.013

.Clé6

. 006

.010
0.

4766

4769
4713
4777
4780
4784
4787
4791
4794
4797
4800
4804

4807

4810
4813
4816
4819
4822
4825
4828
4831
4834

4837
4840

4844
4847
4851
4854
4858
4862
4865
4869
4873

4876

4880
4884

4887,

4891
4894
4897
4900
4903
4906
4910

SPECTRUM II-111-5

-014
OOIQO
.C?g
.089
.088
.089
.C76
.01’9
- 054
- 036

.C36

.039
.030
«034

«034 -

«029
-027

024
.« C08
.013
.021

- 007
-017
-0C3

.028

.059
091

<115
«152
.122
<122
«111
.084
.080
«073
.078
« 064
.051
.C50
.031

4912

4915 .

4918
4921
4924
4927
4931
4934
4937

4940 .

4944
4947
4951
4954

4958

4962
4965
4969
4973
4976
4980

4983 -
4987

4990
4994
4997
$S000
5003
5006
5009
5012
5015
5018
5021
5024
5027
5030
50234
5037
5040
5044
5047
5051
5054

- 059

- 063
.082
o112
-115
0129
«125
«108
«102
.082
.078
«070
. 070
.074
.088
.118

5058
5062
5065
5069

- 5073

5076
50€0
5083
5087
5090
5094
5097
5100
5103

5106 .

5109
5112
5115
5118
5121
5124
5127
5130

© 5134

5137
5140
5143
5147
5151
5154
5158
5161
5165
5169
5173
5176
5180
5183
5187
5190

5194.

5197
5209
5212

«159
«207
«230
£217
«192
.198
<179
«158
«126
105
.098
.101
«093
.085
«103
«142
«181
« 265
<214
«325
«281
<247
225

- «198
«195 .

.189
<134
«133
«106
.138
«177
187

174
0154

154
<124
127
<161
.118
»124
«142
«132
- 185

5215
5218
5221
5224
5227
5230
5233
5237
52490
5243
5247

5250.

5254
5258
5261
5265
5269

5272 -

5276
5280
5283
5287
5290

5294
5297

5300
5303
5306

5309

5312
5315
5318
5321

5324 -

5327
5330
5333
5337
5340
5343
5347

5350,

5354
5358

«270
«348

" .459

<488

«530 -
‘+484
«459
.397.
264,

233
-234

~177 %
.165%

-156
«149
=182
«214
«252
<275
e243
«220

«200
<206

«176

164

.158
.153
<130
$112

.101

«134
«194
.273
«400

<476

«523
<458
- 397
«356
306

© #3114

«310

~T97~
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5361
5365
5369
5372

5376.

5380
5383
5387
5390
5393
5397
5400
5403
5406
5409
5412
5415
5418
5421
5424
5427
. 5430
5433
5437
5440
5443
5447
5450
5454
5458
5481
546%
5469

" +326

«348
290
«281
«260
«283
350
a411
<450
«425

.388 .

-350
315
«292
«254
207
.181
.174
-.180
- 144
.132
«133

«129

<150
«162
« 260
«379
476
<484
<448

© «370
" <376

«292

v

5472
5476
5480
5483
5487
5490
5493
5497
5500
5503
5506
5539
5512
5515
5518
5521
5524
5527
5530
5533
5537
5540
5543
5547

5550

5554
5558

- 5561

5565
5569
5572
5576
5580

«217
.211
- 179
- 17"
=131
»111
151
«303
«423
«575
«649
« 677
«678
«600
«530
«447

+388 .

+382
<375
«334
«364
«395

" 2439

.399
.389
<300
.298
.304
.293
<259
.245
.238

5583
5587
5590
5594
5597
5600
5603
5606
5609
5612
5615
5618

- 5621

5624
5627
5630
5633
5637
5640
5643
5647
5650

- 5654

5658
5661
5665
5669
5673
5676
5680
5683
5687
5690

«199
2165
<159
135
.141
«134
«121
<107
.098

088

«092
«120
.158
.284
«397
«533
<653
.674
« 709

«660 -

«687
«570
«611
«507

Te4l4

+408
347
300
.281

252
298

.431

~-525

5694
5697
5700
5703
5706
5709
5712

5715 -

5718
5721
5724
5727

5730

5733
5737
5740
5743
5747
5751

‘5754

5758
5761

5765 -

5769
5773

5776 .
5780 .

5783
5787

5790

5794
5797

5800

.590

«676
«628
<607
«509
.437
368
«372

" 332 -

«291
279

« 240

«222

«219

.238
.182
185
©244
245

321

.407
c4l4
<457
.398
«307
«303
274
255
«202
+176
«160

L e 146

«161

5803
5806
5809
5812

5815
© 5818

5821
5824
5827

5830

5834
5837
5840
5844
5847
5851
5854
5858
5862
5865
5869
5873

5876

5880
5883
5887
5890

5834

5897

5900

5903
5906
5909

.11'4
131
137
-126
«186
«316
« 4939
« 736
« 964

1.084.

1.069
"« 957
«782
« 755
«634
551
<475
<416
-379
«362
385
«443
<469
522
<468
<413
.503

. «485

«431
0406

<376
.284
.297

5912
5915
5918
5921
5924
5927
593¢C
5934
5937
5940
5944
5947
5951
5954
5958
5862
5965
5969
5973
5976
5980
5984
5987
5990
5994
5997
6000
6003

«245
«218
«241

«219°

«216
<212
«164
.185
<184
.187

S e 245

<318

«401°

444
.441
.368

. =346 -

«312
.287
241
«255
.211
<177

- =g9T~

‘4181

.229 .

255

.319.
330



4473
4477
4481
44 84
4488

4491

4495
4498
4501
4504
4507
4510
4513
4516
4519
4522
4525
4528
4531
4534
4538
4541
4544
4548
4551
4555
4559
4562
4550
4570
4573
4577
4581
4584
4588
4591
4594
4593
4601
4604
4607
4610
4613
4616

4619
4622
4625
4628
4631
4634
4637
4641
4644
4648
4651
4655
4658
4662
4666
4669
4673
4677
4680
4684
4687
4691
4694

C 4697

4701
4704
4707
4710
4713

4716

4719
4722
4725
4728
4731
4734
4737

T 474]) .

4744
4747
4751
47155
4758
4762

0

0

«C04
.018
<015
.008
«C12
.014
.013
.015
.013
.021
.016
.C03
. 002
.003
«000

<003

.010
.019
L0186
004
.009
015
.035
.C39
«045
.039
027
035
.038
024
.023
<014
.005
008
.010

.009
.016
.014
.C09
.003
.008

. «CO09

4766
4769

- 4773

4717
4780
4784
4787
4791
4794
4797
4800
4804
4807
4810
4813
4816
4819
4822
4825
4828
4831
4834
4837
4840

4844 -

4847
4851
4854
4858
4862
4865
4869
4873
4876
4880
4884
4887
4891
4894
4897
4900
4903
4906
4910

SPECTRUM I1-112-1

.017
.04
.015
.045
.079
<111
.086
.069
.068
.051
. 040
.033
.043
.036
.031
.042
.020

«013 -

«020
.023
« 037
.010

+016 .

2015
-C06
.023

.002
«023
.050
«092
140
«163
154
-130
-.101
«092
«075
«063
«C72
. 057
- 050
.048
.050

4912
4915
4918
4921
4924
4927
4931
4934
4937
4940
4944
4947
4951
4954
4358
4962
4965
4969
4973
4976
4980
4983
4987
4990
4994
4997
5000
5003
5006
5009
5012
5015
5018
5021
5024
5027
5030
5034
5037
5040
5044
5047
5051
5054

<039
« 049
«051
.038
«046
2036
«033

- «034

.033
.032
.027
. 041
068
. 065
.115
«184
«211
«223
.182

«173-

«157
«153
«132
.103

.094

-070
.080
. 069

 «065

.086
«090
»103
.128
«114
«139
.121
«105
- 080
.080
.068
.071
.08Y

. .098

«110

5058
5062
5065
5069
5073
5076
5080

5083 .

5087
5100
5103
51Cé6
5109
5112
5115
5118
5121

5124

5127
5130

- 5134

5137
5140

- 5143

5147
5151
5154
5158

5161

5165
5169
5173
5176
5180
5183
5187
5190
5194
5197
5200
5203
5206
52C9

5212

135

«241

- «238

.263
.228
.187
.151

" 156

«117
+076
.084
. 091
. 142
<204
278
.341
«330
-336
«301
«246
«215
-181
.187
+156
«156
«120
<107
.119

S .154

184
«193
.184

.140

-132

.118

.118
129
.130
.122

132

«140
.130
.156

.214

5215 -

5218

5221

5224
5227
5230
5233
5237
5240
5243
5247
5250
5254
5258
5261
5265
5269
52172
5276
528C
5283

5287 -
5290
5294

5297
5300
5303
53C6
5309
5312
5315
5318
5321
5324
5327
5330
5323
5337
5340
51343
5347
535Q
5354

5358

«296 °
-369

.481
+559

.568 .
L4T4

«456
-389
358

.279
.237

.210
.200
«169
.155
L1454
.174
.202
<242
.266
.255
.2217
.215
.213

.181

..155.

«154

116

<108
.099
.107
.156
«277
L4l
«528

T 596

«529
<470
. 381
«357
-3217
<326

91~



5361
5365
5369
5372
5376
5380
5383
5387
5390
5393
5397
5400
5403
5406

5409’

5412
5415
5418
5421
S424
5427
5430
5433
5437
5440
5443

5447;
5450

5454
5458
5461
5465

5469

«313
31

.258
«227
«261
324
«444
<464
e 484
<430
« 397

- 343

-.3C0

-2 294

2262
- 197
«166
+163
- 1‘.6
=142
137
«104
« 149
- 186
=266
+419
-517
-530
<417
.369
+«330
«279

ey

5472
5476
5480
5483
5487
5490

. 5493
- 5497

5500
5503
5506
5509
5512
5515
5518
5521

5524
5527 °

5530
5533
5537
5540
5543
5547
5550

" 5554

5558

5561

5565
5569
5572
5576
5580

.256
«231
«197
«169
e 146

Te171
. <145

.199
.304
«507
.689
.789
-790
.768
.713
-605
.534
<429
.400
.378
<379
<401
.385
.398
L421
.332

330
~e272

«281
«287
«231

205

5583
5587
5590
5594
5597
5600
5603
5606
5609
5612
5615
5618
5621
5624
5627
5630
5633
5637
5640
5643
5647
5650
5654
5658
5661
5665
5669
5673
5676
5680

5683

5687
5690

221
+175
2173
«132
.141
.123
<112
2103
«077
.C083
.C98
«117

«194 .

+307
‘470
«692
.831
-689
- 696

« 759

«753
-727
«+6C6
«575
+515
«4C9
.380
.316
=308
«295

.319,

<406
«621

5694
5697
5700
5703
5706
5709
5712
5715
5718
5721
5724
5727
5730
5733
5737
5740
5743
5747
5751
5754
5758
5761
5765
5769
5773
5776
5780
5783
5787
5790

. 5794

5797

5800

« 764

. 682

«699
«613
«560
«501
2441
385
«367

«328.

254
«240
«257
.191
«209
«215
0232
«280
«331

«399 "

«412

464

.394
355
<276
270
«213
.198
<194
<169
150

- «138

5803
5806
5809
5812
5815
5818
5821
5824
5827
5830
5834
5837
5840
5844
5847
5851
5854
5858
5862
5865
5869
5873
5876
5880
5883
5887
5890
5894
5897

5900
5903

5906
5909

«140
-132
-137
.119
«202
«324
«571
2863
1.181
1.305
1.263
1.106
- 944
«865
- 740
« 709
«566
0492
<413
394
«388
.474
+517
<529
«543

«530 -

556

C .511 .
<414

<404
.384

«370.

5912
5915
591¢e
5921
5924
5927
5930
5934
5937
5940
5944
5947
5951
5954
5958
5962
5965
5969
5973
5976
598¢C
5984
S9R7
5990
5994
5997
6000
600>

-260

«268
«243

«243
21990
.187
-162
-175
«179

.195 7
.250
295

423
491
464

«405.

