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PHOTOCHEMISTRY OF IODINE
Joel B. Tellinghuisen-
Inorganic Materials Research Division, Lawrence Radiation Laboratory,
Department of Chemistry,
University of California, Berkeley, California
| . ABSTRACT
A method of atomle fluoreseence spectroscopy has.been developed and
used to.detecttlodlne atons at‘ooncentrations as lou as 1 X lOlO/cmB_ln
severaljphotocnemlcalbbroeesses; The heart of the apparatus.ls a |
solar—bllnd photomult1pl1er having practlcally no sens1t1v1ty to
radlatlon of wavelengths greater than 2500 A, but w1th good response in
the reglon of the two strong iodine atonlc resonance llnes near 1800 A
Electrodeless dlscharge sources are employed to ex01te the fluorescence
under optlmum signal-to—noise.conditions. vThe'method is‘applied to the
problemnof predissociatlon ln.Ie,:end used to study dlffusioniand wallv
reactions of 1od1ne atams. |
Absorptlon measurements at 1783 A and 1830 A yield values of 3.6
nsee and 125.nsec, with uncertainties of 20%, for the llfetlmes of the
and 6shP

6s2P states of atomic iodine. These results, together

5/2 5/2
with relative emission strength measurements, indicate the coupling in
thespu6S'configuration is much closer to the Russell-Saunders case than

has been‘presumed. Molecular iodine is found to absorb the A\ 1783, 1799,
1830, lShh; and 1876 atomic lines with approximately equal facility. The
absorption data at l850 A are used to calculate a rough lifetime of |
105 nsec for the Ie.excited state. Thls value is an order of magnitude
greater then estimates from eXtinctionvmeasurements, suggesting that several

molecular transitions may be contributing to the total abscmption in this

region.
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The qUantumbyield for unimolecular dissociation'of I, (BBH + ) has

been determlned for absorptlon at twelve wavelengths between 5000 A and

6240 A. The yleld is found to increase to more- than 90% at both ends of

this reglon w1th an addltlonal maximum of T2% at 5M6O A (v := 25 27) and

a minimum of 53% at 5900 A (v ? 15 15) These results are further analyzed
in terms of a 20% parallel contrlbutlon to. the total absorptlon from

the H e—X trans1t10n, and a fluctuatlng predlssoc1atlon rate for B —» I& .

The. v'-dependent predissociation explalns the prev1ously reported erratic

v llfetlme-behav1or of the B state. The hlgh yileld at long wavelengths is

partly due to the onset of the Ajﬂlﬁe— X'continuum'absorption, which accounts
for 50% of the total absorption at 6240 A.

‘The recombination of iodine atoms at low I, pressures is found to

‘be a first-order diffusion-controlled heterogeneous process. Fran-the -

Zero-preSsure limiting rate, the "sticking" probability for iodineyatqns
colliding with "smooth" silioa is-.O5- o75. 'The.diffusion constant for
I atoms in I yields a cross section of 89 A for the hard-sphere model
The reaction I + 12 —)IB is seen to be of minor s1gn1f1cance in this study;

a -rough estimate indicates that only one in 6&,000 I-I2 collisions leads

to the formation of T

5
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I.  INTRODUCTION

| The well—known and oft-studded yisible B« X electronic transltion
in molecular iodine.hasvreceived renewed attention'inrrecent years, as
several researchers have reported evidence that spontaneous predissociation
competes with fluorescence and collisional predissociation in debopulating
the B state. Chutglan, Llnk and Brewer (1967) used the phase -shift method
to measure collls1onal self quenchlng cross sectlons and lifetimes over
avrange of values of v', the v1brat1onal quantum number of the exclted
state. Thelr llfetlme results dlsplayed a rather erratlc dependence on v'
and they suggested that a weak spontaneous pred1ssoc1at10n could be contrl-
butug to the total flrst order decay rate and yleldlng anomalously short
llfetlmes in some v1bratlonal regions. Later Chutglan and James (1969)
measured the absorptlon strengths of a‘number of 1nd1v1dual rotatlonal
lines in the dense B e—»X absorptlon spectrum and used the results to '
vcalculate total radlatlve decay rates. _A conparlson of these rates with
the llfetlme results lndlcated that in the lowepreSSure limit two thirds of
the excited molecules.predissociate at v! = 25 and one third at v"= lﬁ.
Meanwhile Wassermann, et al. (1968a,b) had elaborated on some earlier work
by Bowers and coworkers (l957)>and Mayo‘(l96h) and were using ERS techniques
to follow iodine-atom concentrations under conditions of steady-state photo-
lys1s of I Irradiating at several different wavelengths while varying
the I, pressure from 10” -t to 1071 torr, they»observed,parallél behavior
above and below the dissociation limit of the B state (4995 A) and con-
cluded that 30-60% of the excited molecules decay via'predissociation.
Stelnfeld and co—workers (1969) studled the absorption spectrum at high

resolution in the nelghborhood of the d1ssoc1atlon limit and suggested
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ﬁhét én‘undérlying céntinuum méy.be.confributing sfrongly té the total
ihtensitylin that region. Most recently Wilson and collaboraﬁors (Bﬁéch,
et al.,v1969) have ﬁondﬁcted a nﬁmber-of.exberimenté with ig in a mole-
cular beam éfossea'with a pulsed neodymium laser. Their observatibné.v | K
'indicat€ that excitation to the B state in the vicinity of v' ¥ 53 broduces' \
. : : v

 atoms.by at léastitwo,'possibly three different mechanisms.
i T, . .

; SpontaneouslpredisSociation invI2,

demanﬁs more than.curibﬁs interest.
Until reéently the occurrence of spontéﬁeéus prediss§ciatidn‘in a diatomic
molecule has mofe or lesévimpliéd'fhe'ébsence of.fiuofeSCéncé fran the
"enérgyvievels involved. Convérsely, thé.observation bf fluérescence_has
generdlly béen accepﬁed as prima-facie évidénce for‘the non;existencé_of ‘
predissbciation; .Strongly'allawed prediééociatioﬁs are pfediétéd and

10

found to have decay rates df 107 +to 1012 per second, hence the absence

Of fluoreséence.- Hdwever, the ibdine B-staté.lifetimes run about 10_6‘!
seconds, so spontaneéﬁs prediséociationvmusﬁ be a miliion‘fimES weaker
ih.thisvcase. ‘Furthermofe thé prédissociéﬁion'appears to 6ccur to a grééter
or lesser degree throUghout the B state, whereas strong-predissociétions
are genefally well defined in their eﬁergy dependeﬁée and aie easily
‘described iﬁ terms-of non-crossing fuies for zero-orﬁef BOrn—Opbenheimer

vstates.‘ The existence of weak predissociation in I,‘2 prom@ts one to SuépeCt
that many other diatamic molecules méy be found to Behave similarly on
closer examination. It also illustrates the heﬁristic superiority of the
scattering-well -resonance picture of prédissociation put forth by'Hérris
(1963) and others,'iﬁ which all "discrete" states which exist in the cmtinuum )

of at least oﬁe lower state afe seen to have a finite probability for

spontaneous predissociation. |

Of the works mentioned earlier only the absorption study by Chutjian

and Jamesvgives quantitative results for the predissociative yield of

o
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atoms, and those results are 1nd1rect in that they derive from a comparlson
with the earlier lifetime data of Chutglan, et al In addition the absorp-
tlonbwork glves predissociation rates for only two vibrational levelS'of

tne B state._'ln order to more‘fully understand thelnature of the spontaneous
predissOciation occurring in Igvlt is necessary'to have more detailed
'quantitatiuevinformation for theventire region 5f visiblevabsorption, fran

6300 A to 5OOOIA.' Also, it would be desirable to obtain the results

_ ‘through a procedure Wthh 1nvolves dlrect observatlon of 1od1ne atoms,

:.to further demonstrate that the dlscrepancy between phase-shlft and absorp-
tion decay rates is in fact due to predlss001atlon.

' The steady-state photolys1s experlment of Wassermannrand colleagues
should yleld quantltatlve results, but the 1nvest1gators didn't pursue
the problem past the seml—quantltatlve stage. A careful cons1deratlon
of the klnetlcs 1nvolved in steady—state 1rrad1at1on of I2 with visible
'llght reveals that a direct: comparlson of atom productlon.ln the con—v
tinuum (K < 5000 A) w1th that in the banded portlon of the B <« X absorp-
tion determines the quantum yleld of atoms in a s1mple, stralghtforwazd
manner. Use of a comparlson technique has one tremendous selling p01nt:
Only relative iodine atom concentrations are needed, so treatment of data
is greatly simplified. |

In the present study iodine atoms are detected by observing atomic
resonance fluorescence. The development of the detection method has
‘generated considerable experlmental "fallout # The characterization of
 the iodine atomic excitation source inspired the measurement of absorption
line strengths for ultraviclet resomance lines of both atomic and molecular
iodine. And the ease of detection of iodine atoms under transient as well
as steady -state conditions_led quite naturally to a re-examination of the

_ old iodine-atom recambination problem.
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II. EXPERIMENTAL

Recent advancés in photomultiplier technology have led to the
commercial availability of a.number of "solar-blind" photomuitipliers,
so designated because:of their extreme iﬁsensitivity to visibie radiation
(Samson, 1967, Chpt. 73 Dunkelmn et al., 1962). The photocathodes .
incorporated in these detectors axe_characterized by high work funqtions,
ﬁﬁking possible high gains With very l&w dark currents. The long-wa&e-
lervlgthv cutoffs fall between 2000 A and 3500 A, depending on cathode
.naterial; the shoft-wévelength cﬁtoff is generallyvdetermined by ﬁinddw
material. - W&th'coﬁmoﬁl& used LiF winaows; thése phdtomultipliers éré
sensitive down to.lOSOVA; |
| Solar-blind detectors make possible a relaﬁively simple method ofv
bbsefving trace amounts of radicals formed in certain photochemical'
reaétions. If the fédical of interest has an‘absorptipn'in the ultraf"
violet, then with an approprigté soufce df UV radiétion.it.may be observed
iﬁ absorption énd/or flﬁoréscence'without ihterference.from the visible
of infréred'radiation initiéting the phbtochemical ﬁroceés undervinvesti-
gation.’ In pérticulaf the abilify to observe ultraviélet fiuorescencé
, directly without the aid of a monochromator should enable one to detect
guite small concentrations of radicéls with good signal-to-noise ra tios.
And the fast response time Qf the photomultiplier makes it easy to observe
radicals under transient as well as steady-state condifions.
The iodine atom is Well sﬁited for such experiments. Its resonance
spectrum falls in the vacuum UV region, and the two strong lines at
1783 A and 1830 A can be producedlreadily in an electrodgless discharée.
The transmissivity of fused silica is fair in this region, so with a

properly designed quartz cell-gnd-lamp arrangement a solar-blind photo-



mnltiplier mayvbe utildzed toifollow iodine'atom concentrations in a
number of interesting photochemieal processes.

'In .this ﬁork'we present the results of three loosely-related sets
of experiments: ultraviolet line absorption measurements_for'I and L
(Section‘III), a study of predissociation in 12 (BBHO+U? (Sectien Iv),
and an inﬁestigation of diffusion and wall reactions of I atoms produced
in flash photolysis’(Segtien V). Much of the”experimental»equipment
found application in all of these studiee; so to facilitate future

discussions, we will describe the important apparatus here. Procedural

details for the individual experiments are given in the apprepriate sections.

‘A.  Photomultiplier - v_
The soiar#blind photomultiplier used in these studies was an EMRl
Model 5u1H 08- 18 labeled "extreme solar blind" by the manufacturer.
The tube is of the end on type with a sem1 transparent Cul photocathode
on a 10- mm-dlameter LiF window. The elghteen venetlan-bllnd dynodes

7

produce a gain of 10 at 5960 volts; the correspending dark current is

. given as 5.6XlO_ll amp. Maximum ratings are as followe: supply voltage
-HOOO anode current - lOOu amp, operatlng temperature - 100 C. The
1nstrument is supplled as a potted assembly contalnlng the tube and the
dynode voltage divider in a metal housing, with three leads for high
voltage and signal. The housing is fitted with an "0"-ring tmt provides
a very effective vacnnm seal.

Dunkelman (1962) has given spectral response curves for Cul. For
the particular photommltiplier used here EMR quotes quantum yields of
1.7% and 1.k4% at 1216 A and lh70 A, respectively, dropping off to less

than 10~ % at 2557 A. In addltlon the relative sensitivity of the instru-

ment was determined in this lab by observing its response to six iodine

1. ElectrofMeehanical Research, Inc., Princeton, New Jersey
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_etomicilines froﬁ a- source previocslyvcelibrated with sodium salicylate_
_ahd an RCA 1P21 pﬁotomultiplief; The lattef arrangement is knowniﬁovhave
}a constept reSponse oVer a wide fange of frequencies in the ultraviolet.
" (Samson, 1967, Chpt. 7) Results are illustrated in Fig. la. TFigure 1b o

shows the manufacturer's gain vs. voltage specifications.

_ EMR doeS'not.reooit a respoﬁée time for the instrument, out typical
;valuee for multiplier phototubes are on theiorder'of 10-8 secohds or
lees (RCAVPhotomultiplier Handbook). In flash experiments conducted in
this lao, response fime was limifed by eﬁteroal circuiltry. -

The photomultiplier ig afflicted with one serious operational draw;
bacE@ Under conventional operatiﬁg conditions ofyhigh negativevcathodeF
to-éround'voltages.the tube 1is eubject-to destructive sparklng from the’
LiFhwlndOW'tovnearby grouoded coﬁductofs lf sitﬁated‘inra moderateiVacﬁum
ﬁhere the electrical breakdown resistance of aif is loﬁ. lhe &acuum_
developed by a gooa mechanical pump ls sufficient for sefe:operacioh,'but
precaotions muet be taken to insure that.leéks do not occur while the.
high'ﬁoltage is on the cathode.

B. Reaction Vessels

All cells used in these studies were madexof fused’silice,.Eﬁgelhard
brand or equivalent. The cell used in the predisSociation and recombina-
tion work is illustrated schematically in’Fig. 2. The cylindrical cell
body is about 35 mm in dismeter and 115 mn long. The iodine lamp is
affixed directly to the reaction cell at one end; evacuable ports are
ﬁmuated at the other end, and on the side about 40 mm from the lamp
end, for observation of absorption and fluorescence, respectively.
Windows at the observation ports and between lamp and cell are "Suprasil"
4silica about 13 mm in diemeter. The cell body has two appendages: . a

"cold finger" near the absorption window and a cormection to a right-

l
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angleIWestglass-bfend.greaselees stopcoek directly above it. The stopcocki
is fltted with an "0O"- ring type taper for eonvenient connection to a
vacuum distillation cell., | | '

The Suprasil windows were used to insure good tranenission in the
l8OO A spectral region, however, ihe quality of commercial-grade fused
silica has been 1mproved greatly in recent years, so that 1t is possible
to-use‘the latter with only slight transmission losses.' Several auxif
liary senfces and cells.were eonstiucted fron commercial fused silica
' by‘Amersill and were found te tnanemit dcwnvto.l700.A and slightlyrbelow
quite.setisfaetorily. |

The evacuable obserﬁation porte were designed to evoid absanption
by exygen invthe eir; The Schumann-Runge system of O2 includes band
_ haids at 1785 A and 1830 A the positlons of the two atomic iodine
resonance lines of longest wavelength. Iater studies 1ndlcated that
dhsorption by air amounted to at most 196 abt 1785 A and less at 1830 A
fer.a 10-mm pefh lengtn. However; treces of erganic vapors from stopcocks
and Tygon connecting tubee sevefely attenueted.the ultreviolet radiation,
especially that at 1783 A; so the vacuum seived‘to maintain e:”clean"
space between cell and photomultiplier; |

Wessermann et al. (1968a,b ) reporﬁithat treating cell walls‘with
sulfuric acid reduces heterogeneous iodine atam recambination and
dramatically increases the steady-state atom concentrations achievable

in photolysis of I The predissociation cell used here was treated

2.
in a manner similar to that detailed by the above workers (1968a) in-
volving cleaning with hot alcoholic KOH solution, then hot chromic acid,
and finally rinsing with 50% sulfuric acid. After several rinses with

distilled water the cell‘was placed on a vacuum line'and pumped on for

about 20 hours at 107 torr with liquid nitrogen (LN)traps isolating the

1. Amersil, Inc., Hillside, New Jersey; distributed by Engelhard. This
manufacturer quotes a lower transmission limit of 1650°A. -
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cell and the oil diffus1on pump from the manifold of the va.cuum line.
The cell stopcock was then closed while the vacuum line was opened to
air, so the distillation cell could be charged with resublimed iodine. ,
The.system”wasnthen evacnated to lO-LL torr before the cell stopcock mas
opened, and a portion of the iodine was condensed out on the cell walls
with a piece of df& ice. When the amount.of iodine'collected was
sufficient to'leave cr;stalline lodine in equilibrium with vapor at
room temperature,ithe greaseless stopcock was clOSed and the iodine.was
recondensed in.the cold finger using liquid nitrogen, which gave a thin
iodine film.over a large area; Then the cold.finger_was immersed inv
alcohol at -30 to —ﬁO C and the stopcock to the hiéh vacuum.was reopened‘
-for a fem minutes, allowing part of the iodine and any volatile.impurities
to distill off. With the stopcock closed again, the 1od1ne was sublimed
and condensed again, and the distillation was repeatedb This purifi-

cation procedure was performed several times to compensate for solid -

entrapment of volatile impurities.

Sudcessful acid treatmentvof the cell walls was fraught with frustra-

ting complications, and, it seemed,:a bit of witchcraft. Heating the
cell above about 200 C seemed to destroy the prepared surface. ,Opening
it to air after evacuation had a slightly detrimental but not disastrous-
effect. Too much washing after the final acid rinse gave.poor results.
These’ observations suggest that it is important to have a thin film of
ligquid H SOM on the silica surf'ace.l The hydroxide and chromic_acid

treatments probably serve only to prepare a clean surface over which the

dilute acid solution can spread evenly. Then urider vacuum the dilute

1. These points were confirmed by W. E. Falconer of Bell Labs in a
! private communication. The acid-thin-film interpretation agrees
with the findings of Ogryzlo (1961), which the author regrettably
discovered only after completing the experimental work.
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sulfuriéracid déhyrates slowl& until ﬁhe vapor preSsure is lO_LL torr or
SO,vleaving,a thin film of ratﬁer-concentrated acid.which keeps gaseous
molecules Qﬁt of direct coﬁtact ﬁith the silica sufface.
Acid-tréated.surfaces continue to degass siowly for days, so it
Was impoftaht ﬁo re-evacuate the cell beforé>eéch experimenﬁal run. During
this,opefatiqn the iodine.ﬁas kept frozen in the cold finger with ligquid -
nitrqgen; After échiefement of a good vacuum (5X10—5 torr) the liquid
nitrogen wﬁs feﬁoﬁed and the cold f inger wés.allbwed to warm up |
until the ion gége.indicated rapid ihcfease in iodine pressure.> The
stopcock was closed, the iodine.Waé'%écondensed, and the.stépcock was
redﬁened fbr“repetition of the.ﬁarmup distillation. The procedure was
repeated until the ioh gage indicated that né'vo]atile'impurities were
piecéding the iodine in vaporizationr(usﬁally fhree or four t imes).
Then the stopcock was.closed and the-éell waé'removed for immediéte
collection-éf_data. |
Combination'leak and degassing rates.werevdetermined»by observing
pressure incrementé with the ion gauge and mltiplying by the volume
ratio. (Volume of the cell was 120#5ml; of the vacuum system below the
diffusion pump, ~1.0 liter.) Results of numerous checks showed the cell
was capable of holding wvacuum below 10-2 torr for a day or more; cell
degassing accounted for at least 75 of this "leak" rate, which appeared

to be constant (-.2-.1 mtorr per hour) with respect to time.

The cell used in the iodine atomic and molecular absorption studies
is shown in Fig. 3. The lamp is attached at one end of the absorpﬁion
cell; at the other is an evacuable window designed for direct "O"-ring
sealing to the monochromator with some degree of‘thermal igsolation. In

use the cell was wrapped with insulating asbestos and heating tape and



‘Absorption Cell = |
S XBL ;910;584(5.-

' ~ Fig.' 3
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wafmed to séverai ﬁuhdred degrees C; éo>it was important to insulate the
cell from the monochfomator tobreduce thermal gradients.
Thexabsorpfionicell was Chérged with Ig:on a highvvacuum’system.
Acid treétment was unnecessafy here and,bin fact, undesirabie, as atomé
were to be produced by equilibrium thefmal»dissoaiation...Additional
photolysis-froduced atoms wéuld‘only_complicate.the atomic absorption
experiment. Before filling with I,, the cell was baked out at ~500 C
for about an hour. Then an excess of iodine was condensed in the.cell
by coolihg with a piece éf dry ice. A portion of the iodine was allcwedv

to resublime before the cell was finally_sealed of f,

C. Iodine Lamps

Electrodeless discharge tuBes of vafious designs Werevﬁsed as sources
of atomic iodine radiation in these studiésl‘ They wére ﬁowéred by a
high-frequeﬁéy 100-watt microwave generator (2&50-ﬁégacycle Burdick
"Diaﬁhermy"vMW/EQO), and were bﬁefated in open air under a Type A or
Type C directiohél antenna . Ail sources wére constructed from fused
silica; with "cold fingers" for exterml thermal cantrol of iodine
pressures.' | | | \ -

The lamps were prepared for use with the aid of a distillation cell
which isolated.the operations upstream from the vacuum.manifold by meaﬁs
‘of an'LNl;cOoled trap. PFach lamp was charged with excess iodine and enough
spectroscopic grade argon (~1 torr) to maintain a stable, homogeneous
discharge when the I2 was frozen out at LN -temperatures. High vacuum
was not necéssary in the.preparation of these sources: flushing the system
once or twicé with several torr argon accamplished the same purpose.

The lamps were flamed'several times with a gas-oxygen torch, with and

without the discharge functioning; between flamings lamps were re-evacuated.
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The v181ble output of each source was examined perlodlcally through a
hand Spectrograph The flamlng—evacuatlng refllllng cycle was repeated
untll the dlscharge exhlblted a pure llne spectrum w1th the. 12 frozen out,
ard revealed no promlnent molecular 1mpur1t1es when the cold flnger wa. s
warmed. Then the lamp was sealed off and removed with the torch Carefully
prepared lamps had practlcally interminable worklng llfetlmes.
Someveffort was applied toward optimizing the ulﬂraviolet output of

one source by'monitorihg,the 1830 A line'through a monochromator while .
varying the argon pressure} At the high lerpressure (.03 torr) used in
this test;»the output was quite insensitive fo variations in argon pressure.

" The visible and UV output of these sources is discussediih detail in» |
.Section llI-CL Qualitatively the disChargevranged from a pinkish-violet
appearance at very low,I2 pressures to a bluish-white at.Izvpressureslof
A-.5 torr‘andahigher temperaturee. The visible spectrum consietedlalm0st
entirely of Ar lines’in the former case but was dominated byvlgxmolecular

features and a few strong atomic I lines in the lattera

'D. Visible-Excitation Sources and Filters

Visible;excitation in the predissociation experiment was achiewed
with a tungsten strip lamp in combination with a number of narrow-band
interference filters which spanned the spectrum from M9OQ A to 6300 A.
The lamp ueed was a 6-volt, 18-amp General Electric microscope illumi-
nator bulb (184/T10/2P-6V, SR6 filament); it was operated off a variac-
controlled DC power supply at currents up to 22‘amperes. The interference
filters were purchased from Baird-Atomic; their optical characteristics
are summarized later in this work in Table Y4, which includes corresponiing

calculated excitation regions in the B state of I2.
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An optical p&rémeter.éalibréﬁed to the 1948 temperature scale was
used to determine the brightness temperature at 6500 A of a lamp of the
type used, as a fuﬁction 6f current from 15 to é2 amperes. Thermodynamic
filam?nﬁ temperatﬁres weré then determined with the aid of a nomégram given‘
_ by Rutgérs and déVos-(i95h5: Résﬁi£s‘are displayed in Fig. 4.‘

| Sincé.ﬁhe lamp was té be u%ed iﬁtermitteﬁtl&, Wifh an "oﬁﬁ time of
lO-éO séconds, it was desi:abiei.fo know tﬁe re§eatability of the radiamnce
aﬁlé'gi§en‘curfenf under tﬁé exﬁefimental‘“on—off" conditions. Checks
with a'phbtodiodé and with a ﬁonochromafor-photomultiﬁiief arrangementv_
iﬁdicated this dperétion was feﬁlicable ﬁiﬁhin l%;

InVSbﬁe preliminary_predis;ociation work a GE floodlamp of the
’Cungsten;i.odine type (V-line, DWY, 120V, 650W) was used for visible ex- ,
citation.  This scurce can be run direétiy.off a Variac and produces
more light than the tungste.n strip lamp. AHowéver, tvhe s;;.)iral-c-oilved
filament was not-aé éon&enient fé focusfin*fhe éeil, an&'the‘pfeéenée
of iodihé'in'theblamp was of unkﬁown conéequence in the experimeht. |
'Hencé the.swifch wéé made to fhe strip lamp} The tungsfeh-iodine lamp
was retained’as.a general excitation_sburce for producing large caoncen-
tratiéns of atoms in investigating the efficiencies Qf various wall -
treatments.

Kodak Wratten neutral density filters were used to attehuate the
visible eXéiting iight in some experiments. .They were calibrated singly
and in cqmbination with one another and withvsevefal interference filters
on a Cary 14 scanning 5pectrophotometer; The optical densities appeared
to be additive within l%, which is the order of accuracy of the Céfy

instrument. A check with a monochromator and photomultiplier verified

the Cary results.
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‘Fig. 4. Tungsten strip lamp performance. S is the
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thermodynamic filament temperature.
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E. Flashtube

Xenon-fillea_flashtubes»have been used in.photoqhemical studies for
more than tWent&.years. As early as 1946 Edgerton sﬁggestea their.applica-
tion in color phoﬁography,.bécause theif visible output waé qﬁalitatively
quite similarvto sﬁnlight; At_preéenf'fhey ére wideiy employed in laser-
pﬁmping énd kinetié épeét;oscopié workiwﬁere their ability to produce a
 vefy shbrt, extremelylinﬁense burst of light ié of ?rime’importance.

| Thé flashtuberﬁséd here waé a mbdel FP-5 Xenon flashfubé manufactured
by Xenon.Corpofatioﬁ.l Tﬁé tﬁbe is of the.simple linear design, about 1/4
meter long'with an arc lenéth of 125 mm. The envelope is ciear.fused
guartz, ﬁith a 9-ﬁm outérldiameter. .Thié flashﬁﬁbe is recémmended for
use at voltéges ﬁp to 10 kilovolts and energieé of 500 joules, and can
:be operaféd in avhigh hola-off manﬁer with exfernal triggering of ih |
a thyrétron-ignitrén tfiggeriﬁg ;ifcuit., With propérly deéigned circuitfy
therfiaéhtﬁbe pulse}s 1/5-peak'width can be less than lO micfosecoﬁds.

> flashes.

The tube has a life expectancy of lOu to 10
~ Because of-the'ease of detecting I atoms in UV fluorescence, bower-
ful flashes were not required in these experiments and were in fact un-
desirable. (Too much light introduces thermal complications and non-
linearities in‘the detection.system.) At the same time it wés important
to keep the‘flash-as brief as possible, since:I-étom recombination timés
were .expected to be on the.order of milliseconds. These demands were met

by using a small charging capacitor at moderate voltage as shown in the circuit

diagram, Fig. 5. The‘résistor was included to protect the power supplys

1. 39 Commercial Street, Medford, Massachusetts.
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the systen required 8-10 seconds to recharge between‘flashes if unifcrm
flashes were desired. The tuhe could be fired.externally with a Tesla
coil‘at voltages from 1500 up, and would hold off fairly well up to‘BQOO
volts; the limiting rating for the capacitcr. (At 2800;5000 vclts, the
tube was subject to occasional spontaneou; flashes, Which however, repre-
. sented no real pioblem.) The system nas‘customarily.dperated:at 2500-2700
j vcltS, where the flashea were found to be repeatable to betterithan 3%
in maximum intensity. At these vcltages the energj per flash (CVE/Q)
was 12 15 Joules.b - | | o | |

The time dependence of the flash was 1nvest1gated by displaying the
signal from an RCA 955 phototube on the screen of a Tektronlx 585 oscillo- |
scope.- The light reaching the phototube was attenuated with neutral |
density filters far below the saturatibn level of the tube, where further
attenuation shcwed the response was linearf The tracings were.photographed
on Polaroid film. A cursory check was made on the time dependence at
various wavelengths using Corning Glass filters to select desiredvspectral
regione; the anticipated resuits showed theitime.character of the flash
was constant with respect to wavelength. The characteristic rise-time of
the flaeh was 5 psec,vand the l/3—peak-height timelwas about 12 usec.
The area under the curves showed that about 90% of the total energy was
dissipated in the first 12 usec, with less than 2% of the emission coming
after 25 usec. | |

The Tesla coil external triggering mechanism produced a varying but
uncontrcliable amount of high frequency noise that proved a source of
consternation in recording recombination tracings. It was eventually
abandonedvand replaced by a beautifully simple, absolutely noise-free
alternative, discoveredvlargely by accident. With the external trigger

located near its anode, the flashtube could be fired by simply grounding
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 the‘trigger wire. The tube‘would flash almost without fail at voltagés
above 25QO‘if'thé 1apse'time.between flaéhes was held to less than ~30
seconds. After'i5nger periods the tube had to be "reconditioned" By
‘firiﬁé once of twice ﬁith a Tesla'coil. The performance of the flash-
tube épbeéredkto beléffected negligibly By this change in fhe triggering

"method.

F. Experimental Arrangéments and Sigﬁal Detectia .

1. UltraVioiet Absorption Experiments

In the invesﬁigation’of.ﬁhe icdiﬂe lamp and subsequent ultraviolet
- absorption work, a Jarrell-Ash one-metervSeya-Namioka type Vacuum mono-
cHroﬁator was emﬁibyed with-é grating blazea for 1500 A and having a dis-_
péréion of iO A /mm in the.first order. Siits céuld Be opeﬁed to ;4_mm
providing é maxi mam béndwidthrof 8 A. A grating-dri&ebmechanismfoffered_
twelve scan épéeds ffom 5 té 2500 A per minute. The instrumeﬁt‘waé_ |
capable o'fv'ex)va;cuativon to '1'0'6 torr using fhe' oii diffusion pump, but for
the Spéctral,regibn éf interestv(1650 A to l900vA)-the-mechanical pump
prbdﬁced a quitevsﬁfficient vacuum. All celis and sources Were easily'
attached ﬁo fﬁé face of thé enﬁrance.slit housihg by méans of "O"-riﬁg
éeals,. “ | | o | |
Thé‘Jérrell-Ash instrument could bévusea as a spectrograph by re-
placiﬁg the exit slit housing Wiﬁh a vacuum camera attachment. The film
holder took 35-mm films; Kodak SC-5 and lOl—Ol.films served quite satis;
factorily; Each. exposure spanned about 500 A, and five exposures could
be put on a film. Aberrations in the concave grating and Minute vibra-
tions from the mechanical pﬁmp both caused extensive blurring of
sharp spectral featdres, so it was necessary to mask down the grating
beforehand and turn off the pump for short periods when taking pictures.

The latter procedure presented no difficulty as the system was capable
. .
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of maintaining a vacuum below ~.l1 torr for thirty to forty;five minutes.

When'the instrument was used as a monochromator, a sodium salicy-
late fluorescent window was used to COnvert.the ultraviolet light to visible
phbtons Which coﬁld be detected with an RCA 1P21Iphotomultiplier. Thé
fluorescent window was prepared in a manner_similér to that described by
_Samsoﬁ (1967;.p. 212). A dilute aqueous sodium salicylatevsolﬁtion was
pfepared aﬁd several drops of it was spréad over the Windcwbsﬁrfacé in
a manﬁer designed to produce a desiréd fhickness bf befwéén.l and 2 mg/cm2
of fche'-bhbsphof. The solution was dried rapialy with the aid of a heat
gun in order té produce ahveven sﬁrface of_small crystalé;

Thé lPEi photomultiplier tube was used at potentials as high as 1200
Volts in’a.liﬁéar voltage-divider circuit as recommended by the manufac-
turer for méximuﬁ gain. Tﬁe signal (énode cﬁrrent) was put through a 240
kilohm resistor to.develop a potential, ﬁhich was'reéorded on.a ten-millivolt
Varian‘G-lQ-chart'recorder. The photomﬁltiplier DCvpower supply wés.ruh
-off a Variac,vand the chart recordei signél could be édjusted to séalé by
vafyihg the AC input to thebpcwer supﬁiy; At maximum sensitivity, signal
fluctuations were less than 5% of full scale; most experimehtal‘work“was
done underléonditions where this noise levei was less than_E%?