-318
+«345
.289
«252
230
-185
-130
-189
«237

229

-279

© .281

—g91~A



4473 -

44717
4481
4484
4488
4491
. 4465
4498
4501
4504
4507
4510
4513
4516
4519
4522
4525
4528
4531
4534

. 4538,

4541
4544
4548
4551
4555
4559
4562
4566
457G
4573
4577
4581
4584
4588
4591
4594
4598
4601
4604
4607
4610
64613
4616

4619
4622
4625

4628

4631
4634
4637
4641
4544
4648
4651

. 4655
4658

4652
46656
46569

L4673
_A6TT

468D
4684

4687

4691
4694
4697
4701
4704
4707
4710
4713
4716
4719
4722

4725

4728
4731
4734
4737
4741
4744
4747
4751
4755
4758
4762

«017
-010
012
.005
-013
«012
-011
.001
000

011
.C0S
- 009
- «004
-011

.012
.030
007

<007
.011'

.033
.028
.027
014
.025
.018
.011
.020
000

.012
.005
-001

4766
4769
47173
4777
4780
4784
4787

4791

4794
4797
4800
4804
4807
4810
4813
4816
4819
4822
4825
4828
4831
4E34
4837
4840
4844
4847

4851

4854
4858
4862
4865
4869
4873
4876
4880
4884
4887
4891
4894
4897

-~ 4900
. 4903

4906

4910

SPECTRUM 11-112-2

.009
«C13
.011

" «059

«064
«085
101
.080
«G60
.Csl'
- 044
032
.038
.025
.031
0026
«023

«C34. - -

.015
. 009
.008

.010

.007
.CCS
.019
.012

<024

055
.076
147
.181
«162
.GC938

.108"

«Cb4

.085

.CB6
. 0061
. C6HS

.059:

« 046

-037

4912

4915
4918
4921
4924
4927

4931 -

4934
4937
4940

4954 -
4958

4962
4965
4969
4973
4976

. 4980
4983

4987
4990

4994 -
. 4997
5000 -

5003

5006

5009

. 5012

5015

5018

5021
5024
5027
5030
5034

5037

5040
5044
5047
5051

5054

5058
5062
5065

.055 .

«034
- 047

«042 .

.034
<049
.048
.047
.043
.024
.072
.112
- 187

211

.233

«207 .

«156
«143

.133

<129
« 094
.098
.087

.078

. 063

.075

«074

"« 094

«103
«131
124
101
«125

.076

.088
.0890
«090

«071

.078
077

" 127

.179

«293 .

<271

5069
5073
5076
5080
5083
5087
5090
5094
5097
5100
5103
5106
5109
5112
5115
5118

5121 -

5124
5127
5130
5134
5137
5140
5143
5147
5151
5154
5158
5161
5165

5169 -

5173
5176
5180

5183

5187
5190
5194
5197
5200
5203
5206
5209

5212

.254
«222

«200 .

.166
<150

«115

.093
.097
.084
.075
«062
.100
«151
.212
«301
.308
=325
<276
291
.221
«203
205
« 180

T .136.

.132
L] 106
-110
.124
<170
<173
-188

«160

<135
- 096

115
w120

«112
«100
.102
.098
«106

«109

«137

-193

5215

- 5218

5221
5224

5227.

5230
5233
5237
5240
5243
5247

5250

5254
5258
5261
5265
5269
5272
5276
52860
5283
5287
5290
5294
5297
5300
5303
5306
5309
5312

' 5315

5318
5321
5324
5327
5330
5333
5337
5340
5343
5347

5350 .

5354

5358 .

=991~



5361
5365
5369
5372
5376
5380
5383
. 5387
5360
5333
5397
54C0
5403
5406
5409
5412
5415
.5418
5421
5424
5427
5430
5433
5437
5440
5443
S447
5450
5454
5458
5461
5465

£ 279
«297
264
214
225
.215
217
360
L4111
458
427
389
.331

«303

e 254
« 229
226
.183
«166
<145
«132
- 097
.098

.106
.167 .

<279
«413
»528
«522
<495
.386
«330

5469
5472
5487
5490
5493
5497
5500
5503
5506
5509

5512.

5515
5518
5521
5524
5527

‘5530

5533
5537
5540
5543
5547

5550

5554
5558
5561

5565

5569
5572
5576
5580
5583

«303
«284

.128

<157
«145
«203
«323
«505
«701
«827
.910
-.868
. 719
.667
581
«482
«424
<415
369
«355
361
«353

- 316

«303

«259

«264
.261
270
« 267
231
.180
2160

5587
5590
5594
5597
5600
5603
5606

- 5609

5612
5615
5618
5621
5624
5627
5630
5633
5637
5640
5643
5647
5650
5654

5658 .

5661
5665
5669
5673
5676
5680
5683
5687
5690

«155
<157
.129
.1062
.119
.112

«1C5

-110
.CS6
.071
.129
.186
.289
«483
- 152
« 984
950
«925
+ 849
«752
- 650
«622
+5713
01.72
«419
385
«315
«261

" «258

»310
«422
«587

5694
5697
5700
5703
5706
5709
5712

5715 .

5718
5721
5724
5727
5730
5733
5737
5740
5743
5747
5751
5754
5758
5761
5765
5769
5773
5776
5780

5783 . -

5787

5790.

5794
5797

<732
<773
-« 749
«648
«565
«500
« 847
359
345
309
295
<246

«224

175
-161
- 173
.206
262
-354
425
413
396
.350

«245
«217
-197
198
-173

«158

«141

5800
5803
5806
5809
5812
581%
5818
5821
5824
5827
5830

5834 .

5837
5840
5844
5847
5851
5854
5858
5862
5865
5869
5873
5876
5880
5883
5887
5850
5894
5897
5900
5903

e147
<129
.098
.118
.120
.229
.371
.676
1.075
1.343
1.560
1.481
1.279
1.105
.897
. 754
.635
.526
b b4
.401
<414
.413
+458
-437
<449
.502
.550
.485
467
.509
.438
.356

59906
5909
5612
5915
5918
5921
5924
5927
5930
5934
5637
5940
5944
5947

5951

5954
5958
5662
5965
5969
5373
5976
5980
5984

5987
5690

5994
5997
6000
6003

253
.301

<271 -

« 244
«259
231
«216
.212
162

175

.197
« 143

229

-337

-438"°

s 462
«449
«395
«396
323
<277

«194
«249

»181

<« 165

+215
~ 177

«238
.266

-259

“-‘-L91:- |



4300

4305
4309

4314

4318
4323
, 4327
4332
4336
4341
43246
4352
4357
4363
4368
4374
4379
4385
4390
4395
L4400
4404
4409
4413
4418
4422
4427
443)
44 36

4441

4446
4452
45457
4462
4468
4470
44117

4484

4491

4498 -

4504
4510
45106
4522

4528
4534

4541 -

4548
4555
4562
4510
4577

4584

4591
4598
4604
4610
4616
4622
4628
4634
4641
4£648
4655
4662
4669

4677 -
4684

4691
4697

L4704

4710

4716

4722
4728
4734
4741
4747
4155
4762
4769
4777
47184
4791
4797
4804
4810

4816

4822

4828

4834
4840
4847
4854
4862
4869
48176
4884
4891
4897
4903
4910
4915
4921
4927
4940
4947

4954
4962

4969
4976

- 4983

4990
4997
5003
5009
5015
5021
5027
5034
5040
5047
5054
5062

5069

5076
5083
5090
5097
5103
5109
5115

SPECTRUM 1I-112-3

.236
«113

«086

.C86

«074
«277
+659

.584
.457
370

.282

«252
«233
«220
«257
<166

S e172

- 386
«927
-062
«G22
o721
«554
«470
-394
«446
« 657
« 672
<609
<417
«402
<394
«615
1.154
1.235
«973
« 769
«606
.469

—

<439 .

«738
1.350

5121
5127
5134
5140
5147
5154
5161
5169
5176

s183
.5190

5197
5209
5215
5221
5227
5233
5240
5247
5254
5261
5269
5276
5283
5290
5297
5303

5309

5315

5321

5327
5333
5340
5347

5354

5361
5369
5376
5383
5390
5397
5403
5409
5415

1.664
1e363
1.131
.952
742
<611
.811
«987
.803
«640
559
524
642
1.244
2.499
2.706
2.263
1.742
1.371
1.011
.839
«850
1.038
1.100
+935
.800
.674
«552
<456
.621"
1.489
2.747
2.760
- 2.136
1.712
1.499
1.240
1.095
1.499
2.208
2.141
1.685
. 1.379
1.184

5421
5427
5433

- 5440
- 5447

5454
5461
5469
5476
5483

5490

5497

5503

5509

5515

5521
5527
5533
5540
5547
5554
5561
5569
5576
5583
5590

5597

5603

5609
5615
5621
5627
5633
5640
5647
5654
5661
5669
5676
5683
5690
5697
5703
5709

.921
.813
.700
.886
1.871
2.181
1.734

1.320

1.046
«867
«721
<942

2.466

3.909

4.089

3.181

2.484

2.185

1.768

1.607
1.389
1.269
1.279

1.071

« 947
« 155
« 715
«5%0
«480
<484
» 897

2.570

4.377

4,231

3.470
2.825
2.106
1.723
1.35¢9
1.619
2.983
3.832
3.167
2.657

5715
5721
5727
5733
5740
5747
5754

5761

5769
5776
5783
5790
5797
5809
5815

5821 .

5827
5834

‘5840
5847

5854
5862
5869

5876

5883
5890
5897
5903
5909

© 5915
""5921

5927
5940
5947

5954

5962
5969
59176
5684
5990
5997
6202
6C09
6015

2.067
1.748
1.467.
1.316

- 1.173

1.237
1.603

“1.619

1.329 -

1.111.
. .958

.B42
2712
2667 .
1.160
3.167

" 6.237.

6.727
5.016
3.904
2.9353

'2.363

2.C69

2.087 .
2.356 -

2.423"
2.139
1.889

" 1.505
1.336
1.138
1.073

«986°
1.668

. 2417

2.130
1.578°
1.342
1.127
+988
1.113°
1.C41
+ 952
.903

P

~goT-



6021

6027
. 6034
6040
6047
6054
6262
6059

6077 -

6094
6091
6097
6104
6110
6116
6122
6128
6134
6141
6147
6155
L6162

6169

6177
6184
6191
6197
620%
6210
6216

1.206
3.273
7.862

- 8.137

5.882
4.581
3.606
2.846
2.348
2.124
1.780

'1.650

1.4C3
1.196
1.036

«992

.983

«978
-.873
.898

1.189 .

1.825
1.728
1.381
1.104
«949
«921
« 174
« 722

« 664

6222
6228
6234
6241

6248

6255
6262
6270

6217

6284
6291
6298
6304
6310
6316
6322
6328
6334

6341
6348 .
6355

6362
6370
6377

6384

6391
6398

. 6404

6410
6416
L ]

.854
1.257
1.461
1.918
5.400

84350

6.899
5.198
4,184
3.212
2.682
2.142
1.804
1.882
2.569

2.815"°
2.551..

2.047
1.657

“le331

1.140
1.080
1.015

«895

+853
«728 .

Ca562

 .528
<441

6422
6428
6434
6441
644648
6455
6463

- 6470

6477
6485
6491
6498
6504
6510
6516
6522
6528
6535
6541
6548
6555
6563
6570
6578

6585

6592

6598

6605
6611

6617

04710
<458
.388
«480
«666
1.C50
1.C10
- 946
2.522

.5.527

5.842

4.734

3.676
3.007
2.615
2.5171
2.323
1.6913
1.914
3.266
4.529
4.047
3.219
2.524
2.C79
1.786

1466

1.348
1.115
1.0%0

6623
6629

6635

6642
6649
6656

6663

6671
6678
6685
6692
6699
6705
6711
6723
6729
6735
6742
6749
6156
6763
6771
6778

- 6785
- 6792

6799
6805
6811
6817
6623

1.306
1.227
+«958
« 799
«647
«546
«492
«519
«483
«486
Y.

«457

.379

.322

.798
2.402
3.572
3.141
2.459
1.999
1.783
1.624
1.497
1.217
1.366
2.705
4.343
4.424
3.625

- 2.998

6829
6836
6842
6849
6856
6864

6871.

6879
6886
6893
6899
6905
6912
6917
6923
6930
6936
6943
6950
6957
6964
6972
6979
6986
6993
6999
7006
7012
7018
7024

2.462

1.999 .

1.895
1.812
1.488
1.311
1.954
2.733
2.265
1.846
1.476
1.393
1.103
1.018
.879
. 784
.688

L64T

-733
« 732
«617

417

T« 429

+ 485
1.236
1.890
1.635
1.442

“1.079

703¢C
7036
7043
7050

7057

7064

7072

7079
7086
7093
71090
7106
7112
7118
7124
7130
7137
7143
7150
7157
7165
7172
7180
7187
7194
7200
7207

+«857
«732

«515

«650
1.765

3.144

2.505
2.384
1.915
1.578
1.508

1.310
"1.135 -

«98C

1.437°

2.737
3.140
2.594
2.120

1.661

1.504

1.315

1.119

866"

u69{-'

-851



4300
4305
4309
4314
4318
4323
4327
4332
4336
434
4346
4352
4357
4363
4368
4374
4379
4385
4390
4395
4400
" 4404
4409
4413
4418
4422
4427
4431
4436

4441

4446
4452
4457
4462
4468
4473
4477
4481
4484
4483
4491
HWh3Y
4498
4501

4504
4507
4510
4513
4516
4519
4522
4525
4528
4531

4534

4538
4541
4544
4548

4551

4555
4559
4562
4566
4570
4573

4577

4581

14584
4588

4591
4594

4598

4601
4604

4607

4610
4613
4616

46189,

4622
4625
4628
4631
4634
4637
4641

. 46440

4648
4651
4655
4658
4662
4666
4669
4673
46117
4680
4684
4687
4691
L4634
4697
4701

. 4704

4707
4710
4713
4716
4719
4722
4725
4728

4731

4734
4737
4741
4744

4747,
4751

4755
4758
4762
4766
4769
4773
47177
4780
4784
4787

- 4791

4794

SPECTRUH I1-113-1

+C02
o.
.008
-CC4
- 007
'« 005
«Cl4
.C23
.Cll1
«C02
+C02
+CC5
.014
-022
-C4b

.C37
.C48’

-043
«C42
.033
.C24
.030
«021
.Cl6
.031
-Cl15

.C11

.oll
.Cl4
«023
.CC5

.C01
+CC9
.011
.021
.049
+080
«C72
.C95
.C85
<040

47197
4800
4804
4807
4810
4813
4816
4819
4822

4825

4828

4831
4834 °

4837
4840
4844

4847
4851
4854
4858
4862

4865
4869
43873
4876

4880

4884
4887

4891

4894

- 4897

4900
4903
4906
4910
4912
4915
4918
4921
4924
4927

4931

4934

4937

« 049
«043
« 049
+042
. 035
«035
. 026

.028

«021
«034
«023
.018
+011

.007;

«023
+016
.018
.017
«016

. «053

.082
«134
<144
154
127
+110
.087
L d 079
- 084
090
L4 067
-057
«062

.056

«056
« 044
. 049
.057
« 060
«051
« 041
« 042
.038

4940
4944
4947
4951
4954
4958
4962
4965
4969
4973
4976
4980

4983

4987
4930
4994
4997
5000
5003
5006
5009
5012
5015

" 5018

5021
5024
5027
5030
5034
5037
5040
5044
5047
5051
5054
5058
5062
5065
5069
5073
5076
50890
5083
5087

.032

«028
<034
«056
.070
.121

+186
.203

«197
-178
«167
«156
«142
<124
123
«123
.083

- =075

.086
- 076
<097
<117
«127
«153
«142
135

«102

0088
«092
<097

.090 -

.090
.062
.104

“124

+175
- 199
-235
+243
.231
<196
. 184
el44
. 124

5090
5094
5103
5106
5109
5112
5115

5118
5121

5124
5127
5130
5134
5137
5140
5143
5147
5151
5154
5158

5161 .
5165

5169
5173
5176

5180
5183

5187
5190
5194
5197
5200
5203
5206
5209
5212

- 5215

521¢
5221
5224
5227
5230
5233

5237

.138

119

L127
.163

«249

307

«329

«296 .

«265

.256.

«257

«213.

156
.185
«142

- 145 - -

. 127

140

«139

L e168
T .219°

~ =0LT~

L2150 -

C 168

J1560

e126
T el132-

-131

+140.
e l4d
_el151
. 162

«167
. 159
.181
219
«362
444
«488
452

T 468

<43}
. 377




5240 .

5243
5247
5250
5254

5258,

5261
5265
5269
5272
5276
5280
5283
5287
5290
5294
.5297

. 5300

5303
5328
5309
5312
5315
5318
5321
5324
5327
5330
5333
15337
5340
5343
5347
5350
5354
5358
5361
5365
5369
5372
5376
5380
5333

‘5387

<334
«275
« 245
«220
<214
-189
184
«154
182
.211

«189.

<260
251

«250

.232
.208
208
.193
-159
-136
144
<111

106

-.088
.125

. «163

«255

«480
<485
«478
«423
«349
«335
350
«346
358

«315

-316

.218°
- «258

e 247

-« 297
341

5390
5393
5397
5400
5403
5406
5409
5412
5415
5418
5421
5424
5427
5430
5433
5437

- 5440
5443

5447
5450
5454
5458
5461
5465
5469

5472

5476
54890
5483
5487
5490
5493
5497
5500
5503
5506
5509
5512
5515
5518
5521
5524
5527
5530

«425
b4l
«390
.382
«321
«304
«273

- 257 .

<216
.20’.
«193
145
«148
<139
-112
«134
<167
«273

.345

+435
«453
«426
«353

. «328

293
255
«243

.188 -
«192°

.186
«155
.131
.178
280

«408.

-546
644
« 545
«649
« 574
<504
+485
«425
«371

5533
5537
5540
5543
5547
5550

5554

5558
5561
5565
5569
5572
5576
5580
5583

5587.

5590
5594
5597

5600

5603
5606
5609
5612
5615
5618
5621
5624
5627
5630
5633
5637
5640
5643
S647
5650
5654
5658
5661
5665
5669
5673
5676

5680

«367

_«364

«342
«389
«397

.«376

<408

«321°
«304°

«300
.283
278
«239
.219

" 233

.180
<156
+160
«143
«163

«131

.llq
«C95
-095
« 077

157

«394
+«555

<650

« 742
«689
«591
«630
«586
«578
-500
o442
«425
«368
«341
«267
297

5683
5687
5690
5694
5697
5700

5703 .

5706
5709
5712
5715
5718
5721
5724
5727
5730
5733
5737
5740
5743
5747
5751
5754
5758
5761
5765

~5769
57173

5716
5780
5783
5787
57190
5794
5797
5800
5803
5806
5809
5612
5815
5818

- 5821
«5824w

«299
.382
.509
«555
«630
.629
553
«511
«463
«413
«349
«296
.299

«290

«247
«224

" 220

«211

.217

«224
«239
323
350
394
01005
«359
=341
«320
«304
«269
-219
207
«165
.198
180
. 149
«130
«119
«113
144

«178

+266
HT7

+ 700 -

5827
5830
5834
5837
5840

. 5844

5847
5851
5854
5858

5862

5865
5869
5873
5876
5880
5883
5887
5890
5894
5897
5900
5903
5906
5909

5912 .
5915 -

5918
5921
5924
5927
5930
5934
5937
5940
5944
5947
5951
5954
5958
5962
5965
5969
5973

«910
1.005
«383
«957

« 769

646
«612
+508
«462
«405
«400
«374
+418
o442
«437
« 485
«525
+565
«522

«493

44T
«357
«387
«317

« 264

«213
«223
»208
«191
«210
.227
«217
.157
=193
«236
«284
«348
«422
«406
«381
« 346
<317
-239

5976
5959
59284
5987
5990
5994
5997
6000
6003
6006
6009
6012
6015

6018 -

6021
6024
6027
6021
6034
6037
6040
6044

6047

6051
6054

- 6058

6062
6066

6069

6C73

6077

6080
6084
6087
6091
6094
6097
6100
6104
6107
6110
6113
6116
6119

.184
«230
«211
«179
«235
«238

.283
2265
.283

.308
-217
«2C9
«219
.228

«228 "

«363
«566

<8G9 |

1.17¢6
1.247
1.195
1.062

«911

«794 .
L JT154

66T
- «562 .-

«512°

434

«385

«336

«298 -

- 350
« 340
. 292
«2406
«250
‘0265
242
.213
203
=190

ATLT=



6122

6125

6128 .

6131
6134
6137
6141
6144
6147
6151
6155
6158
6162
6156
6169
6173
6177
6180
6184
6187
6191
6124
6197

6201

6204
6207
6210
16213
6216
6219
6222
6225
6228
6231

6234

6237
6241
6244
6248
6251
6255
6258
6262
62606

«168
«200
. 226
227
.231
252
«229
195
«202
«214
e 224
«251
«3C0
«339
358
=251
.257
227

-196
« 240

.200
.215
<129
.133
<151

« 142

«120
.110
-148
-205
«219
250

.282.
«220 -

<261
.357
"«505
.785
1.020
1.097
‘'1.165
1.124
1.011

2

6270
6273
6277
6281
6284
6288
6291
6294

- 6298

6301
6304
6307
6310
6313
6316
6319

6322 °

6325
6328
6331

6334

6338

L6341

6344
6348
6351
6355
6359
6362
6366
6370
6373
6377
6381
6384
6388
6371
6395
6398
6401
6404
6407
6410
6413

+«855

<770

.698
.616
.527
«463
<404
-450

.+358

«317
.3"4
«350
343
<348
«420
.‘56
<489
«473

«425.
.« 386

.347
.352
.328
<254
.224
«190
.219
.206
.240
.260
.258
.232
.255
.209
.195
<143
.151
.163
<145
.123
<120
.101
.113
122

6552
6555
6559

.100
« 748
«7Th6

6563

6708
6711
6714

6717

6853
63856
6860

- 266
. 237
.282

7003
7006
7009

«229 -

.c88

«128 -

6416 121 094 6864 195
6419 116 6567 «594 6720 .079 6867 «298
6422 .104 6570 .515 6723 .132 6871 374
6425 .108 6574 .536 6726 «153 6875 -439
6428 .118 6578 «503 6729 312 6879 454
6431 =112 6581 424 6732 409 6882 553
6434 .089 6585 +335 6735 .497 6886 «4l2
6438 .CB80 6588 326 - 6739 514 6889 .340
6441 10T 6592 .318 6742 «436 6893 «345
. 6445 .1C6 6595 - .255 6745 377 6896 .291%
6448 153 6598 «305 6749 .380 6899 «272
6452 «2C0 - 6601 <231 6752 «326 - 6902 .273
6455 184 6605 <214 6756 «305 6995 .193
6459 +2C1 6608 227 6760 284 6999

. 6463 .155 T 6611 .222 6763 <297 6612 J211°
6466 .151 6614 .225 - 6767 . 245 6915 «249
6470 2117 6617 «249 6771 .243 6917 .228
64T4 .187 6620 <166 6775 .239 6920 <168
6477 337 6623  .184 6778 «240 6923 117
6481 516 66267 7. 210 © 6782 .270 6926 125
‘6485 . 701 6629 .183 . 6785 .199 6930 .088
6488 .780 6632 .129 6789 .193 6933 .114
6491 866 6635 ©  ,179 6792 .183 6936 075
6495 . 762 6638 .208 6796 .254 6939 140
6498 680 © 6642 - ..176 6799 «354 6943
6501 601 6645 .123 6802 576 6946 .062
6504 .535 6649 .116 6805 . .676 6550 .093
6507 «520 6652 <105 6808 .738 6953 .155
6510 .488 6656 087 6811 727 6957 «145 "
6513 495 6659 .085 6814 <634 6560 <175
6516 b4 6663 . .094 6817 548 6964 <145
6519 .522 6667 2112 6820 <478 . 6968 .148
6522 503 6671 .088 6823 <473 6972 .1390
6525 <417 6674 114 6826 <436 6975 .128
6528 484 6678 122 6829 <426 6579 .082
6532 408 6681 .138 6832 7 .347 6982
6535 .388 6685 2152 6836 327 6986 -140
6538 .390 6689 .109 6839 367 6689 115
6541 343 6692 .097 6842 .320 6993 .194
6545 421 6702 .087 6846 .311 6956 .225
6548 - 565 6705 .064 6849 276 6999 206

£272
«291
«235




7012
7015
70186
7021
7024
7027
7030
7033
7036

7040

«240
<141
-144
«131
<126
«156

<160

«138

7043

7046
7050
" 7053
1057
7061

T064 °

7068

133
«115
125
.085
-099
+156
<3198

337

T079

7083

7086
7090

7093

7097
7100
7103

+183
«143
« 204
«162
« 294

0222

«342
o475

7150
7154
7157
7161

7165
7169

7172
7176

.573

«569
«453
313
«291
+286

2332
.204_




4305
4311
4317
4323
4229
4335
4341
4348
4355
4363
4370
4377
4385

4391

4398
44 04
4410
4416

4422

4428
4435

4438
4441
4445
4448
4452
4455
4459

4462 -

4466
4470
4473
4477
4H48)
44 84
4488
4491
4495
4498
4501
6504
4507
4510
4513

.006
.002

. 004 .

.003

.014
-006

N 0 L]

.009

0.

0.
.012

.012

- .008

«009
.005
0. -
0.
0.
0.
0.

.000
.015

0.
0.

‘0.
0.

- 007
0.

0.

. 004

- 005

001

«026 .