2. Predissociation Experiments

The experimental layout was very simple as can be seen in the schematic,
Fig. 6. The tungsten strip lamp is containéd in a cardboard box with an..
outlet for the iight. The rest  of the box is covered with black. cloth
to keep unﬁanted visible light from flooding the room. Light emerging
from thé_hole in the box is gathered immediately by th 125-mm diameter
condensing lenses, which focus the lamp fiiament in the predissociation
cell about .3 meter away. The cell is covered with black paper in an

effort to light-proof it against visible radiation from the iodine lamp.
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Fig. 6. Arrangement for predissociation experiments., M

- 1s the microwave antenna, which excites atomic

emission in the source S. The latter is affixed
directly to the predissociation cell P, The

~cold fingers are cooled by baths contained in the
dewars D. Light from the tungsten lamp W is
gathered by condensing lenses L and focused in
the cell near the fluorescence window. The inter-
ference and neutral density filters are placed in
the rigidly fixed filter holder ¥. Spurious
visible light is reduced by means of the baffle B.



-23-
 zA rigidlybfikedfﬂlﬁefheldef is loceted aBoutv5O mm from the predissociation
‘cell in the path oi‘the light. A bafflevis placed between the filter holder
and cell to further ellmlnate spurious visible radlatlon from the tungsten |
source. Wlth tﬁls‘arrangement the varlous‘2"X2" 1nterfezence and neutral
dens1ty fllters may be 1nserted into the llght beam‘WJihout affectlng the
geometry of the setup. The predlS5001atlon cell my be orlented perpendi-
n cﬁlar‘te the iight beam in‘side-on excifation oi coaiial with itbfer end-
on ektitatidn.. | | |
.Fluorescence signels‘observed in‘the eiperiment were detected and
recorded with the.circuiﬁ shown in Fig.‘7. The circuit_consiste primarily.
ef two current dividere. The first is éo-desigﬁed ﬁhat full scale on |
' the_éo-microamperevcuffent mefer'corfesponds to a fotal‘enode current
E of 63 mlcroamperes, Well below the tolerance of the EMR photomultlpller.
The second s1mply controls the size of the signal by bleedlng off a varlable
‘ fractlon of\the total current. Two chart recorders are used to record the
dafa.: The.Varien G-10 records the total sigml across a.5-kilohm resistor.
A Leeds and Northrup Speedomax Tybe G (1-;, 5-, 10-millivolt) measures the
incremental signal, effectiwvely multiplied by a factor of five, since it
is taken across 25 kilohms of the load resistance.. The loop containing
the 64VOltkbattery is usedyto null the background so that the incremental
signal may be'observed full scele on tﬂe L and N recorder.
Photomultipliers are essentially low-noise current amplifiers andb
may be treated in circuits as current sources as long as the potential .
between the last dynode and the anode remains conétant, Typically the
dynode step potentiel is lQO volts or.more. In passing through a 100
kilohn resistor,'a current of 1 pamp develops a potential of .1 volt,

an amount negligible with respect to the step potential. By keeping the
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Circuitry for recording signals in predissociation. -

Fig, 7.

experiments. H is a 10-K "Helipot.'! CR, is the
Varian chart recorder, which records the total
signal, The L and N recorder CR2 records the
incremental signals. o
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load resistor and anode current:low enough to maintain conditions such
as»these3.one can insure that the photomultiblier current will.be directly
proportional to the photon intensity impinéent upon the photocathode, |
over several orders of magnitude change:in total.irradiance. If the.
chart recorders in the circuit of.Fig. T introduce no'nonFlinearities;b
vthe recorded voltage signal w1ll also be lineirly dependent on photon
1ntens1ty. Chart recorder 1mpedances are about one megohm and are not
found to vary noticeably with signal " In any case the relatlonship
between chart recorder signal and microammeter current was checked for
th1s 01rcu1t ‘under operating conditions and found to be strictly linear.‘

TherﬁMR photomulfiplier was operated off a regulated power subply with
cathode negatiue‘andvanode near.ground potential. Voltages as high_as 3800__‘
were required for the weakest signals encountered. Typicallydthe total.
anode current was 1.5-2.0 uamp, yielding a signal of 4.6 mv on the Varian
~recorder. Noise and fluctuations were generally less than 5% of the total
1ncremental s1gnal recorded by the L and N recorder.

5,' IodineeAtom Recombination Studies

The phys1cal setup for these experiments was similar to that described
v'1n precedlng paragraphs, With less concern given to spurious v1s1ble llght
The flashtube was placed in the cardboard box, where the unwanted uv
component of the flash could be eliminated with a 3"X3" Wratten No; 16

filter. The 12 cell was oriented for side-on excitation, with-all "light-
proofing" material removed. Iodine atoms could be'obserued in fluorescence
or absorption. | |

The flashtube was operated off an unregulated 5-kV, 100-ma power
supply at é600-28oo volts, using the ciraiit described in Sectim II-E.
Voltages as high as 3400 (regulated) were needed to run the EMR photo-

multiplier. The signal was developed across a 2UOK resistor and observed
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ana photbgraphed on.the screen of a Tektronix.585‘oscilloécopé operated
in the single-fréce mode{ The horizontal sweép gould.be triggered By
thé'signal itself. When thé AC input mode was_ﬁsed, thé oééilloscope
signalsveXhibited.éome diétorfién, s0 trécings:were phbfogfaphed in the
DCvinput mode. A Type W plﬁg-in unit was used to null the DC background :
S0 thét the transiéﬁt signal could be ébserved full scale on the oscillo;:
s cope scréen. Peak.signals were 1-4 volts.l.

Inlexperiments iﬁvolving transiént signals of complicated or unknown
waveform, it is important to insure that the detecfion circﬁitry introduces
ne distorting effeét. For a simple resistor circuit &t suffices to.keep
the RC timelconstanf much smaller thén an appropriaté time constant for
the measured signal. 1In this work a large resistor waé employea,iso it.
was necesséry to minimize stray.éapacitanée.v By using éhort lengths of
omaxial cablevit waé possible to keep the time‘constanﬁ low enough that
clrcuitry could be neglected in analyzing the‘tracings;"Direét observation
of the ultraviolet light from the flésh th?ough the EMR'phbtomultiplier
and 2UOK resistor yielded a decay time of 40-50 psec. ‘This value is about
four timeg that observed'with the RCA phototﬁbe, but still less’than'l/QO
of thevexpohential time constant for the fastest recombimation tracing'
recorded. Additional small capacitors placed across the resistor proved
effective in reducing shot noise, but increaéed the RC time constant in |

direct proportion to their smoothing effectiveness; hence they were removéd.

G. Miscellaneous

A Spexl B/h-meter Czerny-Turner spectrograph/monochromator was used
to investigate in detail the visible output of the iodine sources. This
instrument had an optical speed of f/6.8 and gave a dispersion of ~11 A/mm

in the first order of a grating blazed for 5000 A. Spectra were recorded

1. Spex Industries Inc., Metuchen, New Jersey.
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photographically on Polar01d H"X5” Type 57 sheet film and on Type 47
roll film With a narrow slit (. Ol mm) exposures were generally about

a minute when the lamp cold finger was cooled to -50 C or lower. When

the instrument was employed as a scanning monochromator, signals were

detected and recorded with the 1P21 photomultlplier and Varian G-10 L

chart recorder described previously.

A number of organic chemicals Were.used as coolants in the experi--
ments In the predissociation erperimentsthe lamp seemed to perform
'best when cooled in an ethanol/dry-ice bath at ~-80 C At various tlHES
'llquid nitrogen (-196 C) and a 60% ethylene glycol and water solution
»(~-5OC) were tried for this purpose; however, the lamp was weak in |
| iodine atomic emission in the former bath and produced too much'yisible
‘ radiation in the latter. Iemperatures in the range -5OYC to Odewere;.
_ required to produce the desired molecular iodine pressures in the pre-
.dissociationvcell Many data points were recorded u51ng dry ice- cooled
ethanol in a dewar to achieve these temperatures, which were read to the
nearest tenth of a degree from a mercury thermometer calibrated in ice
water. .However, 1t was more desirable for much of the work to have_.
constantvtemperature slushes available. The following.materials were
easy to obtain and convenient.to use: (1) o-xylene (MP = —25;9 c),
(2) benzyl alcohol (-15.3 C), (3) ethylene glycol (-13.2‘0), (h) diethylene
glycol (-10.5 ¢), (5) methyl salicylate (-8._6 ), (6) n-butyl silicylate
(-5.9 ¢). Liquid nitrogen was generally used to cool the baths. 1In
practice some of‘the above materials froze at temperatures 1/2-1 degree
above their reported melting points; even so, it.was easy to maintain a
constant (within ~.1 degree) temperature for a1 hour without refreezing

the slush.
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-Temperatures:aboﬁe.lOd°C'aﬁd beiqﬁ-—BO o were détermined with iron-
coﬁsténtén or chrémel-alumel-thermocouplés. Potentials were measuréd
- wi%h Leéds and ‘Northrup potentiometers. The t_hermocouples were calibrated
égainst accurate thermometers at several points between -30 d aﬁd 100 C.
Temperatures were then obtained from the standard tables, corrected in
‘accord with the calibration values. |

An inexpenéive phototransistor (Fairchild FPT 100, § 1.20 each)

: vproved‘useful in somé experimehts relatel to the predissociation and .
flash studies. This device has fair sensitivity with a rise-tﬁne of
~3 ué,'and it responds linearily to light when the emitter lead is left:
uncoﬁnected. Furthermore this amazing gadget requires no externél power
sﬁbply, serving as a self-contained, lighf-éctuated current source inva

simple resistor loop circuit.

Finally, Plate 1 shows the author conducting some unrelated experi-

merts; the results of these particular attempts Were'unpublishéble.
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Plate 1. TUnrelated research.
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III. THE IODINE IAMP: ULTRAVIOLET ABSORPTION BY I‘A.ND.I2

A. Radiation Relationships

‘The importanf'Eihétein radiation'rélationShipsvfof dipoié transitions
are derived in most basic qﬁantum mechaniés %éxts and dealt with at length
in works such as the classic treafises by Condon ana Shortléy (lgfIL'Mitchell
and Zeemansky (1934), and Herzberg (1950). Einstein derived his éxpressions‘
from éonsiderations,of thermodynamic-equilibrium applied to emitting and
absorbiﬁg particles. Identical results are obtained using the.approach
‘of. quantum electrodynamics. The important relationshipé will be summériied
here for future reference.

The trénsition probability for sponténeous emission or "A vaiueﬁ.is :
=perhapé the easiest quantity to work with, becausé of simpiiciﬁy,of unifé ‘

(time_l). For transitions between non-degenerate levels it is given by

4 . S
where h'is_Plangk's constant, v is the frequency in wave'humbers,iandi

Rab is called the matrix_elément éfvthe transition;.for dipéle transitions
it is the‘vectbr of the dipole moment operator between the sﬁates in&olygd;MA
The power, or energy emitted by a source per second will be denoted the

1 - ‘
flux or radiant flux @ . For a transition between upper and lower states

a and b, respectively,

1. The quantity called flux here is called intensity by many workers.
However the latter term has been applied rather indiscriminately to several
completely different quantities, resulting in some amount of confusion.’

The notation used here is in keeping with the recommendations of several
commissions, published in the Journal of the Optical Society of America,

57, 854 (1967). Accordingly the radiant intensity I is defined as radiant
flux leaving a point source per unit solid angle. Thus ® for a point source
will be UmI. The term "intensity" will also be used in a qualitative sense,
where units are of no concern. : -
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® (a,b) = hecv Na.Aab o , - (2)
| Wheféﬁgiéafhé poﬁulaéioﬁ of thé.ékcitéd sfate a and‘c ié the speed of light.
| In photochemical work it is often moré convenient to deal with the quantum
flux,vwhich differs from Eq. (2) in the absence of the energy factof hev; |
it will be denoted & |

The probabilities for absorption énd stimulated emission may be
calculatéd using the Einstein "B values, which are related to the A |
value in audifect way buf take a humber of différent,forms, dependiné on
the treatmenf of the radiation field; Considering nonbdegenerate.leVels.
énly, the B valﬁe'for absorption is equal to: that for stimulated emission,

and the‘transitiOn:rate in either direction is of the form:

- — = p BN | (3)
where Nb is the number of.particles' in sfate b and pv ié descriptive of.
the rédiation‘field. In Einstein's ofiginal tréatmeht (1917); p& was in
units of energy density, giving

B - —, A (%)
8 he v

In photochémical work it is often convenient to express p"as é gquantum
intensity. - If P, is in units of quantum flux per unit solid anglé, per

unit surface area at normal incidence, we have

B = ———— A (5)
8mev ' '

A more practicable quantity for describing thevabsorption process for
excitation from a beam is the absorption coefficilent, to be dealt with

in the next subsection. Other forms for B are discussed briefly in

Appendix II.’

1. It should be noted that p, is a distribution function of the frequency.
Here the appropriate units are ergs/cmd per unit wave number interval, or
ergs/ch. See Appendix ITI for further illuminatiam .on this point.
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The presence of degeneracies in one or both levels introduces mild

complications;:'If 8 and gy are the degeneracies, -the total A value for

transitions from level A to level B becomes , abl2
' N 2 'R
ao o S e NG

where the sum is taken over all degenerate sublevels a and b. The ekpression

analogous to (h) is

. T & : '
Bpy = A (7)
, VBA ' 8 The Vo ep - AB : S
and for the stimulated emission
. .
. B
Byp = : Boy - | ‘ _(8)

One additional quantity descfiptive of radiati?e processes deserves_
mention here. The "f-value"'of oscillator strength of avtransition is
a measure of the degreé to which théﬁstrength of the‘transitiqn gpproacheé
that calculated for a élassical oscillating electrpn; vf—vaiue termino-
légy is used widely by some wérkers, particularly astrqphyéiciSts; it |
‘has descriptive merit in that strong allowed transitions génerally_possess‘
an . f-value Qf'the order of unity. The absorption f-value is related to

the A value by

g _
me A -2
N — vS A (9)
BA a2 o2 gg AB
g .
. A -2
= 1.499 2 v Apg

B
where m and e are the mass and cﬁarge of the electron. (In the second
equation v is in units of reciprocal centimeters)
Condon and Shortley (1951, Chpt. 4) have defined a line strength

SAB for transitions between levels A and B, which has the advantage .

of being symmetric in the initial and final levels.
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S : abj2
SR § | IR | (10a)
'v_ abi 2
S, = -% [R®®| (10b)
S - S s5.=538. =3 S (10c'
AB S aB b Ab T %y Cab » )
With these definitions (6) and (7) become -
4 3 8 S
o 6L ' v “AB Co .
“ap ~ o & . - (.lla)
Boy = 872T AP | (11b)
3n°c B - - |

From these expressions it is clear that.in situations where the emitting
or absorblng populatlons are proportlonal to the degenerac1es, the line

1nten81t1es will be proportlonal to the S This point becomeS'partl—

B
cularly -useful when we find that with certain asSumptions about the netnre
of the coupling of the different angular momentum veetors in the atem or
moleenle,.SAB can be further expanded into a producthof a reduced matrix
element and s factor dependent on the angular momenta alone. .For atoms

obeylng Russell Saunders coupling, Condon and Shortley give (Chpt 9)

' ] - ) - B
S st7, X' sLrgr < ;.s<SLJ;~SL'J')l< SIELHEN - (12)

"Here the parameters S; L, and J aré the comventiomnal nctations for spin,
orbital, and total angular momenta, and X represents all other quantum

" variables, particularly the position coordinates. Clearly, ali the transi-
“tions in a given L, L' multiblet muét.have identical reduced matrix elements
(XL“P}X'L'), so the relative intenéities are given by the s factors.
Furthermore the sum of all the s factors for a given level equals the
degeneracy 2J+1 of that levei, both for absorption and emission.