.004

.001

4516
4519
4522
4525
4528
4531
4534
4538
454)
4544
4548

4551
4555

4559

4562

4566
4570
4573

C 4577

4561
4584
4588
4591
4594
4598
4601

.. 4604
- 4607
4610 -

4613
4616
4619
4622

T 4625

4628
4631
4634
4637
4641
4644
4648
4651

- 4655

4658

.03

.002
.003
.C09
.008

4662

4666
4669
4673
4677
4680
4684
4687
4691
4694
4697
4701

. 4704

4707
4710
4713
4716
4719
4722
4725
4728
4731

" 4734

4737
4741
4744
4747
4751
4755
4758
4762
4766
4769
4773
L4777,
4780
4784
4787
4791
4794
41797
4800
4804
4807

SPECTRUM 1I-113-2

«002
- 004

0.
.C06

0.

" «007
«CC2

0.

- 004

0.

0.
.003
- 009

0. .
.0GC2
.018
-019

.019

«Cl4
.019
.010
- 024
.003

0.

0.
.000
.018
.C08
.C06

0.
.008
-008
«C07
.01(‘
.011
.C43

.C50,

+CC5

.C10

.008

.CC6
0.

.015

.008»

4810
4813
4816

. 4819

4822
4825
4828
4831

4834

4837
4840
4844
4847
4851
4854
4858
4862

4865

4869

4373 -
4876

4880
4884

4887

4891

. 4894

4897
4900
4903
4906
4910
4912
4915
4918

. 4921

4924
4927
4931
4934
4937
4940
4944
49473
4951

.011
.020
.016
. 005

0.
.019
.019
.024
<006

0. -

.014

«016

«.012

.001

. 005
«014
.033
.033
. 041

.056
037

«022
. 034

.032

"« 026
.017
.033
.025
.028
.034
.027
.026
.013
«030
-018
.015
.«020
«024
-023
0.
0024
.024
.033

4954
4958
4962

4965
- 4969

4973
4976
4980
4983

4987

4990
4994
4997
5000
5003
5006
5009
5012
5015
5018
5021
5024
5027
5030
5034
5037
5040
5044

5047

5051
5054
5058
5062
5065
S069
5073

5076

5080

5083

5087
5090
5094
5097
5100

«033
.038
.071
. 066
.079
.081
.061

"« 068

«043
<047

+034 .

<041
.042
.051
.026
<041
.030
.059

«067 .

=031
. 036
«021

"+ 056

.039
. 039
. 026
.036
. 043
.031
.051
«072
.081
«071
.087
.081
. 091
.071
«043

044

«045
«055
-.025

019

5103 -

5106
5109
‘5112
5115
5118
5121
5124
5127
5130
5134

5137

5140

S143

5147
5151
5154
515¢
5161
5165
5169
5173
5176
5180
5163
5187
5190
5194

5197

52C0
5203
5206
5209
5212
5215
5218
5221
5224
5227
5230
5233
5237
5240

5243

«043
0059

«053.

.072

.« 099

«126
«122
1090
«097

«102 :

<106

-091

-101
«065

"+ 058

- 069
-071

- 069

.062

« 066

«073
-069

© L0537
L0531
. .053

065 " °

057

.075.

-« 078

.083 -

.083
.083
092
«098

147 .

. 145
« 165
.157
«164
174
143
«111

105

—ﬁLTh



5247
+ 5250
5254
5258
5261
52 65
5269
5272
5276
5280
5283
5287
5290
5294
5297
5300
53C3
5306

5309

5312
5315
.531¢e
5321
5324
5327
5330
5333
5337
5340
5343
5347
5350
5354
5358
5361

5365

5369
5372
5376
5380
5383
5347
5390

5393

. 093
« 094
.071
~. 071
.062
<059

- 0()8 .

.083
.093
2112
.099

<113

<086
.088

.098

077
. 080
+069
-073

.066

«D46
. 057

.058.

.020
.090
125
<157
.168
-172

. .130

«120

“ell2

.118
.165
<147
.133
<123
«112

.118

o124

© o112

- 145
.135
151

5397
5400
5403
5406
5409
5412

5415.

5418
5421}
5424
5427
5430
5433
5437
5440
5443
5447
5450
5454
5458

5461
5465 -

5469
5472

5476 -

5450

" 5483

5487
5490
5493
5497
5590
5503
5506
5509
5512
5515
5518
5521
5524
5527
5530
5533

. 5537

<146
.138
«121

.085 °

«061
.078
«075
<075

- <073

«055
«057
«054
056
«059
- 068
<0985
0133

'« 165

181

<190

.158
139
.122
«103
.071
«059
.080
.080

" 066

050
«092
«096
«143
-182
«199
«187
«233
-188

.187

.lsq
$134
-107
.137
.133

5540
5543
5547
5550
5554
5558
5561
5565
5569
5572~
5576
5580
5583
5587

5590

5594
5597
5600
5603
5606

" 5609

5612
5615
5618
5621
5624
5627
5630
5633
5637
5640
5643
5647
5650
5654
5658

5661 °

5665 -
5669
5673
5676
5680
5683

5687

-151
«169
«160
170
«159
<157

«159

.1C7
.llq
.106
.101
-0S4
<077
<069
.056
.C25
+C36
.045
- 043
.048
042
«059
.029
+052

- 076
-130

.182
.210

«235
.203

«241 °

.223
264
<247

217

.210
<167
158
«160
-127

‘e 104

.115

.138

5690
5694
5697
5700
5703
5706
5709
5712
5715

5718
5721 °

5124

5727

5730
5733
5737
5740
5743
5747
5751
5154
5758

5761

5765
5769
5773
5776
5780

5783
5787.
5790 -

5794
5797
5800
5803
58006
5809

‘5812

5815
5818
5821

5824

5827

- 5830

164
.212
.219
.209
. 197
182
0134
.125
- 139
«119
«107
076
0093
«080
.082
119
.092

.081 -

«073
<099
+136
«162
«205
<215
<176
« 140
.115
«106
.089
« 069
.086
.089%
. 091
. 066
-058
«051
« 069
«074
.076
01210
-127
e 196
<272

.283

5834 |
5837 .
5840

5844
5847

" 5851

5854
58658
5862
5865
5869
5873
5876
5880
5883
5887
5890
5894
5897

5900

5903
5906
5909
5912
5915
5918

5921.

5924
5927
5930
5934
5937
5640
5944

5947 .

5951
5954
5958
5962
5965

© 5969

5973
5976
5980

e292
.281
.224
.2C5
.214

«195 .

«142
<147
«160
«144
-.138
.161
.202

2213

« 220
«237

T «202

208
‘159
«148
+150
125
. 091
«077

« 066 -

«063
.683
«0GR

‘073.

«096
<972
. 076

<084
.101
«142
«152

w141
<111 -

+109
111
.101
<118

« 060

5984
5987
5990
5964
5997
6000
6003
6C06

6009-

6012
6015

6018
6021
6024

6027
6031
6034
6037
6049
6044

© 6047

6051
6054
6058
6062
6066
6068

6073
6077

6080
6084
6087
6091
6094

6C97
6100

6104
6107
6110
6113
6116

6119

6122
6125

“GLT~



6128
6131
6134
6137
6141
6144
6147
6151
6155
6158

6162

6166
6169
6173
6177
6180
6184
6187
6191
6194
6197
€201

6204
6207
6210
6213
6216

6219

6222

6225

6228

6231

6234

6237
6241

6244
6248
6251
6255
6258
6262
6266
6270
6273

+076
.067
.121

‘.121

«143

112

.151
.103
.103
.125
.125
J111
.086
.080
.086

«C99

.121
«114
. 080
-109

-064 -

.061
.068
. 046
.034
.027
. 049
.058
.081
.076
131
-160
.115
106

" 110

.187

L 244

.316

.362

.371
.327
«2917

.293

<273

62717
6231
6284
6228

6291

6294
6298

6301

6304
63237
63210
6313
6316

6319

6322
6325
6328
6331
6334

6338 7

6341
6344
6348
6351

.- 6355
‘6359
6352

© 6366

6370
6373
6377
6381

6384

63¢e8
6391
63295

6338 .

6401
6404
6407
64190
6413
64106

6419

 .256

«231
-192
179
«161

.!39 :

«138
124
.138
- 101
.128
«175
.139
«160
.168
<163
135

-115

114
«057

.098.

«101
.088
<109
<096
. 057
<069
«107
«109
.091
« 066
<117

. 092

.077
.057
« 047

048

.058
<061
.038

.031

.081

6422
6425
6428

- 6431

6434
6438
6441

6445

6448
6452
6455
6459
6463
6466
6470
6474
6477
6481
6485
6488
6491
6495

6498

6501

6504

6507
6510
6513
6516

" 6519

6522
6525
6528

- 6532

6535
6538
6541
6545

" 6548

6552

€555
. 6559

6563

6567

6570
6574
6578
6581
6585
6588
6592
6595
6598
6601
6605
6608
6611

6614

6617
6620
6623
6626
6629

6632

6635
6638
6642
6645
6649
6652
6656
6659
6663
6667
6671
6674
6678
6681
6685
6689

T 6692

6695
6699
6702
6705
6708
6711
6714

.179
151
«142
«105
-« 100
«104
103
.088
«122
.098
«037

«055-

064
«027

,+105
2063 -

«075
«066
.080
+036
.083
« 094
«055

«049 -

«056

« 040

.013
.025

« 040
.016
<046
076
042
. 056
.075
«050
.051

©.033
«D35

«040
. 025
<020

6717
6720
6723
6726
6729
67132
6735
6739
6742
6745
6749
6752

6756

6760
6763
6767
6771
6775
6778
6782
6785
6789
6792
6796
6799
6802
6805
6808
6811
6814
6817
6820
6823
6826

6829
6832

6836
6839
6842
6846
6849
6853
6856

6850

<034
.080

«102.

<066
-114
.103
«156
155
«137
«150
«131
-.100
.089
-102
«121
«054
. 066
« 045
- 075
«086
110
111
. 068
«126
.139
«157
«201
«232
<214
.184
- 178
- 156
.098
«134
.119
-118
- 076
.081
<099
L] 101
«107
.1C5
. 062
L3 100

6864
6867
6871
6875
6679
6882
6886
6889

- 6893

6896

6899

6902
6905
65C9
6912
6915
6917
6520
6923
6926
6930
6633
6935
6939
6943
6946
6950

6953

6957
696C
6564

- 6968

6972
6975
6979
6382
6926
6589
6993
6936
6999
T003
1006

7009

-156
- 068
159

-117
- 084
-092
<113
" +C93
-093

-107

-G77

«103.
- <069 °

082
«051
«056
- 040
«041
+C54
.C36

.C36
«031°
040

.081
. 095

.075
« 032

. C35

.053

-034

. 045

.081
. 040
. 094
. 0399

<063

.085

S .135
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7012

7015

7018
c21
7024
7027

7030

7033
7036

.110

.048

. =007

+023
.070
.011
-020

" «060

. 084

7043
7046
7050
7053
7057

-1061

T064

7068

7072

2056

«073
«017

050

073

047

«103

.«133.

«160

7079

7083

7086

7090
7093
7097

7100 -

7103
7106

7112
7115
7118
7121

7124
7127
7130

7133
7137

0077
«165
<042
<064

.079

A 149
.127

057

7143

7147
7150
7154

7157

7161
7165
7169

7172

.208
« 167
192
.138

S 192

0116

~a148
U .078
o125

7180
7183

7187
719C

719%
T197

- 7200
7203
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APPENDIX B

COMPUTER PROGRAM LISTINGS
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l. Program FCFACT calculates Franck—Condqr‘l: Qverlap factors based on
Morse potenfial funetions. The format of the input deck,_as well as
the function of the subroutines, is described by thé.comment cards.
The gamma functions used in the normalization faétors for the wave

funétions are evaluated by subroutine GAMI.C)Gl (not listed).

1 Swroutine GAMIOG, IRT Tdentification C3 BKY GAMIOG (FORTRAN),

written by J. D. Lawrence, (February, 1965) and modified by D. H. Wilber,

(Novémber 1965).



DNV ELWN =

151
152
153
154
155
156
157
158
1000

9

C....
C....
C...'
Cooee
Coooe
C‘...

C.‘..
Cesoe

10
11

12
13
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PROGRAM FCPFACT (INPUTOUTPUT s PUNCH)

DIMENSION WE[2)sWEXE(2)sRE(2)9PSI(2920)9SUMI20920)9SUM2(20920) sRMI
lN(g)QRMAX(Z)oLABEL(ZO)oALPHAI(Z)oKI(Z)'GAMLGl(Z)vSUMR(ZOoZO)oRCENT
2(20920)

REAL MUAsK1

INTEGER VMAXU»VMAXL VM

COMMON/RNGPST /ALPHA1sK1#RE

COMMON/PSIG/GAMLG1

FORMAT (B8F10.3)

FORMAT (1015)

FORMAT (1H1»40Xs *OVERLAP INTECRALS FOR UPPER ELECTRONIC STATE#//)

FORMAT (1H1s40Xs*OVERLAP INTECRALS FOR LOWER ELECTRONIC STATE#*//)

FORMAT(6H V3 =14310Xs7TH VSS =14010Xe*OVERLAP INTEGRAL =#4E£12,3)

FORMAT (1H1940Xs *FRANCK~CONDON OVERLAP INTEGRALS*) i

FORMAT (1H1s44Xs#R ~ CENTROIDS (ANGSTROMS)#*)

FORMAT (F10629(10€E12243))

FORMAT (2HO®/3H #/8H * V$$,1999112)

FORMAT (4Xs1H®#/6H VS #/6Xs1H#/TXs 1H*)

FORMAT (1HO»I3»5X910E1243)

FORMAT (1H19s20Xs*WAVE FUNCTIONS FOR UPPER ELECTRONIC STATE'/I)

FORMAT (1H19+20Xo*WAVE FUNCTIONS FOR LOWER ELECTRONIC STATE®*//)

FORMAT (1H1946X»2HWE 9 11X o 4HWEXE »13X 9 2HRE» 12X 9 2HMU)

FORMAT (1HO»13Xe *UPPER ELECTRONIC STATE#9F15639F1559F15049F1545)

FORMAT (1HOs13Xs *LOWER ELECTRCNIC STATE®9F15439F15e59F1544)

READ 1 WE(I)oWEXE(l)yRE(l)QWE(Z)oNEXE(ZloQE(ZloMUA ’

IF (WE(1)eEQeCs) STOP:

READ 2» VMAXUsVMAXL s ITESTs IWAVEF s IRCENT

PRINT 156

PRINT 1S57+WE(1)sWEXE(1)sRE(1)9MUA

PRINT 158sWE(2)sWEXE(2)sRE(2)

DO 9 NA=142

K1{NA)=WE(NA)/WEXE(NA)

ALPHAL (NA)=0,2435586%SQRT (MUARWEXE (NA) }

GAMLG1 (NA}=GAMLOG( (K1(NA)=14)s1)

CALL RANGE ({VMAXUsVMAXL »RMINRMAX)
oIF ITEST EQUALS 19 THE INTEGRAL OF PSI{V1)#PSI(V2) WILL BE CALCULATED
«FOR ALL VALUES OF V FOR EACH ELECTRONIC STATE,
oIF IWAVEF EQUALS 1s THE VALUES OF THE WAVE FUNCTIONS PSI(VQR) WILL BE
o TABULATED AS A FUNRCTION OF THF INTERNUCLEAR DISTANCE R.
o«IF IRCENT EQUALS 1s THE INTEGRAL OF PSI(V1)*PSI(V2)#R (THE R-CENTROID)
oWILL BE CALCULATED FOR ALL VALUES OF VvV FOR EACH ELECTRONIC STATE,

IF {ITEST.NE«1) GO TO 100
oTEST TO SEE WHETHER WAVE FUNCTIONS ARE ORTHO=NORMAL FOR EACH
+ELECTRONIC STATE

DO 90 N=1,2

TF (NeEQel) VM=VMAXU

IF (NeEQa2) VM=VMAXL

0O 10 [=0sVM

DO 10 J=0sVM

SUM(TI+19J+1)=0,

CONT INUE

IF (VMeGE49) 11,12

1VM=9

GO TO 13

IVM=vM

CONTINUE

IF (NoEQol.AND.IHAVEF.EQ.l) PRINT 154.
1IF fN.EQoZoAND.IWAVEFQEQ.l) PRINT 155

IRMIN=RMIN(N)#100
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IRMAX=RMAX(N)#100
DO 20 IR=TRMINsIRMAX
CALL PHI{VMsNsIR#,014PS1)
IF (IWAVEF.NEs1) GO TO 15
R1=IR/100.
PRINT a.Rl.(PSX(NoI+1).laoolvni
15 DO 20 11=0sVM
DO 20 JJ=0sVM
suM(II+1.JJ~1):SUM(II+10JJ+1)+PSI(Nolhl)*PSHN.JJﬂH.Ol
20 CONTINUE
IF (NeEQel) PRINT 3
IF (NeEQs2) PRINT &
DO 40 MK=1,20
40 LABEL (MK)=MK-1
IF (VMJLEL9) 504653
50 PRINT 151.(LABEL(NK+1!0NK=0.VM)
PRINT 152
‘DO 60 MI=DeVM
60 PRINT 153.w1.¢sun(ul+1oNJ+1).wJ=0ovm)
GO 'TO 90
65 PRINT 1519(LABEL(NK+1’.NK=099)
PRINT 152
. DO T70 MI=a0svM . v
70 PRINT 153sMIp{SUMIMI+1sMI+1)9MU=0s9)
PRINT 151, (LABEL {NK+1)sNK=10sVM)
PRINT 152 _
DO 80 MI=0sVM
80 PRINT 153sMIs (SUMIMI41sMI+1)eMI=10sVM)
90 CONTINUE ,
CesoeoTHIS PARY OF THE PROGRAM COMPUTES THE ACTUAL FRANCK-CONDON FACTORS,
100 DO 110 I1a30»VMAXU .
DO 110 J=0sVMAXL : .
SUM({1+19J+1)=0,
SUMR{I+19J+11=0, -
110 CONTINUE
IRMIN= AMINI(RMIN(I).RMIN(Z))*;00
TRMAX=AMAX1{RMAX(1)9sRMAX(2))#100
DO 120 IR=IRMIN» IRMAX '
CALL PHI(VMAXUs19sIR®401+PSI}
CALL PHI{VMAXLs2s1R#4019PSI)
DO 120 1130yVMAXU
DO 120 JJ=0sVMAXL
SUM(XI+1oJJ+1)zSUM(Il+1vJJ+1)+PSI(101!#1)*PSI(2.JJ+1)’.01
IF (IRCENT.NE«1) GO TO 120
SUMR(I!+1¢JJ+1)=SUMR(II+19JJ+1)+PS!(1911+1)’PSI(20JJ+1)*!R*.OOOI
120 CONTINUE
PRINT 6
DO 130 MI=0,VMAXU
DO 130 MJ=0,sVMAXL
SUM2(MI+1sMI+1)=SUM{MI+1oMI+1) %22
PUNCH 1599MJeMI s SUM2{MI+19MJ+1)
159 FORMAT (214+3X9E1144)
130 CONTINUE
DO 140 MK=1920
140 LABEL (MK)=MK=1
* IF {VMAXLoLE+9) 1509165
150 PRINT 151.(LABEL(NK+1).MK=0.VMAXL)
PRINT 152
DO 160 MI=0,VMAXU



160
165

170

180
200

230

250

260

265

. 270

280
300
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PRINT 153¢MIs(SUM2(MI+1sMJI+1)sMI=09VMAXL)
GO TO 200

PRINT 151 (LABEL (NK+1)9NK=049)

PRINT 152

DO 170 MI=0sVMAXU

PRINT 1534MIs (SUMZ(MI+1’MJ+1)oMJ=Oo9)
PRINT 151 (LABEL (NK+1)sNK=2109VMAXL)

PRINT 152 :

DO 180 MI=0sVMAXU

PRINT 153,MIs(SUM2{MI+1sMJI+1)sMI=10sVMAXL)
IF (IRCENT4NEe1) GO TO 300 S

PRINT 7

DO 230 MI=0sVMAXU

DO 230 MJ=0sVMAXL
RCENT(M1+1.MJ+1)=sumn(M1+1.MJ+1)/suncnx+1.wJ+1)
CONTINUE .

IF (VMAXLWLEs9) 2504265

PRINT 151 (LABEL (NK+1) sNK=0sVMAXL)

PRINT 152

DO 260 MI=0sVMAXU

PRINT 153,MIs (RCENT(MI+1sMJ#1) sMI=0sVMAXL)
GO TO 1000

PRINT 151.(LABEL(NK+1)0NK=OO9)

PRINT 152

DO 270 MI=z0sVMAXU

PRINT 153sMI¢ (RCENTIMI+14MI+1)sMI=0+9)
PRINT 151»(LABEL{NK+1)sNK=109VMAXL )

PRINT 152

DO 280 MI=0sVMAXU

PRINT 1534MIs (RCENT(MI+1,MJ+1)sMJI=109VMAXL)
GO TO 1000

CesessPROGRAM IS SET TO RECYCLEs IN ORDER TO STOP PROGRAM. INSESRT BLANK CARD
C.ooo.AFTER LAST DATA DECK

END

SUBROUTINE RANGE (VMAXU3sVMAXL sRMIN ¢ RMAX )

CeeseeTHIS SUBROUTINE CALCULATES THE LIMITS OF R BETWEEN WHICH THE WAVE
CooeesFUNCTION PSI(VeR) IS APPRECIABLE.

10

[aNaXs]

INTEGER VMAXU»VMAXL

REAL K1

DIMENSION RMIN(2)sRMAX(2)sV(2)

COMMON/RNGPSI /ALPHAL1(2)9K1{2)sRE(2)

V{1)=(VMAXU+e5})/K1(1)

VI2)={VMAXL+45)/K1(2)

DO 10 N=1»2
RMIN(N)SRE(N)-.l*l/ALPHAl(N)*ALOG(1+2*SORT(V(N)-V(N)’*2”
RMAX(N)=RE(N)+.2—1/ALPHA1(N)‘ALOG(I-Z*SQRT(V(N)-V(N)**Zii
CONTINUE

RETURN

END

SUBROUTINE PHI{VMAXsSTATEsRePSIY

THIS SUBROUTINE CALCULATES THE VALUES OF PSIIV) FOR A GIVEN INTERNUCLEAR
DISTANCE R USING THE ASSOCIATED LAGUERRE POLUNOMIALS GENERATED 8Y
SUBROUTINE LAGUERs



NON

10
20

TH
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INTEGER STATEsVMAXsV

REAL KslosX1

DIMENSION L(20)sPS1{2+20)

COMMON /RNGPST Z/ALPHAL1(2)9sK1(2)RE(2)

COMMON/PSIG/GAMLGL(2)

K=K1({STATE}

ALPHAZALPHALISTATE) :

ZaK*EXP{=ALPHA®(R-RE(STATE}}) )
PSI(STATE,I)!EXP(.S*(ALOG(ALP}A)-GAMLGI(STATE?)*((K—l.l/Z.).ALOG(Z
11=2/24)

IF (VMAX4EQe0) RETURN

CALL LAGUER(Z sKsL o VMAX)
PSI(STATEpz)-PSI(STATE.I)’SQRT(K'S)*LlZl/tZ*L(l"

IF (VMAX.EQel} RETURN

DO 20 V=2sVMAX

IF (ABS(LIV+1)/L(V})sGT4500s) GO TO 10
PSI(STATE¢V+1)=PS!(STATE;V)'SQRT((K-V)*(K°2*V°1)I(V’(K‘Z’VOIl)).L(
1IV+II2LZHL VYY)

GO TO 20 ’
PSI(STATEtV+1):PSI(STATEoV-ll'SQRT((K-V)'(K*Z'V—l,'(K“V+1)/(V*(V-l
1)#(K=2%V43) ) Y RLIVHT) 7 (20020, (V~1))

CONTINUE )

RETURN

END

SUBROUTINE LAGUER(Z.K;Y.VNAX,
IS SUSROUTINE CALCULATES THE VALUES OF THE ASSOC!ATED LAGUERRE

POLYNOMIALS LSUBV(Z) THROUGH A RE-ITERATIVE PROCESS AND STORES THEM

IN

20

30

TH
10
15

20

AN -ARRAY WHOSE INDEX IS (V+1),
REAL K

INTEGER VMAXsVeR

DOUYBLE PRECISION SUMsL
DIMENSTION L({20)sY(20})

Lil)=21,

Y(1y=1,

L{2)22=(K=2)

Y({2)=z2=(K=2)

IF (VMAX4.EQel} RETURN

DO 30 V=24VMAX :

LAVERTESY

SUM=0e

DO 20 R=0s1lV .
SUM=SUM+FACT(V=11#FACT(2%R)/{FACT(V~1=R)I#FACT (R} #FACT(R+1))0L(V-R)
CONTINUE

LUV ) =28 V)~ (K=24 %V ) #SUM
Y{V+1i=L{V+]l}

CONTINUE

RETURN

END

FUNCTION FACT(1)

1S SUBPROGRAM COMPUTES THE VALUE OF I FACTOR!AL WHERE I IS AN INTEGER,
IF (14EQeO04ORsI+EQe1} 10415

FACT=1, -

RETURN

FACT=1,

DO 20 J=2»1

FACT=FACT#J

RETURN

END
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- 2. Program IFSHAPE détermines the integrated band shapes given the
.vibrational and rotational spectroscopic constants Te, Wyy WX 5 WY s
B, O, Ye, and D for each electronic state as well as the values of
the assumed rotational temperature (T), the spectral slit width (SPSW),
the time to scan the spéctrai slit width (TE) and the RC timé constant
(TAU). The program, as listed, performs caiculations for single section
filtering 5£ly§ Aiso neededare.the-valuésrof &' (JUBEG té JUEND) and
v" (JLBEG to JLEND) fbr‘which the band shapes are to be calculated. The
profile is printéq out for each band and a list of wavelengths, inten-~
sities, and code fof fhe band, sorted iﬁ order of iﬁcreasiﬁg;wavelength,
is stored on magnetic tape for further calculations.