Entirely analogous expressions exist for diatomic molecules. S becomes
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5 = s5 IRelg ‘ L . v(l3é)j

which, with the assumption that the dipole moment operator varies slowly

with the internuclear distance, can be further expanded to.
s - s, B [GlvmI® - (13b)

Re is tHe avéragé.eléctfénic transition mdment for the vibronic transition
(v',v")ﬂ (vf’v") is the overlap integral of the vibrational eigenfunctions
in the upper énd lower electronic states,.and the absolute square of the
overlap integral is the familiar Franck-Condon factof. Sy is the rota-
tional line strength, for which expressions have been derived by HOnl and
London and summarized by Herzberg (1950,'Chpt..IV)..'Againvtﬁe sum of the
S5y vglﬁes fqr all transitions to a given rotationél ievel edquals the |
degeneraéy 2J+1, énd the quantity ﬁge l (Q'lv"}[g maj.bevcompared with
the equivalent term for atoms, ]<XLIPIX'L'>12. Hencef'or‘th, the latter
will also be refefred to as lRe]?v . |

Transition strengths may.bé determinedbthree wé&s:_ (a) Theorétical
caléulations;’(b) Absorption and emissién strengfh measﬁrements; (c)
LifetimebmeasureMénts. Thebfirsf of.thesé ﬁill not be discussed here.
In any case; results inbfhis field of'endeavér have generally.féllen‘
.somewhat short of smashing success. Absorption methods will be disqussed
in more detail in the next subsection of this'work. Lifetime techniques
are a field in themselves; summaries of methods may be found in the
works by Mitchell and Zemansky (193L, Chpt III) and Chutjian (1965).
However several important considerations should be mentioned here.

The lifetime for excited sfate a-is the reciproéal of the sum of
all transition rates out of a. Sjmmétry arguments require that all

degenerate states a; of level A have the same lifetime. When level A

combines with only one other level B, the lifetime is the reciprocal of
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AAB in (6). In the more general case, transitions may occur fram A to
several lower levels, so that

L

1 , 6l ) :
= Z A = - S v, "8 (14)
ﬁTzA). 5 ABi Bth ; 1 ABi

where the sum is over all lower levels Bi' If all the lines in an atomic
Russell-Saunders multiplet have approximately the ‘same vi; the sum over

levels may be condensed to a sum over multiplets,l

- : .
1 _ 6l 3 o . :

where Vm,is the average freqﬁency for the multiplet.

For'didtomic molecules, the freQuencies of the twd‘or three rqtational :
:lines connecting with a>givenblevel'(v‘,J) in a pafticular’vibronic trahsi-f
“tion (viv") are génerally close enough to make the'condensation'analogous

to (15) almost rigorous, and we have

1 A 6Bl 3 . w\]2 =—2
Ty T e 3o [WIvDITReS a8
L .
i e L Fa] M
: . _ i S

The summation is over all vibrationallléveIS'of the lower electronic state,
:éna vi repfésenté thé averége ffeéuency 6? £he rotatibnal_lines ih;01ved
in eaéh vibrohic transition. (If transitions can accur to more than one
lower electronic state, the summation must be extendéd accordinglyl .AlSO,
if electronié dégeneracies exist; (16) must be altered as dictated by (6).)
In the second expression the bracket denotes the average value of ﬁge. |

. This is expected to vary much slower than the other quantities, henée is
af'ten tékén out’ of the summatioﬁ.l In general <§22> will be found to vary

with v', which may complicate the comparison of lifetime results with

1. The wvalidity of this and the earlier approximation which led to the
definition of Re and the Franck-Condon factor have been questioned, tested,

and in many cases f9und wanting, by a number of workers in recent years. See
the study by.%abeln;ck (1969) for a discussion of this topic:

"
]
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experlmental abscmptlon strengths.

So far the ‘discussion of 11ﬁanme has been restricted to purely radla-v
.tive decay. 'Tt should be noted'that any addltlonal;process whlch can
depopula_te the excited state will effect; the lifetime 7. First-order
decay modes ‘such as spontaneous prediésocietion and auto-ionization and
second_ordervprocesses like coilisional quenching catribute to make the
lifetime shofter than would be the case if'fadiative'precesses.were the

only mode of decay.

B. Llne Shapes and Absorption Relatlonshlps

The study of line shapes has recelved qulte a blt of attentlon in
recent years.v The review by Breene in 1957.covers'much pf the ﬁork done
in the field u§ to that time, and the.literdture is doébted ﬁith numefous
investigetions siﬁce then. HGWever most of the.ih?ofiant reiationships
governing absorptlon and emission of radlatlon in electroﬁle tran51t10ns
(spectral region ~lOOO—lOOOQA) had been derived by the end of the first
decade after the advent of modern_quantum meehanlcs.i Many of the eXpress-
ions £6 be used here are given by Mitchell and Zemansky (1934). Although -
their work is dirécted toWard fhe study ef atomic transitions,vmost of
the formulas they pfesent are perfectly general. A more recent treatise
in the fieid.with emphasis on molecular applications is the book by
Penner (1959). The author finds Penner's notation difficult to pene-
trate, so mest of the notation used here will confomm te'thatvin the
work of Mitchell and Zeﬁansky (hereafter referred to as MZ), except
that here v is frequency in wave numbers instead of sec-l, so the

expressions-below will differ from those in MZ by appropriate factors of c.
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1. Line Shages |
| The absozﬁtién coefficient k, of & g;s is defined by the equation
| I() -1 ) evE - - (1)
where I (v) is the 1nc1dent light 1nten31ty and I(v) is the 1nten51ty trans--.
.nutted through the absorbing layer of-thmckness £, Since the exponential
is'dimensiohless,‘k: has dimensiohs (length)-l. For a - 31ngle 1solated
absorption line, k w1ll have a maXimum value k and & full w1dth Av at half
maximum Wthh w1ll be called the half-w1dth. The quantlty k l Wlll be
.referred to as the optical depth
The specific functional form for k will berdetermined.by one or
eeveral_of the_follow1ng: (a) Natural broadening, (b) Doppler broadening,
‘ (¢) External fields, (d) Collisions with other particles. This work is
concerned primarily with the firsf two of these, as experimehts were
conducted under conditions of low pressures and cnly_ihdidental'external
fields.-jUnder'these ¢ onditions k; will be a symmetrical functicn about
 the center frequency v .
The form.of the absorption coefficient for natural broadening or

"resonance damping" .alone is
k = —— | (2)

’ 1+[—2é—v‘-’51‘%>——]2
- T

»whereithe natural half-width is

_ . . :
vy = 5 ! (3)
T is the lifetime of the excited state, where all modes of decéy'must be
' included.l ‘This result may be viewed as a direct consequence of the un-

certeinty principle. ’Analogously a simplified view of collisional -

1. Strictly speaking, 1/7 should be replaced by (1/7(A) + 1/t(B)),
where A and B are the upper and lower levels involved in the tran51tion.
The correction is negligible when B is the ground level. -



broadening gives

o 1z
v o= et . © 2me '(4)

where Z i'sb 'thve collision rate and Tc r_is the average time between. coiiis ions;
I% will again have the Lorentzian farm (2). Under conditions of moderate
pres.sure (< 1 atm) of foreigh gas, inert with respect to the absor’bing
'specives,v absc.)r'pfkion coefficients are often found to exhibit a Lorentzién :
profile which ¢onforms to (4); but higher pres'suvres and stronger ".interac.tions
' pmdﬁcé shifts and distortions so that (4) is no longer valid.

' .D.vo;;ple'r broadening' is .'prboduced\ bjr the random thermal motions ofv‘f t'ﬂe _
absorbing par'ﬁicles and may'v be described as the resﬁlt of a Maxwellian
distribution IOf different frames éf_ refer.en"ce'armnlg" tﬁe' part iéles. The
form of k, "is GaruSSian . | v o |

. _ , e A 26 v ) .

' Bvg = 2'23 fn2 v, \/WM- (6)

In general Doppler and natural broadening will both contribute to
the form of kv' - However, it is _frequent;ly the case that,-  in.the absence
of foreign gases, one -of the two effécts will dominate the other. M and

Z define the natural damping ratio as

. | ) | |
a = "AVDN—-—.. Jim2 | (7

and point out -thaf for electronic transitions, a is often about .Ol.
With a natuzal damping ratiol of this magnitude kv will be determined
almost entirely by the Doppler effect near the center of the line (iAVD)
and by natural broadening in the wings of the line (|av| >3 AvD). The
complete extpi'ession for k  'is a convolution of the forms (2) and (5),

an integral representation which will not be used in this work, but cé.n

be found in MZ (p. 101).
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In.toe_often encouhtered sitgafion where T in (i) is approximately
constent.in the reéion» of absorbtion, and where spontaneous.and stimulated
emission.afe negligible, ebsorption lines have a simple profile. For low
optical depth the Shape is'proportional to kvl. In practice’it may be
difficult to aohieVe the ‘instrumental resolution necessary to observe the
true form. _However,,abSOrption'meesufements are usually aimed at obtaining
the integreted absorption coefficientv.fkvdv, which can often be acquired
ﬁithout concern for instrumental broadening. = (This point is explicated
beiow;) |

Emission—line profiles can be quite complex for "turbulent" sources .

.However, for a homogeneous source of low optlcal depth the radlatlon may

be represented (Mz, p- 108)

' et ot :

B, = c@-e™thy (8)

where C is”a écaling factor, k v' is the absaption coefficient in the

v source, and £' is the length of the source. In_the limit of low optical

depth (8) becames
‘ ._ t t .

Ey n g _kv ! , (9)
Eq. (9). with a one-parameter Gaussian form for kv' is often used to describe

a source for which detailed information is lacking.

2. Absorption Measurements and Lifetimes

Regardless of what processes contribute to the form of L the
following-relationship must hold when spontaneous and stimulated emission

are negligible:

[k .av = N A (10)
Y e Vo 3: : '

Hefe N is the concentration of absorbers. If kv is given by (5) we have

1. M and Z present this expression for the case of an "ideal Tresonance

lamp," but the same functional form fhould apply to any homogeneous source

- where emission and absorption along the optical path in the source are taken
into account but where diffusion of radiation may be neglected.
l
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o - A \1/2 o
o D 7 Y
. [ R = k3 ( T ) | (11)

When absorption measurements are carried out using a line source,

it is convenient to define a quantity Ab, called the aBSOrptibn and given by

va av (l-'e‘_k"’vz) av

o= TR W S (12)

IEV is.the freQuency distribution of the incident radiation. The absorp-
tion is simply‘the fraction of source rédiatibn'that is absorted. With cer-
tain choices for EV,'Ab can be expressed as‘g power series expansion; for
some caseé it must be calculated numericelly. Expressions for Ab are given
in Appendix T for several different EV'S of the former type.: For a Gaussiae
source line having the same center frequency v, as the absorption line{

the result is
o (kD"

Ab. = -8 @ —2— (1+rry)*l/2 - (13a)
n ,
n=1 : '
with . 2 :
Av v ,
v = Ai,source \' . ' (13b)
: Dy cell

The general ﬁrocedure for determining é lifetime from line-absorbtion
meésuremeﬁtsl is to use a theoretically plaﬁsible kvvtsuch as (5)]vand a
form for Ev eoptaining one or more adjustable parameters. .The absorption
1s measured at a number of different concentrations N, ahd the afea under
the absorpfioﬁ.coefficient is calculated for each point using (12) with
fixed valuee for the parameters in Ev' "The results for fkvdv should yield
a straight line when plotted against N. If they do not, the parameters in
Ev are adjusted until they dg. The A value is then calculated fram the
slope of the line.

Frequently the absorption and emission lines consist of several
separate but unresolved components. (hyperfine structure, for example)

In that case (12) becames

1. Absorption measurements employing sharp-line sources will hereafter
be called line-absorption measurements.



I

- Ry ,
‘jYEE } El f Evi(l_e Ky g ) dv, ; v- (1)

22 E. . dv.
T Tvi i

Thié expressidn is still ﬁracticablevas long‘as one has experimental or
fheoreticalvkﬁowlédge §f the various E;ivahd~kvi; If the camponents over-
lap badly, the only valid‘proéedure iéfto use (12) and do all the integraf
tions numeriéally.

An alternate procedure for obtaining.[k'dvpinVélves using a continuous
‘Source and: scannlng the absorption line Wlth.a,monochromator, Aithough

. the llne proflle'w1ll in general be broadened 1nstrumentally, the area,
J(r - e-kV ) av = EW | o o (15)
will. remain the samé, fhevoniy réqﬁifeménﬁ beiﬁg tﬁat tfé moﬁochromator
adeqﬁétely isolate the absorption 1ine frqm'bthef‘absorption features,
'This technique.is called the eQuivalent'width mefﬁbd_(EW), as the integral
in (15) isithe width Qf an eguivalent rectangular line that is lOO%
absorbed. Tﬁe key to success with this.ﬁethod is the use éf the complete
expreséipn for kV’ including all broadening phenomena, as measurements then
fall in the‘regibn of opfical depth where the simpler forms (2) and (5)
cannét be applied. - In many situations é moderate pressure of foreign gas'
can be usea to breaden the lines and insure the suitability of the Lorent-

zian form (2). When the Doppler absorption coefficient (5) is appropriate,

b : \
EW becomes ‘ - (-kof)n
EW = -1.065 AvD bX :n',. ” - (16)

n=1

as 1s shown in Appendix I.

C. Todine Lamp Output
Spéctral'features of atomic and molecular iodine were observed in

various types of discharge sources at least seventy years ago.l Wood

' 1. Wood. and Kimura, (1917) mention a study by Konen in Annalen der Phy31k
65, ( ) 257, 1898. The author was unable to see the latter work.

| : I
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aﬁd Ki_mure (~l9l_7)_ pioneered'the study of the visible molecular bands and
observeci the Zeema‘d.n effeet in several atomic lines, usingé. source with

_ externai electrodes‘. Tolansky (1935) and Schmidt (1939)- used hollow cathode
sources t.o sttidy hyperfine s.trlic‘ture vin several visible vatomic linee. More
recently Harteck and co-workers (1964) reported the dev:elopmenf of a powerful
'iodine iamp, useful es va“'photochemical source at 2062 A, The présent work
utilized low-powef electz_‘ode'les's dische.rge lamps O'pereted by a 2450 -megacycle
: m-ierowa,ve power ‘s’,upply.‘ The né,tui-e of t‘hev eiiperimente ealled. for a fe,irly
detailed characterization of the lamps in both the ultraviolet and visible
spectralv i‘egions. |

1. Ultraviolet Radiation

The ultraviolet output of the iodine electrodeless discharge was
investi'éateci phot.ographical_ly and photoelectrically. The ec.luipment use‘d
has been deseribed in Section II. Although the strerigt’hs of the observed
lines varied radically with ehanges in the discharge comdit ioiqs, the
same lines .could be detected at all times. No molecular bands were seen
in the region 1600-2200 A; however, sane members of Verma's (1960) mole-
cular rescnance fluorescence series were barely discernable in several films
exposed with the diecharge‘ope:c;ating at an iodine pressure of ~30 mtorr.

"I‘he atomic transitions can be described in terms of the energy level
_ diagram, Fig. 8.:L All lines shown were seen. | In addition two lines
at 1657 and 1950 A were deteeted but could not be readily assigned to

either iodine or argon.

1. The energy levels were taken from the tables of Moore (1962). A
more complete diagram is given by Harteck, et al. (196L).
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Fig. 8. Energy level diagram' for atomic iodine. Energies
are given in electron volts; wavelengths for the
transitions are given in angstroms.
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Although the intensities of the lines at uavelengths shorter than
_1783 A seemed to be relatlvely 1nsen81t1ve to varlatlons‘ln the lamp s
iodine pressure, the six lines at longer wavelengths -- AA 1783, 1799, 1850
184, 1876 2062—- varled substantlally in strength as the cold-flnger.
temperature was decreased from 20 C to -196 The relative as well as thef
vabsolute 1ntensit1es changed as can be seen in Table 1. l This behaVior

. . . !
is a famlllar manlfestatlon of radlatlon entrapment phenomena, uhlch results‘
in a redlstrlbutlon of the energy out of the resonance lines and into the
excited-excited state trans1tlons. In addltlon the strong molecular
absorptlon of the 1785 -1876 lines undoubtedly plays an 1mportant role .