The vibrational levelsvare calculated.by functioﬁ VIB and the
sorting performed by subroutine SORTR2 (not listed). Subroutine
LOOKUP5 is used to determine the indices of the P énd R branéh'lines.at

the Iimits of the non-zero range of the spectral slit function for a

particular observation wavelength.

Subroutine SORTR, LRI Identification MI BKY SORTR (ASCENTF), written
by Robert Downs (August 1966). The method is desecribed in a paper by
P, Hildebrandt and H, Isbitz, "Radix-Exchange~- an Internal Sorting

Method for Digital Computers," JuA.C.M. 6, 156 (1959).

5 Subroutine LOOKUP, LRI Identification EI BKY LOOKUP (ASCENTF),

written by William Dempster (July, 1967).
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PROGRAM IFSHAPE{ INPUTsOUTPUT»TAPES)

DIMENSION EM{200)sWLA(300) +SUMAL200) sL{200)sREXP(150) sPEXP(150)s
1X{(11)

OIMENSTON A{242009177)sINTA(2+2009177)

DIMENSION MASK1(3)

COMMON A

COMMON 7V /X

EQUIVALENCE (AsINTA)

INTEGER RBsREsPBsPE

SPEC1(Z)=(Z-1¢+EXP(-2))/TI

SPEC2(Z)2(2%#TI=2+1e+(14=-2#EXTI)REXP(~2))/TI.

SPEC3(2)=(1e~EXTI)#22%EXP(~Z)/TI '

CORR(Z)=1e/(1e+2668068E~4+1224TBE~16%2%%#243,3E=24%Z%%4)

RoT(M)-(evu+BVL)*M+(BVU-BVL—ovu+DVL)*M**Z-Z*(DVU+DVL)*M*ia-tnvu-ov
1L ) #MERg”

FORMAT (8E10,0)

FORMAT (I19144315)

FORMAT (15.512.3»5(110.512.3!)

FORMAT (# VS =%]3,S5Xs#VSS =%13//)

FORMAT (/7/)

FORMAT (1H1919Xs#THE FOLLOWING BAND SHAPES ARE. FOR A SPECTRAL SLIT
1 WIDTH EQUAL TO#FG6.2% ANGSTROMS AND ASSUME#/20Xs*A ROTATIONAL TEMP
1ERATURE OF*F5,0% DEGREES KELVIN®)

FORMAT (1141945F10,0)

MASK1(1)=77777B

MASK1(2)=0

MASK1(3)=0

READ 1s{X{I)sI=1sT)

READ 1+BEUsAEUsGEUsDVUsBEL 9sAEL sGEL sDVL

NL=120 ’

NLL=2#NL -

READ 401oJSTOPyIFILEoSPSW»ToTE’TAU

IF (JSTOP,EQel) STOP

PRINT TsSPSWeT

PRINT T7sTEsTAU

FORMAT (1HO»19X*TIME TO SCAN SPECTRAL SLIT WIDTH =#FS.1# SECONDS A .
IND RC TIME CONSTANT =2#F5,2% SECONDS*#/20X*SINGLE SECTION FILTERING*
2) ‘

TI=TE/TAU

EXTI=EXP(T)

INDX=0
READ 29JLAST» JUBEGs JUEND s JLBEG» JLEND
DO 300 JU=JUBEG»JUEND
BVU=BEU=AEUR( JU+45)+GEUR ( JU+¢5) ##2
PEXP(1)=1,

REXP(NL)=EXP((—BVU*NL*(NL+1)+DVU*(NL‘(NL+1))**2’/(.695029*T))

DO 50 N=2sNL
PEXP(N)=EXP{ (=BVUSN¥{N=1)+DVU* {N#(N-1))2%2)/(4,695029%*T})
REXP{N=1)}=PEXP(N}

CONTINUE ]

DO 300 JL=JLBEGsJLEND

BVL=8EL=AEL®(JL+¢S5)+GELR(JL+45) #%2
VI=VIB(JU+.59JL+.S)

DO 100 N=1sNL
«P BRANCH INTENSITIES AND WAVELENGTHS (CORRECTED FOR AIR)

EMINI=(VI+ROT {=N)) #x3#N#PEXP(N) *BVU/T :
WLAIN)=14,E8/{VI+ROT (=N} )#CORR{VI+ROT{=N})
oR BRANCH INTENSITIES AND WAVELENGTHS (CORRECTED FOR AIR}

EMIN+NL IS {VI+ROT (N} ) #%3%XN*REXP (N)#3VU/T
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WLA(N+NL)=1.E8/(VI+ROT(N) ) *CORR(VI+ROT(N))
100 CONTINUE
MVER=—(BVU+BVL )/ (2%{BVU~RVL})
IBEG=WLA(MVER+NL ) ~SPSW*2,
1END=1BEG+199
IWL=0
INDX=INDX+1
IND=JL#13+JU+1
DO 210 IW=1BEGsIEND
IWL=TWL+1
LOIWL)=1W
TINTA(1sIWLs INDX)=IW
wL=IW
SUMA(IWL)=0s .
CALL LOOKUP{WLAsNL sWL~SPSHWsPBsMYB)
CALL LOOKUP({WLAWNL sWL+2*SPSWyPESMYB)
CALL LOOKUP(WLA(NL+MVER+1) sNL~MVERyWL=SPSHsRBsMYB)
CALL LOOKUP{WLA(NL+MVER+1) sNL-MVERsWL+2RSPSWsRESMYB)
IF (RB+RE+EQs0}) GO TO 150
IF (RBeEQeOsANDREGNELO) 1179118
117 RB=1
GO TO 119
118 RB=RB+1
119 DO. 120 J=RB4RE -

-~ JJ=I+NL+MVER
TT=(WLA(JI)-WL)/SPSW+1,
ISPEC=TFIX{TT)-1

TT=TT*T1
IF{ISPEC) 1191,1192+1193
1191 SUMA{IWL)=SUMA(IWL)+SPECLITT)REM(JIS)
GO TO 120
1192 SUMA{IWL)=SUMA{IWL)+SPEC2(TT)*EMIJIY)
GO TO 120
1193 SUMA{IWL}=SUMA(IWL)+SPEC3(TT)*EM(IN)
120 CONTINUE
IF(PB.GEsl) GO TO 125
IRB=NL+1
IRE=NL+MVER
DO 110 I=1RBsIRE
TT={WLALI}=WL)/SPSW+1.
IF (TTeLEeOesOReTT4GToa24) GO TO 110
ISPEC=IFIX(TT)-1
TT=TT*T]
IF (ISPEC)1091+1092+1093
1091 SUMA(IWL)=SUMA(IWL)+SPECI{TT)*EM(T)
GO TO 110
1092 SUMA(TWL)=SUMA{IWL)+SPEC2(TT)*EM(I)
GO TO 110
1093 SUMA(IWL)=SUMA(IWL)+SPEC3{TT)*EM(T)
110 CONTINUE :
125 IF (PB+PEJEQs0) GO TO 150
IF (PBsEQeOsANDsPEJNESO) 1274128
127 PB=1 T
GO TO 129
128 PB2PB+1
129 DO 130 J=PBsPE . :
' TT=(WLA(J)=WL)/SPSW+1.
ISPEC=IFIX(TT)-1
TT=TT#T1 :
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IF (ISPEC) 12919129201293
1291 SUMA(IWL)= SUMA(IWL)+SPEC1(TT’*EM(J)
GO TO 130
1292 SUMA(IWL)=SUMA(IWLY+SPEC2(TT)#*EM(J)
GO TO 130
1293 SUMA(IWL)= SUMA(!WL)+SPEC3(TT)QEM(J)
130 CONTINUE
150 CONTINUE
A(Z’INL'INDX)‘(SUMA(IWL).AND..NOT 7778) «ORGIND
210 CONTINUZ
PRINT 6
PRINT &4sJUsJL
DO 280 1I=1934
JEND=1+4170
280 PRINT 30(L(J)tSUMA(J)oJ*I!JEND’B“)
300 CONTINUE:
IF (JLAST.NE.1) GO TO 8
ZeseessARRAYS ARE REORDERED IN ORDER OF lNCREASlNG WAVELENGTH
CALL SORTR(A»=35400s29sMASK1)
NAME=THIFSHAPE
IF (IFILE.EQ.0} GO TO 360
NFILE=1.
NAME=THIFSHAPE
READ (5). NNAME
IF (NNAME.NE.7HIFSHAPE)3010305
301 PRINT 302
302 FORMAT (lHlo*WRONG TAPE*)
STOP
305 IF (IFILELEQel) GO TO 365
310 DO 350 I1=141000
READ (5)
IF (ENDFILE 5) 3559350
350 CONTINUE :
365 NFILE=NFILE+1
IF (IFILE.EQeNFILE) 3605310
360 WRITE t5) NAME
365 WRITE (5) SPSWeT
DO 370 J=1+177
TA=200%(J-1)+1
I1B=1A+199
WRITEKS)(!NTA(I.!)0A(291’OI=IA’IB)
370 CONTINUE
END FILE 5
GO TO 75
END
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FUNCTION VIB(A#B)
DIMENSION C(3)
COMMON/V/X(11)
DATA C€/319¢9295692654/
IF (AeGTe%e6) GO TO 20
VIB=X(1)4X{2) RA4X{ ) RARR2EX(4) #ARRIX(5)#B=X{6) #BHN2=X(T)RBR*3
RETURN . .
20 I1=A-9.5
VIB=X(1)+X(2)*9-5+X(3)*9.5**2+X(4)*9.5**3fX(5)*8‘X(6)*B'*Z-X(7)*8*
1%3 : e B : . :
DO 25 J=1,1 :
VIB=vIB+C(J)
25 CONTINUE
RETURN
END
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3. Program IFVMT, using the band shapes computed by program IFSHAPE,
calculates the set of vibrational populations giving the beét fit to

the observed spectrum. Tt assumes'that_the Franck~Condon factors have

~ been multiplied by‘Regt;v'v")' Details concerning the input parameters

are given in the comment cards. The wéNelength responée“correction
faetors begin at X = 4300A end'are supplied at 5OA‘intervels.
Input-ouﬁput'isvperformed by the main program as well as corrections

of the raw intensity data. The A array_is calculated in subroutine

FUNCTA. In subroutine CALC the setting up of the least squafes problem

and calculation of the standard deviations in relative populations and

‘temperatures, based upon the variance-covariance matrix supplied by

-subroutine VARIA, takes place. Vibrational temperatures'are calculated

in subroutines VIBTEMP and spec¢trometer wavelength corrections in

subroutine LAMCOR. Subroutines ARRAY and TPREAD read the band shapes

from the magnetic tape and set up preliminary arrays from which the A

fumetrix is caiculated.

The center of this program, the least eqﬁafes calcuiation, is
performed by subroutine package LSQVMTh (not listed) which.has been
modified for use as a subroutine rather than as.a main progrem. The
fitting function is defined in subroutlne TABLE.‘.

Calculatlon of the complete computed spectrum is performed by sub-~
routine GRPREP. It and the plottlng subroutlnes GRAPH 1-and GRAPH 2 have

not been listed.