(See III—D,) Note that the ® ratio goes fron .1 to 10 in the‘

_ v q1783° ¢D62 .
extreme cases. The latter value was measured in a very low—concentration
source of short length where the observed strengths should approach the
: theoretical values. From the tables given by Condon and Shortly (1951

_p..QQl) for LS'coupllng,vthe relative llne strengths for 2P3/2-e—{2P3/2

2 - . 3 :
and P «—>'2P‘ are 5 and 1, respectlvely. Including the vj de pen-

3/2 1/é.
dence glves a ratlo T 7/1 in good agreement W1th the observed value. o

The stability of the lamps was difficult to control, which is under-
standable when one realizes that at the low cold-finger temperatures
(~80°) a change of- one degree represents a 15-20% changeiin the I2 pressure,
Drifts of 10—15% in a minute were commonly encountered but could bevminimized

by applying considerable effort toward maintaining a constant cold bath and

a fixed geometry of lamp, dewar, and microwave antenna.

1. Here intensities are given relative to that at 1830 A, as determined
by scanning the spectrum using the sodium salicylate detection setup. Values
in parentheses are for the lamp on the predissociation cell. The actual
intensities may differ slightly fram these reported numbers because of smll
wavelength dependences in the grating function and the transmission of the
quartz windows. The sodium s&licylate screen is, however, reported to be a
linear quantum detector, as was noted in Section IT.
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TABLE.l.. Relative quaﬁtum intensities of ultraviolet iodine lines.

Wavelength (A) : Cold-Finger Temperature
o : . 20¢C ocC -80 ¢ S SN
1782.8 . 2.0 o 35 (.60) .25 (.80)
1799.1. : .8 15 06 (.10) ,.05'(.10)}
1830.4 1.0 - 1.00 1.00 -1.00
18&&,5 . 1.k .20 .06 " o .0k
1876.h o | Lk s .01 .01

2062.3 - 20.0 2,20 ,-0“ (.35) ‘-25 (.08)
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The temperature of one discharée tube was measured in a rough way
by attaching.an iroﬁ-censtantan.thermocouple te the sOufee Qith asbestos
tape. :The temperature véried from about 90° at low power and lowviOdine
preeeure to areund 150 C with high micfowave power and an iodine preseure
of ~éOO’mtorr. As iong as the thermal gradiente in the source are not-
very steep (whi¢ﬁ should be the case for these low-pressure iamps), the
jacket tempereture will be descriﬁtive ofvthe piasma temperature. Then the
Dopplef'profile of the lines is fixed by (B-6), and with T'Q Loo K, Avy =
,07 cm_l, Of course the electron temperature in such.a sdurce ie brobabiy 1
one to two ordere of magﬁitude greater than‘the gas temperature, so that
excited state populatlons are llkely determlned by degenerac1es (Herzberg,
l9uh, p.-l59) and electron impact cross sections, a subject which w1ll
not be dealt with hefe. |

Natural iodine is lOO% I127. Since the iodine-lé7 atan has a nﬁelear
spih of 5/2, all of the lines in the diegram, Fig. 8, @ust displaybhyper-
fine etructure. .From the;éeneral rules for adding angulaf'mementa,,we can

see immediately that the 2P levels have two hyperfine levels; the 2Pj/é,

1/2
four;‘ahd the AP5/2,six. This means, for example, that the prominent lines
at M 1783, 1830, ‘and 2062 must have ten, twelve, and six hyperfine camponents,
respectively. Although the hyperfine spllttlng has not been studied in these
lines, it has been worked out for several lines in the v1s1ble, some of

which connect with the 6shP level, the upper level in the 1830 A

5/2 \
transition. With Schmidt's (1939) results for P5/2 and the values of
Jaccarino and co-workers (1954) for the zero-field splitting in the ground:

state, it was easy to produce the hyperfine structure diagram, Fig. 9.

1. The intensities are drawn as they would be for simple coupllng of
the angular momenta (T? T+ ) with no perturbations, and with emitting
populations proportional to degeneracies. In that case the intensities
are proportional to the line strengths given by Condon and Shortly. See
Section IIT-D for further discussion.
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Fig. 9. Hyperfine structure diagram for the 1830. h A
resonance line of atomic 1od1ne.
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‘The splitting of the 652P3/2 level has not been worked out, so it is not

possible to calculate accurately the structure in the l783<A resongnce

line.

'.2. Visible Radiation

Since the B state of I absorbs strorgly in the region 4800~ 6000 A,
1t is necessary t o have some knowledge of the iodine lamp's v131ble output
A cursory 1nvestigation-was made of the emission from h250 A to 6400 A
under various conditions of the discharge. For this purpose the Spex
instrument Was usedAboth as a spectrograph and as a monochromator.

At iodine pressures Belou ~lOemt0rr the spectrum consisted almost.
entirely of T and Ar atomic lines. Tne fonner increased inistrength
gradually as the iodine pressure was raised, until at a pressurebof ~200
mtorr several lines around 5COO A became uery strong, and the discharge
sssumed a‘bluish hue. The molecule B-X emission seemed strong around
P(Igj 10-50 mtorr, but weakened again (relatively) as the pressure and
temperature were raised ThlS relative weakening 1s cons1stent with the
kmown large cross section for collis1onal self—quenching in I (E3I%+ )
(Chutjian, et al., 1967).

Nearly all the lines recorded on Polaroid film were readily assigned
o Ar or I, indiceting the sources were essentially free of atomic impurities.
However some very weak molecular feagtures persisted in the discharge even
at lowest iodine concentrations. The majority of these occurred in the
green, and were eventually assigned to C2

The possibility of strong absorption of the visible atomic lines by
I2 was checked by recording Polardid spectra of the source on the cell in
Fig. 2 through various concentrations of 12 in the cell. None of the lines
ekhibited noticeable attenuation, although some must certainly show at

least small absorption by the dense B «X molecular system.
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At ver‘yﬁlqw cold—finger.termperatures the visible output of the lamp
was quite weak,_and it changed much more.slole with %emperaturé thaﬂ fhe
uv butput. 'For exampie, a monochramator scan of the 5000—A region showed
" about 50% inéreaée in intensity as the cold -finger temperatufé was ralsed
fromv—l96 to‘-8OFC;'similér séans'in the ultraviolet showed a three- or four-
' fold increase. (ThiskbehaViOr is expedted, éinée the UV output was almost
entirely atomic ifodine emission, whéfeﬂthe visible output for these ccﬁditions
wa.s ‘daminated by Ar spectra. vThe Ar émission should not vary much as the

cold-finger femperature is changed fram -196 to -80 C.)

D. Uitra&iolet‘Absorption Experiments
‘ The.iodine lamp provides a convehientvsoufce fof ultraﬁiolet line-
absérption.éxperimeﬁts. The dischargé is of the low-pressure type, |
- where line.shape is éenérélly determinediby Doppler broadening.l The
naturé of the discharge may be varied drastically by‘Simply altering the

cold-finger temperature and hence the I pressure in the source, SO in

2
prinéiple'absorption measurements can be made for different source condi-

tions and extrapolated to an "

idéé;l" limit of zero conééntra_tid_n. -Fli‘rtherv'—
more,'iine intensities a?e high'énough that'measureménts can be 6btained'.
easily for évén‘the lowest practical iodine céﬁcentrations (LN-cooled

cold finger). ' ‘The hyperfine structure in the atomic lines is both an asset
amd a liability. It effectively broadens the lines to ~.5 cm_l, increasing
the likelihood of some coincidence with molecular absorption lines and

decreasing the chance of severe self-reversal problems in the source. On

the other hand accurate quantitative work would require precise knowledge

‘ 1. The Doppler half-width was given earlier as .07 cm_l for the atomic
 resonance lines, assuming a source temperature of 400 K. With a lifetime of
3.6 nsec for the 6s°P /2 state (Lawrence, 1967), (B-3) gives Avy 1783 = -0015
em-l; Avy 1830 is mich! aaprower. The collision rate of I atams With Ar atoms
for P(Arg = 2 torr is ~10® per second for a collision cross section of 100 A
(about 10 times the gas-kinetic value), so &v, from (B-4) is less than Av y.

bi i Hl
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of the sordrce’ and absorption lines and the use of numerical integration_
to obtain A values from the measured absorption.

| With these points in mind it was felt that uv absorption measurements
for both molecular and atomic iodine would prove instructive and worth-
while. Also, as a matter of interesb for the predissociat ion experiments

(Section IV) the absorptionby air was determined.

1. Measurements for IQI

It has been known for a number of years thab .I has a strong absorp-
tlon band system in the region l7OO 2000 A but the analys1s of th1s
system or systems has not yet been worked ouj; conclusively (Nobs and Wie-‘
land, 1966; w'ie'iand, private cdnmun'icetions) Oldenberg (1925) noted that
several lodine atomlc llnes eX01te I fluorescence lines, and Kinura and B
" Tonomura (1935) ‘published several ‘short fluorescence .series with excitation
attributed to the 1783, 1799,> 1830, 1844, and 1876 atomic lines. Verma, |
(1960) studied the resonance fluorescence ser‘ies produced by the 1830 line
in a microwave discharge; according to his analysis all observed featuresv
were ascribed to 1830 excitation. It appesrs that no one has studied the
line absorption quantitatively, albhough several disparate values for bhe
molar ex_.tinction coefficient have been reported. .The present sfudy indicates
that all five atomic lines, 1783 through 1876 A, are absorbed to a ccmper-
able degree by 12, so Verma's results imply that his discharge wasv dominated
by the 1830 line. From the.absorption' data at 1830 A and Verma's assignment -
of the rotational levels excited, we can calculate a rough lifetime for -
the excited state.

Measurements were obtained'using the absarption cell (Fig. 3) and
the Jarrell-Ash monochramator described earlier; the latter was fitted

with the sodium salicylate fluorescent screen and 1P21 photomultiplier.
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Slits were opened to .h'mm._ Signals were recarded on the Varian chart
recorder. The procedure for collecting the data was as'follows;

!

First the I. in the absorption cell.was frozen out in the cold finger

2
using :LN,Auntil‘ the'grating angle could’be optimized and avfairly con-
'stant lamp output Was'obserreddv Then the cell's cold finger was immersed
in a thermal bath contained lnﬂa‘dewar, and the bath was‘stirred untll the
és1gnal leveled of f at thednew readlng%v t which time the bath temperature
was recorded and the cold flnger was re-cooled w1th LN. The procedure
‘was repeated for 10-15 different bath temperatures between -50 and 20 C;
ethanol and Water were used as baths and were cooled as necessary w1th
dryvice'and IN.. As long as the lamp remalned stable, points could be
recorded at the rate of one every four or flve minutes. |

Data were obtained for all six I lines, 1783 -2062 A, withrthe source
cold finger cooled in'lce water and the microwave power 20-?5% of capacity.:
In‘additiOn a complete run was made at 1830 A with the lamp cold finger at
~-50 ¢ in an ethylene glycol-water bath. AFor the latter "cool".source'a
few points were checked at the other wavelengths and found to agree with
those recorded with the "hoth lamp.

2
given‘by Shirley_and Giaugue (1959) for solid I2 and the JANAF Tables

I, vapor preSsnres'were calculated from the free-energy funct ions

(1961) for I, vapor. The required free-energy function interpolations

were done with a ccmputer rautine using a four-point Newton interpolation

formula;- A table of vapor pressures betWeen -80 C and 30 C at .1 degree

intervals was prepared for convenlent reference in this and other experlments.
Figure 10 is exemplary of the data recorded for all lines. It is

a logarlthmlc plot of the 1830 A transmittance for the two source conditions

used. The curvature is_typical of line-absorption; a straight line would"

1. Approachlng the vapor pressure equlllbrlum from above and below
gave equivalent results.
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| result 1f‘the absorptlon were by a contlnuun or a semi- contlnuum of over-
1apped rotatlonal llnes.l.

It seems strange that only the 1850 absorptlon exhibited separate curves
1for the two source condltlons. If atomic self—reversal occurs, it should
affect the 1783 line more than the 1830 llne.2 Of caurse the actual absorp-
" tion must be very oampllcated 1nvolv1ng, at each wavelength several_I2
rotational lineS'overlapping to various degrees one or more partially con-
current hyperflne ccmponents of eachatomic line. 1In the "hot" source the
I pressure was about 50 mtorr, so the atomlc source llnes should be dis-
torted by molecular self.reversal One would expect under these circum-
stances that the absorptlon curves at all wavelengths might display eren
greater_dependence on source conditions than-that shown at 1830 A.

The approximately equal absorption of-theifiverlines"from
1783 to 1876 A is surprising, but not unbelievable uhen we realize that

the I, spectrum 1s particularly dense in this region. Since the hyper-

>
. fine structure spreads the source lines to an effective width of ~.5 cm-l,
it would he unreasonable not to find I2 absorption of all atomic lines.
The absorption data for the several source lines could be_made'to
give approximate straight lineﬂdependences of fkvdv on'COncentration;Tby
.using (3513) and adjusting T__ ., which, with T .. = 300 K, determines

the relative line-width parameter Y. However, the resulting values for

1. For continuum absorptlon of a Gaussian llne, 7 in (B-13) becomes
0, and we can apply Beer's Law in the simple form uaxally encountered in
quant itative analysis textbooks.

2.  The 1783 tran51tlon has an oscillator strength ~15 times that of
the 1830 line. See Part 3.
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T ree varied Pram 300 o 700 K ( cofrespondihg to different degrees of
_curvaﬁure ih_the iog piots). In view of the complicated nature of the
absorption it is douBtful that these numbefs have-ény feal significance.
For ali.resulté except those at 1830 A,‘a siﬁble préSentétion of the
transmittaﬁceé is probably as . useful és any quantity computed from the
line-absorption. - Relative to the "hot" source 1830 abscrptibn,‘the trans-
mittances for ‘P(Ie) = 30 mborr at 1785, 1799, 184k, and 1876 were 1.02,
0.95, 0.88, and 1.07, in order. The 2062 line displayed only 10% attenua-
tion at I2~pressures-greater than 200 mtorr.’ | ‘
We cah'ﬁse thé résults at 1830 A along with Verma's analysis of the

excitation process to calculate an approximate value for the lifetime of

the upper state. .Fram Eqs. (B-6, 13) we have
: ' T M
B S c
Y = o X (1)

whére TS and TC are the source and cell temperatures, and MS and Mc are
the moleculaf weighté of the emitting and absorbing gases. For our case,
taking T to be 40O K and T = 300 K, 3./>= 2.67. We use (B-13) to calculate
the optical dépﬁh kol for each measured point. The integrated absorpﬁion
coefficient‘fkﬁdy ,'is given'by (B-11) for this case, and we need thé value
of £ = lOi mm to calcuiate fkvdyﬁ, for each point. From (B-10) we see that

the slope of a plot affk vdV versus N contains the desired A value. Taking

g = gB for the large J values of the rotational lines involved, we obtain
from the "cool" source data measured at 12 pressures lower than ~15 mtorr.
' L

A = 3.0 X 10 /sec (2)

app

where Aapp indicates the apparent A value, calculated assuming all the 12
molecules participate in the absorption. (i.e. N was taken as the total

I concentration.)
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| :To'converf Aapp tg an actual A value wé need to know the fraction of
ibdine molecules capable of absorbing the 1830 radiation.‘_Verma aséignéd
the absorptionvto J" = 23;_2&, L7, M8; and 86 from v"' = O to three ﬁpper
vibratiénal levels v' = n, ntl, n+h, Thé fraction fr of the total I,
population_in thé five givep rétational levels is

SN,
: i

eI L L 2 (orn) emi/AT
- N q. q i
| r v i=l - .3)
withl , : . I
o KT T | -
9% T heB T T6r (%)
1 1

R (5)

a, is the rotational partition functioﬁ (without symmétfy number), ana 

9& is the vibfatipnal partition function with zero—pbintienergy removed.

Bvié the rotationai'constant and f~is the vibrational frequency (taken -

from the energy difference for the lowest vibrational levels, G" (1) - G"(0)).
Qr and@V are called éharacteristic temperaﬁures for rotation and vibrgtion.

Hill (1960, D. 155) has tabulated values of these parameters for a few
diatomic molecules including I2, from which we obtain qr = 5.55 X 105,
' g, = 1.55. Equation (3) then yields fr = 0.030, or 3.0% of the total I,

molecules participate in the absorption. The corrected A value is

A

6
Aapp/fr = 1.0 x 10 /sec y (6)

o ' . . . b
‘wa we can manipulat 7Jqs.(AélLa,13b)fto calculate a value for lReI
and then compute a value féf T using (A-lé). Of course we don't know the
Franck-Condon factors, since the upper state hasnft been analyzed; but

we can make some reasunable guesses. From completeness relationships for

1. Actually, since Ip is homonuclear with atomic spin 5/2, the even
and odd rotatioml levels have different nuclear spin degeneracies. As a
result, for-the ground state of Ip, Ny must be multiplied by 5/6 for even
levels and 7/6 for odd. Theoverall correction here was a negligible 3%.
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orthonormai sets of functions we have the sum rules

s (et ]v)?

wv| 2
= = [T o= 1 ()
V" _ o S » o : .
so the sum of all F-C factars for transitions out of v"' = O is unity. In

the I2 visible.(B-X)‘systém, maximum F-C- factor l(v;10>12'occurs for

v' = 30 and is Onlyk;OBIMl, because the absorptién out of v = Oiis.

spread ouf_broadiyiéver v levels ~15-50. In the ﬁlfraviblet system the
absorption aﬁpéaxs to be distributed at leaéﬁ aé much, perhaps moré,g wifh
the maximuﬁ falling near 1850 A. Consequently a good guess for the averagé'
F-C factor involved in the absarption might.be .025. There appears to be |
ne Q- branch in thls system, so s /gA is roughly 1/2 for all absor;mlon llnes,.
g1v1ng a value for |Re| of ~1.6 (debye) The fluorescence out of the |
upper states was observed by Verma right: out to the dissociation iimit of
the ground state, with a few transitions missing ‘ar very weak because of

low F-C factors. 'Therefore a reasonable estimate for the avefage value

of V0 in (A-16) might be (48000 cm'l)?. This number yields

]

A 5.4 x107/sec = (8
8 | |

T 1.8 X 10 ~ sec

The éboVe fesults may easily be off by a factor of 3 or h-becauéé
of thebcrude approximations that were made. HOWeverbthese were taken in
lsuch a way that the 18-nsec’ value should serve as an upper limit to the
frue radiative lifetime. The estimates for the absorption F-C factar and
V3 should be witﬁin 50% and 10%, respectively of the true values. The
most error-prone part of the calculation was probakl& the determimtion of

the apparent A value, where the absorption was treated in terms of a single

1. This value was calculated by P. Cunningham using Zare's (1963) program.

2. The absorption is more broadly distributed with respect to v' if the

upper state potential curve is steeper in the vicinity of vertical transifions
(r=2.67 A). 1In both the B state and the UV state, transitions are to the
"left hand" branch of the potential curve.
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Doppler-profile source line, and overlapplng rotational absorption lines
'of the same frequency. Actually the different rotational lines may be
excited by different nyperfine canponents of the source line; some or

all may fall at frequencies as much as AVD/E off the center of the source
.line (or,lines).- Any detailed conSideration of these possibilities must
give an upward COrrection to the Avvalue;_as a resultaT is more likely
lOi5 nsec. |

'The corrected value of 5 (Debye) for lRel2 may be compared with the
value ~1.0 measured by Chutgian and James (1969) for the B-X transit ion.
Evidently, because of the Y dependence the lifetime of the UV state is
more.than an order of magnitude smaller than that for the B state.

A comparison of these results with those calculated fron'broad—tand
absorption measurements is rather disappointing: the latter give life-
times an order of magnitude lower than the lC—nsec_value. Unfortunately
there appears to be no reliable value for the molar extinction coefficient

of 12 in this system. The maximum oceurs about 1850 A and is 1. OxlOu

(liter mole_l'cm-l) according to Huebert and Martin (1968), 2.1L><lOLL
from Julien and Person (1968), or 1.0x10° if we accept the results

of Bayliss and Sullivan (1954). It is-possible to derive the relation-

ship -9
f = 432 x107 fe, av (92)
from.Eqs.(A—9) and (B-10) by using the caversion ‘ |
. . | |
- N (e_%lgfv_) - (9b)
o

where N is again the particle dens1ty, NO is Avagadro's number, and ev'

is the decadic molar extinction coefficient. The f-values calculated fram
(92) and reported'in‘the secand and third references above are .43 and
'2,29. Assuming an average fluorescence energy of 48000 cm-l, we can

calculate from (A-9) approximte lifetimes of 3.5, 1.5 and 0.3 nsec.
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The source §f the great diségreement among the several works is hot
ciear.» In this study the assﬁmed va lne of .025 for the FfC'factor could
be drastically wrong if the absorption maximum oécurréd near or above the
discociatién limifl; however, 1850 A appears to be well within the banded
‘region of the transition se (7) should hold, as it does in the B-X systen.2
Another p9351b111ty is that the absorption consists of two or more over-
_lapping syétems; howéver, the electronié absorption bénd profile has the
Eppearénce'expected for a single.éystem. Cufve-of-grohfh problems are
often encountered in medium-pressure absqrption measurements, But such ;
effects are in the wrong direction to eXplain the disparities here. Perhaps
withfthe iﬁévifébiewpf6liférafi6n;of ﬁew:me&surementé'bfsev in the néar'fu=
ture (as: dcuble-beam scannlng vacuum spectrophotometers becone standard
laboratory equlpment), and the eventual analys1s of the spectrum, the dis-
crepan01es_can be explalnedf \

2. _Absorption by Air

The Schumann-Runge systém of O2 ocecurs atywavelengths shorter than
~1900 A,,delimiting "vacuum ultraviolet" sﬁecﬁrwscopy from "air" spectro-
) scdpy., Sinée the 1830 and 1783 I resonaﬁce lines fall on or near strong
(9,0; lB,d) Eandheads of this éystem, it was of interest to know the

absorption coefficient of air for these lines so that'vacuum procedures for

1. In that case the sum rule (7) mst be extended to include continuum
transitions, with the continuum wave functions normalized in some eonvenient
manner. See the results of Halmann and Laulicht (1966) and Harris, et al.
(1969) for an apparent example of this situation in the Schumann-Runge
system of 05

2. F-C factors for the B-X system were calculated for v' = 0-47. (See
Section IV). The corresponding sum (7) for v"' = 0 was ~.75. Including the
remaining v' levels up to the dissociation limit would probably raise
the sum to >.9, leaving < .1l for the continuum absorption. (The recent
results of Steinfeld and co-workers (1969) seem to indicate practically no
continuum contribution from v = 0. This point will be discussed at length
in Section IV.)
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other experiments could be conducted accordingly. Absorption strength
measurements and Franck- Condon factors for this system have been published
recently (Halmann and Laulicht, 1966; Harris, et al., 1969). However it
was easler "to measure the line-absorption directly the,n to carry out the
calculations necessary to use the published data. With some additional
corrputat 1onal effort the results obtained here can perhaps be compa, red with
those glven by Halmann (196_6); but the.t will not be done at the present time.
The prooedure was simple. ‘The prediss.ociation cell (Fig. 2) was

employed in the same monochromator setup used in the T absorption work

2
Upon establishment of a steady lamp output, air was admitted to the
cell via an ‘LN trap,' included to mivnimize absorption'by organic impurities
in the vacuum system (mechanical pump, no diffusion pump). T.he‘pressure
was read fram a merc.ury manometer end the cell was re-evacuated, establishirg
the refexve'noe ievei between points;‘ | o
Loé;arithmic: plots of the 'transmittance versus pressure gave reason-

a.loly stra,ight lines. This my be unde rstood qualitativeiy in tems of
the low ¥ value, which from Bq. (D-1) is .34 for the light 0, molecule.
Observations at .greater optical depths woilld probably reveal curvature of
the type shown by the 12 data. | The sbsorption coefficients for air, from
the linear semi-log plots were .021, .0096, .0086, and .0036 torr T meter ™
for the '17:85, 1799, 1830, and 1844 lines,. in order. Values at 1876 and
2062 A were much lower -- .0009 and .0005, respectively.

| The eb'sorption‘by air was weak enough to justify use of "low-vacuum"
'techniques 1n the predissociatvion and atam recombination experiments, to |
be discussed in Sectimn IV ’and V. However, before inclusion of the
LN - trap, 1n<:1dental Aooncentrations of organic vapors (and possibly I )
Wwere seen to absorb strongly (especially at 1785 A), indicating the im-
portance of maintaining "clean", pre:f‘_era.bly short gaps between cells and

photomultipliers. -
o
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5. Atomic Absorption
Lawrence (1967) has reported the results of phase -shift determinations

and 6suP

for. the llfetlrnes of the 6s P states of atomlc 1od1ne. '-He

3/2 5/ TR TR T Tl
measured 3.6 _nsec (i_ 15%) for °P /o e,nd 90+30 nsec for l&P5/2. (The uncer-

3

tainty in the latter value was high because of cascading complications). He
also calculated relative line strengths for the intemediate coupling case
(Condon and Shertl,e.y',; ¢hpt. ll) and used the above lifetime values to scale
his relatlve strengths to absolute values. His calulatecl A velhes yield
resultant lifetlmes of 3.66 nsec and 63 nsec. Furthermore, they irﬁ.icete
that the 1785 line is ~100 times. strohger than the 2062 line, which is an
_order of megnitude in disagreement with the relative intensities in the -
iodine lamp reported in III-C. Absorption measuremenf;s. on the resonance
lines .should provide independent A values for cbnrparisen with Lawrenee's
results. | o

“Two rhe'thods were used to mea.sure atvomic' absorption. The first v
:anolved dlssoc1at1ng 12 thermally, the second used’ photoly-tlc productlon
of atoms 1n a steady-state s:Ltuatlon. In the f'.lrst case at anle concen=-
trations were known accurately from thermodynamlc data Th.e’ second method

yielded only relative abserption strengths for the two resonance lines.

a. Thermal Dissociation Method

For the method of thermal produttion of atoms, the experimental setup
and procedures were essentially the same as those used in the I2 work.
The one _imporbant difference was the inclusion of a heatiné element
'necesse,ry to achieve temperatures high enough to give workable concen--
trations of I atams. Since 12 absorbs strorgly at pressures greater than
1 mtorr, it was necessary to work at very low I2 concentrations and

correspondingly high cell temperatures of 300-450 C. At these tempera-
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tures small thermal gradients in the cell can give large uncertainties
in the dissociation constant, so good‘insulation was essential. Best
result were achieved ulth a two piece aluminum tube about 6 m thick,
which could he clanped together snugly around the absorption cell. Three‘
chromelealunel thermocouples, insulated by asbestos, were lmplanted in the
alumlnum tube in such a way that the Junctlons lay in contact with the cell
at p01nts near both ends and the mlddle.v Then the tube was wrapped w1th
electrical heatlng tape and aSbestos cloth With this des1gn temperatures
at three p01nts agreed w1th h 10 degrees at the hlghest cell temperatures
employed.l

Measurements on both resonance lines were conducted using a "cool"
' source‘with‘cold'finger immersed inva slush3of ethylene glycol and water
at‘~—50 C. bell temperatures were read to the nearest degree.; An ethanol
bath was usedito cool the. cell's cold finger to temperatures of -30 to -80C,
which were read to the nearest =1 degree.with an‘iron-constantan thermocouple.
The resulting low I2 pressures were reQuired-for two reasons: to minimize

absorption by Ié, mentioned above; and to insure that the I, pressure in »

2
the'heated‘cell Was related to that in thefcold.finger by the transpiration
| 3

equation

1. The middle thermocouple always gave the highest reading; the junction
nearest the monochromator gave the lowest. This was as expected, because the
ends of the tube were difficult to insulate, so greatest heat losses occurred
there. Losses at the source end were offset samewhat by heating by the micro-
waves. An average of the three temperatures was recorded and used in calcu-
lating the dissociation constant.

2. The chromel-alumel thermocouples were calibrated in boiling water
and found to conform to the standard tables within the accuracy of the parti-
cular potentiometer used (£.5 degree). Likewise the iron-constantan thermo-
couple agreed with the tables, but the potentiometer used in the cold bath
measurements was much more sensitive, with a precision of better than.l degree.

3. In general for (10) to hold, the mean free path in the gas must
be large relative to the cell dimensions. Otherwise viscous flow occurs
and the pressures are equal throughout the cell. At P=1 mtorr, T=300 K.
I> has a mean free path of ~10 mm, substantlally greater than the stem

diameter for the cell.
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Measurements were recorded as in the Ie'Work. The'lQO% tfansmittance

level was esﬁablished between points bY»freezing thé I out with IN; the

2
baseline was zeroed by closingithe exit slit.

’_Iodine atom concentrations were calculated fram fhe 12 vapor pressure
tables prepared earlier, the relationship (10), and the dissociation .
constant K .  Requifed values for the latﬁer were caicdlated from the

free-energy functions tabulated in the JANAF Tables using the same inter-

polation routine utilized in the IQ vapor.pressure canputat ions. The

(.Kp B )l/g

Ny = —gg—"— (11)

iodine atom concentration-NI is

S : o : ) . - - o
iﬁ was hoped thét the déta would bevgbod enough to-allow the use of

Eq. (8) in App. EZ with two variable p@rameters for-thébsource line éhape,

in caléuiating thé éptical depths ko! fram the meésured.absorptibns. Héw-

evér; early calcuaﬁiOns uéing the One—ﬁarameter éxpréssion (B-13) indiéated

something was wrong with the experiment: As the cell tempefature was raised,

the measuréa absorption did.not_keep pacé with.the incréasing atom concen-

trétibn._ Worse still, identical concentgations at cell températures 100°

apart differed in.absorption by factors éf tﬁo or. more. ‘Such behévior is

difficulf'to accoun% for in terms of the absarption line shape but was fimally

attributed to problems in the source. The latter wés not sufficiently isolated

thermally ffomvthe hot absorption cell (Fig. 3), as the junctiod was located .

inside the heated aluminum tube severachm fram the end. Although thé discharge

appeared to operate properly within she Al tube, heating uhdoubtedly produced a

higher concentration of atoms near the junction. Undér these corditions the

source line shape should still follow approximately the form (B-8), but

the parameten;TS‘and ko' change with Tc in a camplicated manner. The

effect is to pﬁoduqe a hroader and flatter source line at the higher cell
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temperatures, resﬁlting in an apparent decrease in ﬁhe'absorption.l Figures
11 and 12 illustrate'this behavior. Here all points were calcﬁlated essum—
ing a Doppier-profile source line of T = LOO K. Curiously the 1830 5
results at dlfferent T values seem to fall on roughly parallel straight
lines, while the 1785 results show some curvature at all but the lowest
temperature. There_ls also some ev1dence that the lamp behav1or at 1785 A
changed in a—groés manney ffoﬁ Run 1 to Run 2. The cnly ready explanatlon
for the parallel lines at 1830 A is the pos31b111ty that absorption by I
or sane 1mpur1ty sets in qtrongly at the hlgher tem.peratures.2

The points recorded a? the lower cell temperatures should not suffer
from the aboVevproblems, because the 12 concentraﬁions iﬁ the éource were
too low to  allow for appreciable atomic concentrations from thermal diésocia-
tion.3 'chéver,bat lower cell ﬁem@eratﬁfes higher igvconcentrations were:
needed to gétvmeasufeable absorption. Withoutia.wide rénge of absorption
valuee,,the‘sduree parameter adjustment method (SPAM) cannot be utilized,
so the ioﬁeTc points in Figs. 11 .and 12 were used directiy (in the naive
assumption of a Depplerbsoufce line having T_ = LOO X) to calculate approxi-

mate A velues.' The straigﬁt lines illustrated are the results of linear fits

1. If in addition a "dead" layer of unexcited atoms exists near the
cell junction, the .source lines may be self-reversed and the absorption
my decrease quite dramatically.

2. The impurity hypothesis was tentatively ruled out when the same
behavior resulted after the cell was baked out and charged with Io a second
time, and dn a slightly different way. From the I» absorption results, the
molecular absorption here should have been no more than 1-2%, unless the
higher temperatures led to an increased population or a more favorable
overlap for an otherw1se weak rotational line absorption.