'

Program LSQVMT, IRL identification E2 BKY LSQVMI (FORTRAN), written
by Eric Beals (November 1966). The method is due to W. C. Davidon, as
described in "Variable Metric Minimization,” Argonne National Laboratov\

Report ANL: 5990 (Revs 1959).
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PROGRAM IFVMT{INPUT»OUTPUTsTAPE3= OUTPUTOTAPEIQTAPEQoTAPE5’TAPE6)
[T YY GENERAL COMMENTS
Ceoooe
Cooeee THE PURPOSE OF THIS PROGRAM (WHEN USED IN CONJUNCTION WITH PROGRAM -
Cesese IFSHAPE) IS TO DETERMINE THE RELATIVE VIBRATIONAL POPULATIONS (AND
Coeoees TEMPERATURES) OF THE FIRST EXCITED ELECTRONIC STATE OF IODINE MONO-
Ceeees FLUORIDEs. THE GENERAL METHOD 1S TO SOLVE THE MATRIX EQUATION AX=8 BY
Ceooeees USE OF A VARIATIONAL METHOD LEAST SQUARES LIBRARY ROUTINE.s THE A MATRIX =
Ceeoee 1S ASSOCIATED WITH THE EXPECTED CONTRIBUTION FROM EACH VIBRATIONAL BAND
Cessee AT A PARTICULAR WAVELENGTHe THE SHAPE OF THE BANDS IS DEPENDENT ON BOTH
Ceeoes THE SPECTRAL SLITWIDTH AND THE ROTATIONAL TEMPERATURE OF THE EMITTING
Cesaoss MOLECULES. THESE INDIVIDUAL BAND SHAPES ARE GENERATED BY PROGRAM
Ceeoes IFSHAPEse THE B VECTOR 1S COMPOSED OF THE OBSERVED INTENSITIES AT
Cesoee VARIOUS WAVELENGTHS 'AFTER THE RAW INTENSITIES HAVE BEEN CORRECTED FOR THE
Ceoeoe RESPONSE OF THE SYSTEMs THE X VECTOR IS THE SOLUTION VECTORs 1.Es
Cesese THE DESIRED RELATIVE POPULATIONS OF THE VIBRATIONAL LEVELS OF THE
Ceseees A STATE OF IODINE MONOFLUORIDES
DIMENSION RELINT(35400)OINDXWL(3OOO)’A(130850)!X(13153(85091)0
1PARCOR{10) sWLRSPNS{70)sDAT(850) s ILAM(850) s JLAM{850) +PAR(850)
28B(850)9SIGMAL1(13)sSIGMA2(13)sFACT(273) :
DIMENSION VIBPOP(13)QTITLEA(13)’TXTLEB(13)OXPLOT(3000)0YPLOT(3000)
DIMENSION NU(S)sTVIBI(13) ]
REAL NUsILAM
INTEGER PAR
EQUIVALENCE (Bs+88) .
COMMON/1/RELINT s INDXWL s A9 X o FACT9ASTART
COMMON/2/XPLOT s YPLOTsNs JLAM9BB M .
COMMON/4/LTPoMTPHIFILE
COMMON/S5/IBESTsTITLEBsDAT
COMMON/SGMA /S I GMA1
DATA PARCOR/953639480419195¢9+98¢26048¢93919¢77910e07944897924004
11,000/ '
CeeeesREAD FRANCK CONDON FACTORS FOR 1ODINE MONOFLUORIDE
READ 39 {FACT(1)91=14234}
CevoeoREAD RELATIVE WAVELENGTH RESPONSE CORRECTION FACTORS FOR OPT!CAL SYSTEM
READ 35 {WLRSPNS(1I)s1=21967) :

3 FORMAT (B8E1043) ' .
CeescosREAD WEIWEXESWEYEIWEZEIWETE FOR UPPER ELECTRONIC STATE OF IODINE MONO-

" Cesenee FLUORIDE. THESE CONSTANTS ARE USED IN THE CALCULATION S OF VIBRATIONAL
Ceoeee TEMPERATURESS
READ 39 (NU(1)s1I=195) )

CeooeeTHE FOLLOWING CARD CONTAINS DATA AS FOLLOWS
CoessseM EQUALS NUMBER OF DATA POINTS (NOT TO EXCEED 850)
CoeseeEITHER OF THE -FOLLOWING OPTIONS MAY BE EXERCISED
CeoeesFOR ICHOICE = 1s WAVELENGTH MUST BE SPECIFIED FOR EACH INTENSITY
CeeseoREAD INs
CeeeeeFOR ICHOICE = 29 FIRST INTENSITY CATA POINT IS FOR WAVELENGTH =
CeoeeoeLBEGIN AND SUBSEQUENT POINTS ARE SPACED AT INTRVL WAVELENGTH
Coeseo INTERVALS FOR A TOTAL OF M POINTS,
CeoseoefFOR ICHOICE = 34 EXPERIMENTAL DATA KEPT SAME AS FOR PREVIOUS RUN -
Ceseees GRAPH OJPTION MAY BE CHANGEDa
CeseeosFOR ICHOICE = &4,ROTATIONAL TEMPERATURE KEPT SAME AS FOR PREVIOUS RUN
CooeeeFOR IGRAPH = 19 NO POINTS WILL BE PLOTTED.
CosseeFOR [GRAPH = 29 THE EXPERIMENTAL POINTS AND POINTS CALCULATED AT ONE
Cesees ANGSTROM WAVELENGTH INTERVALS WILL BE PLOTTED.
CoeeeeoFOR IGRAPH = 34 SAME AS FOR IGRAPH = 2 EXCEPT GRAPHS ARE LARGE

4 READ 5+ISTOPsMsIFILEs ICHOICE s IGRAPHsWLPAP .

5 FORMAT (11+1403159F10.3)

IF {ISTOP.EQs1) GO TO 110
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IF (ICHOICE«EQe4) GO TO 7000

CeenaeSKIP TO THE IFILE TH FILE ON DATA TAPE

10
1000

11
12

IFILE=MOD(IFILE.7)

REWIND IFILE

READ(IFILE) NAME

IF (NAMEJNE4THIFSHAPE) GO TO_IOO
READ (IFILE) SPSWsT

LTP=201 |

MTP=35400 :

CALL ARRAY(RELINTOINDX"L’ASTART,
FORMAT (1H1)

READ 7o (TITLEA(I)9eI=1+8)

" FORMAT (13A10)

CALL CENTER(TITLEAQSOT!TLEBOBO)
GO TO (891093348) ICHOICE

READ 9I(ILAM(I”DAT‘])QPAR‘I”I’l’M’
FORMAT (5(FBe29F6e3912))

GO TO 14 - - ,

READ 1000+LBEGINsINTRVL

FORMAT (215) .

ILAM{1)=LBEGIN

DO 11 I=2sM
ILAM(T)=TLAM({I=-1)+INTRVL
CONTINUE )

READ 12+ (DAT(I)sPAR(I)sI=21sM)
FORMAT (10(FT7e49I1))

Cesees CORRECTION OF RAW DATA FOR RESPONSE OF PAR LOCK-IN AMPLIFIER AND
CeessesFOR SPECTRAL RESPONSE OF OPTICAL SYSTEM

14

16

17
18

20

20
33

62

70

72

75

76

DO 30 L=1sM
ID=PAR(L)+1

IWVL=IFIX(ILAM(L)=4250)/50

KLAM=IFIX{ILAM(L)}/50#50

IF {(KLAM=TIFIX¢ILAM(L))) 18417918 .

WVLCOR=WLRSPNS(IWVL)

GO TO 20
vaCOR-((50+KLAM-ILAM(L)y*wLRSPNS(leL)+(tLAM(L)—KLAMa*wLRSPnstrwv
1L+13})/50

DAT(L)=DAT(L)*PARCOR(ID}. -

IF (DATI{L)eLTe0s) DATIL) = O,

B(L)=DAT(L)}*WVLCOR%#14E=~13

CONTINUE

CONTINUE

CALL LAMCORI(Ms ILAM JLAMsWLPAP)

IBEST=1

CALL FUNCTA ' :
FORMAT ( 19X s #SPECTRAL SLITWIDTH =%#sF5,29% ANGSTROMS#410Xs#ROTA
1TIONAL TEMPERATURE =%4F5,04¢% DEGREES KELVIN®*#///} _
IXMAX=0

XMAX=X(1)

DO 72 I=2413

IF (x(r).LE.XMAX) GO TO 72

XMAX=X(1)

IXMAX=1-1

CONTINUE

DO 75 1=1,13

VIBPOP({I)=X{1)/XMAX -

CONTINUE )

PRINT T6+(TITLEB(I)s1I=198)

FORMAT (1H1926X9s8A10}
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PRINT 77QIXMAX;XMAX '
77 FORMAT(IHO:QZX.*ABSOLUTE POPULAT[ON FOR VS =He]2e% EOUALS*QEIO.B// .
1/7) .
PRINT 62+SPSWsT ) -
CALL VIBTEMP(NUaVIBPOPoTVIBoSIGMA‘oIXMAXl ‘ :
PRINT 80sIXMAX e
80 FORMAT (7Xs*VIBRATIONAL POPULATIONS AND TEMPERATURES (RELATIVE TO :
1V$ =%,12,%) FOR THE UPPER ELECTRONIC STATE OF .I0ODINE MONOFLUORIDE*
2/77)
85 FORMAT (22Xs#V$ “';IZ’2(10XOE10.3)OZ(IOXiFI0.0)//!
DO 90 I=1,13
IX=1=1
90 PRINT 8591X9VIBPOP(I)OSIGMAI(I)oTVIB(I)oSIGMAZ(I’
CALL GRPREP
99 GO TO 4
100 PRINT 101
101 FORMAT (1H1s#TAPE NOT LABELED SHAPE - PROGRAM STOP#)
o PRINT 105, IFILEsNAME
105 FORMAT (# IFILE =%314s% NAME = #,020)
110 CONTINUE . :
120 STOP
END

SUBROUTINE FUNCTA
DIMENSION SIGMA1(13) '
COMMON/I/RELINT(35400)91NDXNL(3000)'A(139850)nX(l3)oFCFACT(273"
1ASTART
COMMON/Z/XDLOT(3000)oYPLOT(BOOO)’NoJLAM(SSO)988(850)0M
COMMON/5/IBESTsTITLEB(13)»DAT(850)
COMMON/SGMA/S IGMAL :
Ceeess CALCULATION OF A ARRAY
DO 5 J=1913
DO 5 I=1,4850
A(Js1)=0,.
5 CONTINUE
DO 20 IM=1sM
NBIN=JLAM(IM)~IFIX(ASTART)+1
LOCN=MOD{ INDXWL(NBIN)»40000)
KOUNT=INDXWL{NBIN) /40000 i’
IK=LOCN+KOUNT~1
DO 10 IL=LOCNsIK
K=RELINTUIL)4AND«T777B
IV=K=(K=1)/13#13
REL=RELINT(IL)+ANDe4NOT«7778B
10 A{IVsIM)= A(IV,IM)+REL*FCFACT(K)*1.E-13
20 CONTINUE !
CALL CALC(AsXs38sMsTITLEBSDATsSIGMALl 9 IBESToFBEST s JLAM)
RETURN '
END

SUBROUTINE CALC(AsX9sBsMsTITLEBIDATsSIGMAS IBESTsFBESTsJLAM) g -
DIMENSION A(135850)sX{1351)sXX{13}s10LD(13)sB(850s1)sTEST(13)
1T!TLEB(I3)oDAT(BBO)oVAR(ZOoIB)9S[GMA(13)9WEIGHT(850)oBRAVAR(13]9
2YCALC(85C)9S1G(13)sJLAM(850)

COMMON/VIBA/BRAVAR N o : 5.
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COMMON/TABL/1ORDER
COMMON/BEST/FBEsFERRoXXsXERR{13)s1Bs ISAME
COMMON /CALF/WEIGHT » YCALCoNAsNBsNCs CHAR( 8)
FORMAT (1Xs#YOBS~YCALC~WEIGHT=INDECENDENT VARIABLES*//)
FORMAT (1H1,8A10//)
FORMAT (110s3Xs13E942)
FORMAT (///(10E1243))
TORDER=0D
DO 20 I=1,13
TEST(1)=0,
DO 5 J=1lsM -
TEST(I)=TEST(II+A(TsJ)
5 CONTINUE
IF (TEST(I)eEQeDe) GO TO 20
IORDER=I10RDER+1
DO 10 J=14M
10 A(IORDERyJ)=A(Is M)
IOLD(IORDER) =1
20 CONTINUE
DO 21 I=1yM
WEIGHT(I)=1./(ABS(DAT(!))+.36)
21 CONTINUE
. DO 6 I=198
CHAR(IV=TITLEB(I)
6_CONTINUE
=1ORDER & NB=!ORDER $ NC:M
CALL LSQVMT
DO 25 1=1,413
XXCDY=XX(T)en2
SIG(1)=04
SIGMA{ 1)=0,’
25 x(1)=0,
IF (1BESTeNEe1) RETURN
FBEST=FBE
"CALL VAR!A(A.xx.B.wEIGHT.M.IORDERoYCALc.FaEsr.VAR’
DO 40 I1=210RDER
BRAVAR(I):((XX(I)/XX(1))**2*VAR(101,+VAR(l-I)-Z.*XX(I)IXX(I)*VAR(I
1e1))/7XX(1 Y052
SIG(1)=SQRT(3RAVAR(I )}
40 CONTINUE
DO 30 JJ=1,IORDER
J=IORDER+1-JJ
I1=10LD(J}
X(IT)=XX{J)
SIGMA(TII)=SIG(J)
30 CONTINUE
PRINT 2+(TITLEB(I)s1=21+8)
PRINT 1