-3, On the other hand the e]ectron attachment dlss001at10n

+
I2 e -1 +1

is known to be quite efficient (Dose, 1968; Truby, 1968)'. This process
may account for most of the atomic concentration at low Ip pressures.
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[ k?dy = const. X N From the slopes of these lines one calculates

T*

: 6 : : : :
= l.74x10 /sec and A = ﬁ;01x107/sec.l In obtaining these valaes,

Ay830 1783

we have neglected one very important aspect of the absorption -- the exis-
tence of hyperfine structure. A-hyperfine-cprreétion factor will be derived
below. Anticipating the form of the correction we may write

4,01 x 107 /sec x C (12a)

783 = HF, 1783

= 1.7k % 106/sec X C (12p)

A1830 Hf, 1830

b. Line Strength Comparison - Photodissociation Method

It vas easy to observe atomic absorption of both resorznce lines
in the predissociatioﬁ cell (Fig. 2), uéing the "sun-gun" to photolyze
thé 12 in the éell. Where such absarption was barely detectable in thé
@sorption cell, it was substantial in the predissociation cell; with

its "poisoned" walls, even at I, pressures as low as 1 mtorr. The calcu-

2
lation of aﬁomic coﬁcentratioﬁsin this steady-state photodissociation is
rather com?iicatéd, buﬁ felative absorption strengths for the two linas
can be measured quite readily. L
The procedure used here involved recording the absorption of both

lines under identical conditions of pressure andiirfadiance, for several
different 12 pressgres and different sun-gun powers. Steady-state eﬁqilibrium
obtained ih the cell almost as rapidly as fhesun-gun could be tumed on
with tﬁe Variac,'éo problems arising from heating by fhis visibie sairce
were minimal}; The iodine lamp was cooled in the -506 bath used previously.

v_-The opticaL depth'kol for gach.measurgd point wasvagain célcuiafed
on the assumption of é Doppler source line at TS = boO K. 1If, as expected,

the absorption by I, interferes with the measurements, an extrepolation of

2

the relative kol values to P12 = O should eliminate the problem. Then we

1. th data sets gave good straight lines with rela<ive standerd
deviations of ~l%. The fits resulted fram nine points at T =345 and hooc

for A 1830, ten ppints at 295 C for A 178%. Changing the assumed source
temperature by lQbQValtered the results by only.6%. -
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can see from (B-6, 10 and 11) that

(kol)185o _ ( 1830 )5>< 6 A 830 | y Cur, 1783
(kol)l785 | 1735 _ o B Cur, 1830
| | (13)
where we have agaiﬁ inciudeci the hyperfine bcoz;rection factor introduced
aboire; | | |

The results dre i’llustréted in Figs. 1%a and b. There appears to be
no specific dépendence on the 12 préssure; which may be reasonable in view
of the nearly equal absofptioh of both linfe‘s by 12. The 7l;JWo points at great-
est vkoi'.;’.seeme.d in disagreement with the others, probably because the absorp-
tion at 1783 A fox; these points was quite large -(~90%), where the deviations
from the assumed .Doppler source line become importanﬁ. The experimentél
value for the ratio on the left-hand side of (13) was taken from the plot
vs (k1)

of (koz). in Fig. 13b.  The least-squares slope obtained

1830 1783
from the seven lower points was .0591 * .0018.

c. Correction for Hyperfine Structhre " .7

The existence of h&perfine structuie leacis to an apparent weakening
of the line ébsorption gince it spreads the absorption out over the several
components- of the line. For example, if there are n equal, separate
-components and wé calculate koJZ assuming a single line, our corresponding
vatues for [ kvdv' and A will be a factor of n too low. | In general the
correctidn will not be this simple, because the corﬁponents may have
dj.fferent _sti‘ehgths. ;hd ’maj overlap; but with a few approximatims we may
derive an expression for the corréction which .shbuld be good enocugh for
air purposes. |

The equatioﬁ relating the measured absorption to the (kvi"Evi] when

two or more separate components are involved in the emission-absorption
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process has already been given: ' _ '_
. -k, sd
= [ E , (- e) av, o
Ab = ' (B-14)
: ' = f-E cdv, ‘
vl i

The,populationsvof the'different hyﬁerfine levels Jin both upper and lower
states should be prOportlonal to their degenerac1es, so from (A-11, 12) the
1nten31tles of the several components in emission and absorptlon w1ll be

‘

‘ proportional to the line strengths.l Therefore, for Doppler source lines

B« ok e (vvy) - (14)
and ' .
ko s; A o (15)

If the hyperfiné 1evelé are not perturbed severely, the line strengths

may be calculated aésuming RussellésaUndefs tybe:conpling, in which case

the cH values can be taken from the tables given by CondonvandJShortley

(1951) by meking the following identifies: Ié—+S, Je L, F<¥+J, where I

is’ the nuclear spin (5/2 for I 7) and F is ‘the total angular momentum,
F=T+1.

Now if Wé'consider the limiting case of very weak Doppler line
absorption for all components, we may drop-all but. the first term (corre-
sponding to linear absarption or a "linear curve-of -growth") in the express-
ion (App. I-S), and we obtain

—- - P (k'z)i
Ab = = (16)

N1ry | > (koz)i

Evidently we must also modify Egq. (B-ll), so that we have

- D T
kv, = 3 w2 ot (17)

1. We will ignore the possibility of anisotropies introduced by the
nature of the discharge, the orientation of the microwave antenna, ete.,
which could. selectively populate some magnetlc sublévels and give polarlzed
source radiati ion.
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Then expressing (kéf)i in terms of the maximum value (kél)m

(koz)i = si Fkol)m _ o o (ls)
where .
s. = 1, i1 = m
t , - (19)
< 1, i 4 m -
Wé can see that

v - . = (20)

D | ,
—3 — \ T (e 2), = s, = . AL (21)

8ﬂcv2 gB‘

Recognizing that KB"J1+V is the apparent bptical depth, calculated assuming
a single Dopplérvline, we see that the hyperfine correctioh factor is
sy
Cho = —— S o (22)
. THF s S-E S
1
Strictiy speaking, this correction factor is valid only in the limit- of

low absorption and "separate" components. However, C.. does not change

Hf

as rapidly as the deviation fran'the'liﬂear growth cufve; so as lohg as

we uséd.the-full.éXéréséion (Abb.‘I—Y) instead of thé linear appraximation

Ab ‘JEI:; in calcﬁlating the apparent optical depths from our méasﬁfementé,

the resuits should be usable,.even though Ab may be as higﬁ as .6 Or..7.

Partially oVérlapping compoﬁents present a problem which can only be

solved properly by intégrating Evv and Ev(l - e_FVI) nhmerically over gll

- components. However we can establish bounds on the effect of partially

overlapping lineé by consideringfthe two cases, total separation aml

total comvergence of the}ccmpohents involved. ‘
Clearly Eq. (22) gives the expected results in the simple limiting

cases. If there is only one line, C 1. Similarly if there are n

Hf ©



components all.at the same frequency, CHf = 1.7 And for n fully separated,

equal:ccmponents CHf = n. Any overlap or variation in relative strengths
mist yield a va lue for'CHf between 1 and n.
From.the line-strength tables the maximum possible CHf value for the

l785>iine with ten separate components is 6.75. If same of these coincide,

CHf will be Smaller,ibut since we don*t know the hyperfiné structure of

this line we cannot evaluate this contingency. For C we calculate

‘ Hf, 1830

a maximum'value 6.10 for separate éamponents. The Doppler half-width was

given Eariier as 070 cm-l. From Fig.'9 we can éee that two strong compo-
nents -- (L,14) and’(5,2) —- and three or four weak ones -- (1,2), (1,1),
v(2,3);75nd (3,4) -- will ;gréséry' overlap their néighbors.' If we recal-

Hf, 1830
components we get 5.68. Allowing in addition the (1,1) (2,3) and (3,L)

culate C on the‘assumptionuof coincidence of the (h,h) and (5,2). .

HE, 1830
components (including the strong (5,4) and (4,3) members) display some

components to cbnvérge reduces C to 5.58. Since all the other

overlap, the value

c 5.0 .‘ (23)

Hf, 1830
should be within-lo%'ofvthe true value descriptive of the absorption

measurements ca ‘out here.

d. Results

. From (l2b)‘and (23 )" = 8.7 x'lO6/sec, T(&P

5/2
. , _ 6. . . - o, .
Using a value CHf,l783 6 75 with (12a) gives Al785 71.x 10 /sec,‘ln
uncanny agreement with Lawrence's result, considering the lack of refine-

ment in the present study. In pure LS coupling the relative'strength of

: - : . ' . . . 3
the 1783 and 2062 lines has been given earlier as 7.7:1 (including Vv

1. The.sum in the denominator must be taken over all ségarate components.
Therefore if two components k and 1 coincide, the appropriate term in the sum is

2 RS-
;7 = (s *ag)"

) = 115 nsec.

g,
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dependence). In that case we would have

Al = -836/(3.6 nsec) = 2.1 x 108/sec  (2h)

2 Y , .
if we accept Lawrence's value for the P lifetime. Then a comparison

3/2
with (12a) yields

er, 1785 © 6.1 (25’)

This value ‘seemsb more realistic than 6.75, in view of the likelihoodv of

having several of the ten components ﬁartially coincidé:. 1In additien (2k)

is eo'nsist'ent with the relative intensities noted in subsec.t'ion C. Im

. eithe; case, tlee comparison experiment yields, from (13), A 1850 = = 7.4 x 10 /sec.
The two detehﬁinations are essentially independent, and it is felt that

the \}alues

T( P5/2 = 125 nsec (£20%) - (26a.)

1830 = 8.0 x 10 /sec (te.o%). (26b)

are representatlve of the prec1s1on of this study

The value for the lifetime of the bp state iz in fair agreement

| 5/2 |
with Le.Wrence's measured result (90 % 30 'nsec), but differs markedly from
his lcal_culated. value (63 nsec). From the 125;nsee lifetime and the ~ld:1
anission;intensi’ey'ratio observed for the 1783 and é062 lines it appears
that the coupling in the 5se5pu6s configuration of the iodine atom is much
closer t'o the Bussell -Saunders case than Lawrence cohcluded.l |

By redesigning the a.bsofpti_on cell to include an evacuated '"dead"

space between the source and absorption chambers it should Dbe possible to

effectively isolate the source from the heated cell and avoid the complica-

1. Donovan and Husain and coworkers (1965- 1968) have carried out an ex-
tensive series of experiments on reactions of 2p / T atoms produce by
flash-photolyzing CF3I. They have observed all % atomic lines 1783 - 2062 in
absorption. .They give no values for the relative strengths of the lines, but
the concentrations of CF3I they used when detecting 2062 absorption were ~10 .
times those used when observing 178% and 1799 absorption, which is in quallta-
tive agreement with the present findings,
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tions eﬁéqUntered in the thermal~disspciafiqn experiments. Then gobd

dafa foftévﬁide range of Ab values could enablé.one.to calcﬁlate Agso
using numerical integrgtion over ﬁhe eﬁtire line shape.v The results might
.providefdetailed information about Ev .that'could be used to judge the.'
validity of the approximations made here. Such knowledge is of interéét
to ahalyﬁical chemists; Qho increasingly are employing electrodeless dis—
charge lambs to detemine atom~concentrationé-by’atomic abs arption and

fluorescence techniques.
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IV. SPONTANEOUS PREDISSOCIATION IN 12 -(B3H0+ﬁ)

A. Detection of Resonance Fluorescence

The methods and results of Section ITI may be employed to determine.
iodine atom concentretions in photolysis reactions, usingzeither absorption
or fluorescence techniques“ Absorption methods involve a straightforward
application of the relationships developed preuiously;; HoWever; because
of 1mproved s1gnal-to noise ratios, we prefer a fluorescence method.

In that case we must derive addltlonal express1ons that relate the observed'
signhals to atomic concentratlons. |

Winefordner and Vickers (l96h) have given equations for the depen-
dence of fluorescent intensity on coententration in a flame. Their efforts
were directed toward producing calibration curves in analytical work. Tt
seemsvxrthwhlle to derive similar express1ons for thers1tuat10n commonly
encountered in photochemlcal studles, Where a cell (often cyllndrlcal) 1s
irradiated at one end and fluorescence is observed at rlght angles sone
distance away from the enterlng llght;' These equatlons w1ll of course
apply to the detectlon of I-atom fluorescence in the predlssc01atlon cell
of Fig. 2. | | |

Consider the arrangement depicted in Fig. 1U4. The detector sees
light emitted from the shaded region. The frequency distribution of the
emitted radiatibn is given by (III-B—8)L If the detector is incapable of
resolviné the line or lines (as is the case for a photomultiplier), it will
respond to the total flux of enitted photons, which will in turn be simply
proportional to the absorption in the shaded area; " The proportionality
factor will be a function'oftheégeometry; which we have fixed, the
efficiency of the detector, and other variables such as quenching '

probabilities. For simplicity we will assume the latter are independent

e
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Fig. 14, Schematic of a fluorescence cell.
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of the concentration of emitting particles.l The appropriate'modification,

when required, 1s obvious. Then

Sig(N) = const X (absorpt.i(m iﬁ shaded region) (1)
When (,kyb) is small, Eq. (IIi-B-l) says that the absorption will be pro-
portional to (kvb), which is in turn proportional to the concertration.
Recognizing‘thgt the incident radiation E* must traverse a distance ~(£ + b/2)
of the cell before it is absorbed, we have _
Sig(N) = const x [ Evv e_kv(z + b/2)(kvb) av (2)
Or, considériﬁg the effect of the finite dépth b, we obtain the more
accurate representatioﬁ | |
' Sig(N) = const X f E‘V e-kVZ (l v-.efkvb) dv (3)
Expressions for (2) and (3) are given in Appendix I for a Gaussian E,
and for a‘n E, of the form (I1I-B-8).
| Fromv._ these equations we see _thé.t_ the signal will depend linearly on
the particle density at low-qoncentrations. As N increases, the excffing
lighﬁ reaching the shaded region is prdgreésively atténuated; the signal
attains a maximum value and decreases with any further incrgaSe in N.
Obviously, the linear region is most desirable for quantitative photo-
chemical work, so it is important to utilize concentrations low enough
to require only small corréctions for non-linearity but high enough to

obtain good signal/noise ratios.

1. At high concentrations ‘the radiation may "diffuse" out of the cell.
If the upper level can decay to the graund state via only one path
(I 1830 line, for example), the proportionality constant will remain inde-
pendent of concentration. If other paths are available, the absorbed
energy may exit in some manner not observable by the detector. Thus
diffusion of 1783-A radiation through atamic iodine will result in an
increased yield of 2062-A radiation at the detector.
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A fufthér comblication resﬁlté when a cell of the type'shoﬁn in
Fig;‘lh is used: There will be a scattered-light contiibution to the
total signél.‘ The scattered-light signal will have some constant value
at N= O.énd will decreééé (neglecting gas-phase molecular scattering) as

N is increased, so that the total signal feaching'the detector is roughly

sig(N) = const, fva e—kvl (1 - efkvb) v - (W)

ey Jn, }

In the second‘terh it ié assﬁmed that ali'ﬁhe.séatfered light absorbed

is iosf'tébthe defecfor. Thé raﬂio cénstl/éohsfe.will depend on the

pérticular experimental setup;' The séatte&ed light can, With proper .

cell desigh, be iargely elﬁninéted. in some céses, on the other hand,

it‘is.desirablé to have a scattered—light backgroundf The presént work

falls iﬁ the lattef category. | | _ | |
Thevbehévior of Eq. (L) is'displayed in Fig. 15. These curves were

éaiculéted.from the éxpreséioﬁé in_Abpeﬁdix_I fof a Doppler sdurce line

and Doppler'abéorption éoéfficient; s is thé feiative line stréngth, 80

that koais;prdportional to s XN;y is the relative line-width parameter

introduced in Section III-B. The values of the scaling constants in (U4)

- were chosen to correspond roughly to experimental observations when the

predissociatién cell was irradiated by visible light at 12 pressures below

10 ‘mtorr. Concentrations are in arbitrary units, but it is useful to

know tha£ the masximum signal falls at (ko!) = 1.12 when ¥ = 1, b/l = .2,

(Without the'écgttered-light term the maximum shifts tp (kol) = 1.22;)

For the range covered by these plots, the approximation (2) gave curves

_ almost imperceptibly different from those calculated with the more camplete

expression (3).
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CONCENTRATION

 XBL 6910-5810

Flg. 15. Fluorescence function plots. vy 1is the relativé

line-width parameter for the Doppler-broadened
emission and absorption lines., - s is the relative
sbsorption strength, i.e. k_ = s N. Concentrations
are in arbitrary units, such that N = k_£ when

s = 1. Intensities are scaled to a relative 5/1
fluorescence-to-background ratio. :
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Fiéege_l5 iliuetfates fﬂe iﬁﬁorﬁance ef having a'thoroﬁgh understaﬁd-
ihg of the mature of the'source'and absorpfion liﬁesvin qﬁantitetive
molecular’fluerescenee investigatiens. For example, in a'heavy molecule
iike I2 a broad source line may excite several parﬁiaily overlapping
rotational‘iines with diffefent absorptioﬁ strengths. At high pressures the
strong lines'will be totally absorbed.and the experimehtel observations
will be descriptive of the weaker lines, ﬁhich may give different and
efroneous feeﬁlts,-particﬁlafly if fhe prepeftyvbeing meesﬁfed is a fﬁnc_
tion ef‘tﬁe:?otationai quahtﬁm ﬁﬁmber; At the verylleast, a.chrection
for non-lineerif& ;hould:geeereliy'be applied in such stddies; preferdbly
the data should be faken”et gseveral differeﬁtbl values and extrapolated
tod =0 l | |

Curves of the type shown in Fig. 15 could be observed for I as well
as'for I-atoms. The maximum 31gnal occurred at P ~ 55 mtorr. For vy = 3,

(x 1) at the maximum is approx1mately l 4. This gives k_ = 6 b em™t forr_},
in good agreement w1th the value ~7,.5 fron the absorptlon measurements.
The reiative.I2 fluerescence signal et the maximum was only ~2.6, since
‘a large fraction of the molecular fluorescence falls in a region where
the pﬁotomultiplier is inseﬁsitive. | B *
- The abserption by 12 complicates any quantitative application of
the characteristic fiuorescence function (4) in calculation I-atom con-
centratioes.E‘ At low I2 pressures the problem should not be severe,
and we can calculate from the ebsorption results, k0,1783(Cm“1) =
15

2.7 X 10 7 N for T = 300 K, so that the maximum fluorescence signal

corresponds to an atomic concentration of 1.0 x 10  per cm?. All

1. These points have been emphasized repeatedly by Prof. Leo Brewer
in private and publlc communications.

2. At any rate the simple expression (4) will not properly account
for the multi-component nature of the I atomic regonsnee lines.
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the measurements were carried out with signals less than 20% of the ma i mum

where NI‘< 1.0 x'lOll cma.l If we comparé this to the lowest I2 concentra—

tions encountered in the experiments (~5 X 1013/cm5), we see that this

 photolysis process is indeed a small perturbation on the System.