£ WM~

DO 50 I=1,M

PRINT. 3’JLAM(1)o(A(JoI)'JaloIORDER)
S0 CONTINUE

PRINT 45(3(I)sYCALCII)sI=1oM)

PRINT 55,FBEST ' : )
55 FORMAT "(1HOs#CHISQ = #4E10,3/1H0s#VARIANCE ~ COVARIANCE MATRIX¥*//)
GO TO 66 : . :
DO 65 J=1»IORDER -
PRINT 60s({VAR({JsK) eK=1y IORDER}



60
65
66

Seoee

10

30

10

‘50
100

200

s....
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FORMAT (10E1243) _ v , _
CONTINUE _ %
CONTINUE _ _

RETURN o _ .
“END - ~

«SUBROUTINE VIBTEMP

SUBROUTINE VIBTEMP(NUvX'TVIB'SIGMAZ,XXMAX)

DIMENSION NU(5)9X(13)9TVIB(13)tBRAVAR(lB)’SIGMA2(13)
COMMON/VIBA/BRAVAR ‘

REAL NU : ‘ '
ENERGY(I)= NU(I)'(I+.5)+NU(2)*(I+a5!**2+NU(3’*(I+. YREILNU(4)*([+45
1) %#44NU(SI#(T+45) %%5

DO 10 J=1,13

SIGMA2(J) =0,

TVIB(J)=0,

IF (IXMAXJNEo,O} RETURN

DO 30 J=1y12

IF(X{J+1)eLEeOs) GO TO 30

EN=ENERGY (J}~ENERGY(O) )
TVIB(J+1)==EN/(4695029%ALOGIX(J+1)))

SIGMA2(J+1})= TVIB(J+1)**2*.695029*SQRT(BRAVAR(J+1’)/(X(J+1’*EN)
CONTINUE

RETURN

END

SUBROUTINE VARIA(TDATASXBESTsYOBSsWsNDATA»NPARAMsYCALCsFBESTsVAR)
DIMENSTION XBEST(13)sG(13)

DIMENSION TDATA({135850)sW(850)sY0BS(850)9YCALC(850)
DIMENSION VAR({20s13)9B(20+1)

DIMENSION = 20 FOR COMPATIBILITY WITH MATINV

DO 10 J=1sNPARAM

DO 10 K=14sNPARAM

VAR(J9sK)=0,4 -

DO 100 I=14NDATA

DO 50 J=1sNPARAM

DO 50 K=1sNPARAM

VAR{JsK) = VAR(J;K)+TDATA(J0l)*TDATA(KoI)*W(I)
CONTINUE

CONTINUE

CALL MATINV(VAR.NPARAM.BoOoDET)

DO 200 J=1sNPARAM )
DO 200 K=1sNPARAM ' |
VAR(JsK) VAR(J,K)*FBEST/(NDATA*5/6.—NPARAM)
CONTINUE

RETURN

END

+SUBROUTINE LAMCOR
SUBROUTINE LAMCOR(MsXLAMsJLAMsWLPAP) : .
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DIMENSION JLAM(850)sXLAM(B50)sYLAM(B50)

DATA A930COD’EQF/35.45909874030101561E-6o1.7669.06286370-4020202/
DO 20 I=1sM

XLAM(T)=XLAM(T)+WLPAP

YLAM(I)= A+B*XLAM(I)+C*XLAM(I)**2+D*SIN(E*XLAM(l’+F)

JLAM(T) =YLAM( 1)

IF (YLAM(1)=JLAM(T)eGEse5) JLAM(!’SJLAM(I)¢1

CONTINUE

RETURN

END

SUBROUTINE ARRAY(RELINTsINDXWLsASTART)
DIMENSION RELINT(35400) +» INDXWL{3000)
KOUNT=0

NOLD=1

LOCN=1

DO 10 I=1+35400

CALL TPREAD(ASR)

IF (A+EQele) CALL ABORT

IF (1.EQ.1) ASTART=A

NBIN=A=ASTART+1

_IF (N3INLT.NOLD) CALL ABORT

IF (NBIN.EQ.NOLD) GO TO 5

IF (NSINGNEJNOLD+1) CALL ABORT
INDXWL ( NOLD) 240000 #KOUNT+LOCN . )
KOUNT=0

LOCN=1

NOLD=NBIN

RELINT(I)=R

KOUNT=KOUNT+1

CONTINUE

RETURN

END

© SUBROUTINE TPREAD(WLSREL)
COMMON/4 /1. sMs IFILE

OIMENSION LAMBDA(200)+RELINT(200)
IF (MeGT60) GO TO 1 :

A=zle X

RETURN

IF (LeLEC200) GO TO 2

11=200

IF {(MelLT4200) 1I=M

READ (IFILE)(LAMBDA(l)oRELINT(I)oIIIOII'
L=1

WL=LAMBDA(L)

REL=RELINT(L)

L=(+1

M=M=] .

RETURN

END

SUBROUTINE TABLE(FsGsXsTeM1)
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DIMENSION X(13)»T{13)sG(13)
COMMON/TABL /TORDER

IF (M1+EQel) RETURN

F=0e -

DO 10 I=1,I0RDE
F=F+X{1)#n28T (1}
G(I)=2%X(1)*T(1)

CONT INUE

RETURN

END
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L, calculation of fhe_elecpronic transition moment function is done

by program SSRER. It is quite simllar to the preceding program in opera-
tion, many of the subroutines uéed being the same (énd fherefore not
listed a second time). OF course, the.Franck-Condon faétors‘are not
assumed to be multiplied_by Reg(;v’v“); The transition matrix elements

based on a trial transition moment "function" (see Sec. III-B~4) are

“"calculated in subroutine CALFUN. 'Subroutiné SSQMIN5 Va?ies both the

transition moment parameters and the vibrational populations so as to
minimize the sums of the squéres of deviatiqné between the observed

and best-fit computed spectra. Lagrangian intérpolation of the tranéitioﬁ
moment function between selected points is’performed by.subroutine

LAGINT.6

sgbroutine SSQMIN, IRL identification EL BKY SSQMIN (FORTRAN),
written by'Eric.Beals (Nbvémber 1965)., A detéiied description-of the
method may be fouhd in "A Method for Minimizihg a Sum of.Squares of
Non-Linear Functions without Calculating Derivatives" by M. J. D. Powell,

The Computer Journal (January 1965).

Subroutine LAGINT, ILRL identification Ei EO LAGT (FORTRAN), written
by James Eusebio (July, 1964) and modifiéd by S. Gabelnick and S. E.

Schwartz (June, 1968).
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PROGRAM SSRER(INPUTsOQUTPUT+TAPE3=0UTPUTsTAPEL) ) ]
DIMENSION RELINT(35400) ¢ INDXWL {3000)9A(850913)9B{850)+DATIBS50) .
1ILAM(850) s JLAM( 850 ) sWEIGHT (850} oPAR{ 851 ) sWLRSPNS(70) »FCFACT(273)» ’ i
2FACT(273)ORCENT(273)QPARCOR(10)OF(850)'X(30)OE(3°’ B
REAL TtLAM : i
INTEGER PAR ) .
COMMON /CAL/FACTsRCENT»A9BsWEIGHT ) e
COMMON/I/RELINTQ!NDXHL’JLAMQASTART
COMMON/4/LTPsMTP IFILE -
COMMON W{26000)
DATA PARCOR/953.3!480.1019509098026048-93919077910.07!4.89792a0040
11,000/
Ceees sREAD FRANCK. CONDON FACTORS FOR 10DINE MONOFLUORIDE
READ 29 (FACT{1)sRCENT(I)91=19234)
2 FORMAT (8Xs2El444)
CeoeeoREAD RELATIVE WAVELENGTH RESPONSE CORRECTION FACTORS FOR OPTICAL SYSTEM
READ 3,5 (WLRSPNS(I)sI=1467)
3 FORMAT (8E10,43)
READ 4sMaNoWLPAP : i
& FORMAT (2159F5.0) )
CessssSKIP TO THE IFILE TH FILE ON DATA TAPE
IFILE=1
REWIND IFILE
READ(IFILE) NAME
IF (NAMEJNE.THIFSHAPE) GO TO 110
READ (IFILE) SPSWsT
LTP=201
MTP=35400
CALL ARRAY(RELINTs» INDXWLSASTART)
8 READ 9s (TLAM(T)sDATII)sPAR(I)sI=19M)
9 FORMAT (5({F8,29F6¢3512)) )
READ 10s(X(I)sI=1sN)
READ 10s(E(I)sI=1sN)
10 FORMAT (8E10,3)
Ceooe o CORRECTION OF RAW DATA FOR RESPONSE OF PAR LOCK-~IN AMPLIFIER AND
CeeseeFOR SPECTRAL RESPONSE OF OPTICAL SYSTEM .
14 DO 30 L=14M
10=PAR(L)+1
16 IwvL=IFIX(ILAM(L)=-4250)/50
KLAM=IFIX(ILAM(L))/50#50
IF (KLAM=IFIX(ILAM({L)}) 18417418
17 WVLCOR=WLRSPNS(IWVL)
GO TO 20
18 WVLCOR-((50+KLAM-ILAM(L))'WLRSPNS(YWVL)+(ILAM(L)-KLAM)*WLRSP”S(INV
1L+11))/50
20 DAT(L)=DAT(LY*PARCOR(1ID)
1F (DAT(L)eLTeO4) DAT(L) = Os
B(L)=ODAT{L)*WVLCOR®14E-13
WEIGHT(L)=14/SQRT{ABS(DAT(L))+e36)
30 CONTINUE
- CALL LAMCOR(M.ILAMtJLAM'NLPAP)
IPRINT=0
"ESCALE=100
MAXFUN=5000
CALL SSQMIN(M0N'F0X'EQESCALEOIPRINT.MAXFUN’ . o
DO 50 1=1,12 : _
X=X (1) w2 3,
50 CONTINUE . : :
FBEST=0.
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100
105

62
110
115
120
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DO 100 I=}]»
FBEST=FBEST+F(I)**2

CONTINUE

“PRINT 105oFBEST.(XlI)o!=loN)
FORMAT (1H1sE1043/(1H04E10.3))
PRINT 62sSPSW»sT

FORMAT ( 19X s *SPECTRAL SLITW!DTH —*tF6.2o* ANGSTROMS*.IOX,’ROTA

1TIONAL TEMPERATURE =#sF5,0s% DEGREES KELVIN®///}
sToP : _
PRINT 115°

FORMAT (#1MERE WE GO AGAIN =~ BAD TAPE®)

PRINT 120sNAME

FORMAT (* NAME =% 020)

sTOP

END

SUBROUTINE CALFUN{MsNsFsX)

DIMENSION F({850)eX(301sXX(20)sYY{20)+FCFACTI273)

COMMON /CAL/FACT(273)sRCENT(273)sA(850913)9B(B50)»WEIGHT(850)
COMMON/1/RELINT(35400) s INDXWL {3000} s JLAM(B850) s ASTART

DATA XX/1.84010860108701.89'1.9101.9301.95’10970109992003'2.07’
12e12326169020199262192¢239243092465/

DATA YY{1)eYY{(2)sYY{1T)sYY(18)/~ 7000‘6-9’-10059‘025/

DO 1 I=1lel4s

YY(1+2)=ALOG{ABSI(X{(1+12)})}

CONTINUE

DO 2 I=19234

CALL LAGINT{18sXXsYYs1sKsRCENT(I)sRF)

FCFACT(I)= FACT(I,*EXP(RF)*19044**2

CONTINUE .

«CALCULATION OF A ARRAY

DO 5 J=z1913 -

DO 5 I=19850

A{lsJ)=0s

CONTINUE

DO 20 IM=1¢M

" NBIN=JLAM{IM)=IFIX(ASTART)+1

10
- 20

40
80

LOCN=MOD { INDXWL (NBIN) »40000)
KOUNT=INDXWL(NBIN) /40000
IK=LOCN+KOUNT=~1

DO 10 IL=LOCN»IK '
K=RELINT(IL)+AND+7778 : 4
IV=K=(K=1)/13%13
REL=RELINT(IL)«ANDs«NOT47778
A(IMeIVISACIMIIVI+REL*FCFACT(K) #14E=-13
CONTINUE

DO 50 I=1yM

Fi{I)=A(1s1)

DO 40 J= =12°

Flly= F(l’#A(IoJ+1)*X(J)**2

CONTINUE ,
TFUIY=(F(I)=B( 1)) #WEIGHT(I)

CONTINUE T

RETURN

END
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