B. Kinetics of I-Atom Production v j -

1. Proposed Mechanisms

" There is on record ampié.eviaence inrsuppoft of the'e#istence of a
spohtaneous pfediséociatidn deéay moderfor the B (3H0‘+u).state éf I2
(Chutjian, et al., 1967; Wasserﬁann; et al.,‘l968;.Chutjian and Jameé;:
1969)Q What is 3ti1]1 lacking is a qﬁantitatiVe evaluation of this process
‘throughouﬁ the region of visible absorptién, 5000-6000 A. We shall‘pro-
ceed to derive some expressions for such a quantitative study,-whiéh Will
utilize'a compérison fechnique similar in principle to that émployed by
Rabinov}itch and Wood (1963b) in their definitive work on the quantum.' ‘

'yleld of quenching in forelgn gases.
For exc1tatlon in the‘hmdedreglon(x > h995 A) of the B +~X system

we must cons1der the follOW1ng processes:

%, 00 .

I, * hov I, (1a)
12* ——A-T————V I;i + etc. (1b)

* o k - '
I, —E—— 21 (1c)
I+ 1 ———1-{-(3-—-;-—»'2I+If (14)
2 2 2 <
'I2*+M - kMV 2T+ M (le)
I S T (1f) -

wall ‘

1. The 1830 and 1783 lines are so different in effective absorption
strengths (.059) that one should see two maxima . in the fluorescence function.
Only one was observed, so it may be assumed that virtually all the photo-
miltiplier signal is from 1783-A fluorescence.
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In (la) @q(v) is the photon flux at frequency v and o, is the

absorption coefficient in appropriate units.” An in (1b) represents the

total radiative decay rate to all lower levels. 1In (1c) kp is the rate

for spbntaheéus.ﬁrediséociation. 'kq and kM are the constants for |
quenchingv'.b'y'i2 and by foréign gases;'féépectivelyt ”Daggefs" are included
at several bointsltd'iﬁdicate the possibility Of_energyvtransfer in the
.réleVaht brbcésses;‘ kw is a rate constént for wall recdnmination, the
specific méchahism’fﬁr which ﬁili.be'méntioned below and dealt with in
detail in Séétion V.-'Thé rates for the'other'proéesses can be represented

in the conventional manner, i.e. (14) implies
. . N
d[I2 1
at

where the brackets‘indicate concentrations.

' \ *
= ‘kq .[Ig] [12]

Equ@tiohv(la) contains an implicit assumptibﬁ which is unfortunately
often 1ncorrect in photochemlcal studies: namely, that the absorbtlon .
is small enough 50 that only the flrst term in the expansion of (l e"a“'[:I ])
need be cons1dered. The observatlon of less than 10% total absarption is
often taken as the crlterlon far safely applying the llnear absorptlon )
assumption. This criterion can be disastrously in error for lowapressure'
gas-phase work, ﬁhere the absorption occurs in a number of sharp lines.
In that caée even 1% total absorption of continuous source radiation may
imply optical depths of unity or more at the centers of the strong abssrp-
tion lines, and the assumption of linearity becomes an outright blunder.
Later, in the discussion of results, it will be shown that assumption of
(12) introdﬁces an_errbr of several per cent: in the predissociation wérk,

even at pfesSures as low as 10 mtorr. For the present we will accept (la)

1. This av is related to the k), used prev1ously by k, = avN here O,
is treated as a brmd-band parameter, so it is directly related to the
measured_decadlc_molar extinction coefficient €,. (See Eq. (IIT-D-9b).)
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as ﬁalid; 7 ‘
Equati@ns (1b-le) predict an expénential decéy éf the 12* populaﬁion.
However, as:it will twn out iﬁ these experiments, the‘symbolvlgf.will B
have fb-repfesent a toéai B-statevpbpulation_which is:distributed over
several v' 1evels'énd all thermally accessiblé rotaﬁional’&éveis. ;If thé
decay rates vary with v' and J; the oﬁser&ed.decay will no longer‘bé éxponén- -
tial, but rather some sort of weighted avérage of the individual decéy
curves. In that case fhe vélue measuréd may be explicifiy depeﬁdeht on the
method of'meaéurement; Forvexampie Gunhiﬁgham (1968) ébtaiﬁed different |
lifetimes for thebdeéay of 12* in the viciﬁity of ﬁ‘ = 25 when he used
differentrﬁodulation frequencies in a phase-shift determiration. Radiatibn
eﬁtrapment'éan also give deviations frbm'the'exponéntial decéy, but suéh.'.
problems are inconsequehtial in the present sitﬁation.;' Brd&n, Steiﬁfeld
and Klemperer (1964, 1965, 1966) have Shﬁﬁn that édllisional énergy trﬁnsfer

*

in 12 is of 'a magnitude comparable fo the quenching for most céliision

partners. ‘(IQ* - 12 collisions are the noted'excgptﬁon;)uuSuch ﬁrocessesv
need not Be'consideféd in our mechanism; ﬁeéauée in the l&w—éreésure limit
they'do hot'occur, ahd in the high-pressure limit iOO% quenchiﬁg is'effected,
regardless of how much energy transfer precedes it.I2 |
Equations (1d) and (le) correctly represent the quenching of Ie*, but
the indicated products of the queriching are somewhat speculative. Although

atoms are'knOWn to be produced in the Quenching process, the yield of atoms

if'long-lived intermédiates

v ’ ' *
may be something less than two per quenched I2

1. An estimate of the effect of entrapment is given by Chutjian, et
al. (1967). :

2. The foreign-gas quenching results may be affected if transfer
occurs to v' levels having noticeably different quenching susceptibility.
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~ For the sake of thoroughness we should include mechanisms fcr vibrational
. | v . o _ _
and rotational relaxation and perhaps ortho-para conversion for the ground-

such as I5 and MI canvexist.l

state.molecules. In the steady-state situation thpre must be a vibrational
cascadlng occurrlng for recomblnlng atoms and for the i produced in (1b)
and (ld), In view of the very small steady state concentrations of I

and I; it is unllkely'that the ground-state population can be perturbed
“by ﬁcre ﬁhen.l-E%,?if we edopt nominal rates for the relaxation processes.
Furtherﬁore;the experiment offers arqualitative handle.on such effects.
The 12 ultrav1olet absorptlon and fluorescence nught be expected to de— ”
crease cr increase if an appre01able fraction of the 1od1ne molecules |
are in hlgh v levels, where the Franck-Condon factors coﬁld changevthe
absorption. At no time in the course of these preaissccietion ekperiments
was sﬁchban effect observed. Anyway‘aS“shownbelow‘thevcomparison nefure

- of the experiment will partially cancel out complieations of this type.
Therefore.the above mentioned processes will be ignored, aﬁd [IQ] will be
assumed constant with respect to the visible'imradiance}_

Now we come tc the all-important Eq. (1f), the only process given to
account for the removal of I-atoms. At the low pressures employed in these
studles we expect heterogeneous recombirmation to predomiﬁate over homogeneous
(Rabinowitch and Wood, 1936c). The nature of the wall recombimtion may
be complicated; it will be investigated in more detail in Section V.

Briefly, a very low (~.001) "sticking" probability will lead to a second-

1. The experiment of Rabinowitch and Wood (19%36b) indicated that the

" quenching of Io¥* was accounted for by (1e) and mot by the radiationless pro-
cess 12 + M — Io» + M. However, the yield of atoms was determined indirectly,
from the decrease in [12] This unfortunately says nothing about what
happens to the I atoms. The same problem arises in all the classic I-atom
recombination studies. This deficiency will be overcome in the present work
and that dlscussed in Section V.
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order removal, and a moderate (~.1) sticking efficiency will give a first-
order disappearance. The former prevailed in the experiments of Wassefmanh
and co-workers (1968); the latter appears to obtain in the present study.
Ih either case the recombination rate may be expréssed

, L

k [1]

__g'.[_I_l= ' ._ , 'l(ga)‘

at L+aM+at [T,]

The terms in the denominator are included to account for the diffusion of
T-atoms to the walls of the cell. (The form’(l'+ a*M) will be verified
in Section V. Here it is unimportant, because if will be eliminated in
the expressions derived below.) When both lst-and 2nd-order recanbirmation
oceur to an appreciable degree, (2a) will still represent approximately
the overall rate, with 1 < x <2. However, it is more correct to express
the combined rate as » .
: - v + : :
o K [1] (1 + 7o [1]) o ,
- Ta T y . (20)
' T 1+ aM+ a' [12] : .

In these experiments the deviation fram lst'order'was Smail enough fhat
(2a) and (2b) gave essentially the same results.

In the'stationary state we have

a [T,#] _ o
—2 -~ o | (52)
....._Q;._{..I_]__ = 0 | (Bb)

dt

FEquations (1) and (3) give, with (2a)

2o, K +k [1] + KM

rm* = -Eg- 2, (v) —R——9 2 ,
+

W Ap *k *k [1,] M

[12]:.F([12],M)
(L)
where M represents the cancentration of foreign gas anc F([Ié],M) is

the denominator in (2). The expressim



. kp+k(i[12]+ kM ) (s5)
byt g (] * il

containss the ihformation'we desire. It is simply the fraction of excited

molecules ‘that: predlssoc1ate. In the limit of high pressure R is unity;

the low—pressure llmlt is k /(AT * k ) or ka where T 1s the unlmolecular
llfetlme. When x = 1, and k [I ] << kp,(h) predlcts that [I] will be propor-
tional to @ (v) [I ]« Such a dependence has been noted by Mayo (1964),

and Was_observed;earlyuin.this invesfigation£

Equation (k) does not lend itself to. easy evaluation of the quantum &ield :

for predissociétion ka. Its use roquires accurate koowledge of F([IQJ,M)
~and the characteristic fluorescence function. We can eliminadte this
oroblem by‘comparing [1]* fran (4) with the I-atom corcentration producéd
by excitation above the dissociation limit of the B state.v In this case

1
we have, for wavelengths shorter than 4990 A

@, o (vY)
12‘+, hev ——9% 3 1( Pl/g) + I( P5/2) (6a)
ey 8y Ty @

and the same removal mechanism (1f). ky in (6b) fepreSehfS‘all quenching
processes for relaxation of the metastable I-atoms, plus radiative decay, .

and we assume there are no reactions specific to I(QP ) atoms of the.

1/2
form A

' 2 -
I( Pl/z) M ——> MI (7a)

I(°p, , ) + AM ———3 MI + A : (7o)

1/2
which can tie up the metastable atoms. This assumption will be supported
below, where it will also be shown that the relaxation reactions (6b)

are very rapid with respect to the overall atomic removal process (1f).

1. The B« X continuum actually extends some distance into the "banded"
region. This point will be discussed more fully below.
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Then

S - L o |
(11" = &= oq (v") * [L,] - 7 ([T, L,M) | (8)
w ) .

Dividing_(&) by (8) gives | o o |
A N U RSN BT,
(11,7 @ @q(v') B Ay * ko *k [1,]1 + kM
(9)

The application of (9) is obvious. Here we will use the rarrow-band

interference filters and tungsten lamp described -earlier to achieve the

excitation. Then we have

/171 . ¥ a. '

where (a /a ) is the ratlo of quanta absorbed by I, w1th "banded" fllter.
i to quanta absorbed using & standard "continuum" filter c. (For a glven
- filter ¢d(v)’is to be_bhé ;ame in all éxperiments, éo bhét(ﬁgi/ac) is indeed
a constant fof banded-region filter i.) Values for (abi/ac) may be cal-
culated, or'they may be determined experimentally when R = 1.0.

TQ mofeiproperiy déscribe the exéitdtioh inbbithe banded_region of the
I, visible absbrption,'we should include a term to ddﬁer_the possibility
‘of directbdissociation via an underlying continuum. The 1H1u repulsive
. state, which is.presumably requnsible for the spontaneous predissociat ion,
has been predicted (Mullikén, 1940) to contribute about 10% of the overall
absorption;: In addition the continuum of the A(BHlﬁ) <X transition seéms

to overlap the B« X system at the red end of the latter (Ham, 195k;

l .
Mathieson and Rees, 1956).  The necessary modification of (10) is simple

1. On the basis of the work by Ham (1954), Maulliken has upped his
1940 estimate of the Iy, « X strength to the value given here. -

The present treatment implies that the absorptions, ¥Hlu <X and B «X,
and the spontaneous predissociation B —)lﬂlu are essentially independent
processes. This picture is valid for cases where the coupling between the

upper states is relatively weak, but it may be g@uestionable when the m1x1ng
becomes strong.
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and direct:
X
ot
Tl e bi

fI]c » B

]

a ..’
Cl

= (11)

R (1M +

' . . . . .
where (abi + aci) replaces a in the discussion of the previous para-

bi
graph. The expression on the right will be referred to in future discussions
as the experimental yield function, or simply the yield function and will be

represented

WLl 0 - v ROLL W +y, (12)

Then the quantum yield fdr uhimolecular production of atoms is
' ¥, R(0,0) + Y

Y(0,0 2
Q.Y = + = F ( 13 )
Yl. Y2 . Yl Yé
+ ) -
_ Yl ka Y2 o min
= e =
Yl Yé max

Clearly the fractioml absorption by the underlying comtinuum is

2
fr = — , (1ha)
] ¥
| c Yl Y2
and that by the "discrete" state is
Yl _
fr, = = : (1hv)
: ¥
| b Yl Y2 o
(We must remember that Y, Y., Y, and R are all functions of the particular

1’ "2
| filter used for banded-region absorptiqn. The subscript i has been dropped
to simplifyxthe notation.)

If we'cepsiderephe:behevioF:ofvY:ap ;ew ,tIQ] with no foreign gas M
present, we can show that

2

YooY (kT vk T A : [, + 7y, - (15)

e 4 . . . -2
which is a.llne with 1nte?cept Yﬁin and slope (Ylkqf AT). We can express
this slope differently,
Y

2
lkqfr Am = A kq'r (16)
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where - , .
A = Y AT - (17)
A is simply the difference Y _ - Y. . . Similarly at high pressures of
' : max min : =

foreign gas, the'followingfrelationship will be useful:

1.+ cl/M -
r =1 T+ o, /i R | ‘(18)_
where : : o '
k otk [T,1 ' ,
tk_ +k [I] | ’
c, = S B . (19b)

2 kM :
Hévihg derived the relationships we will'heed,'we now return to the

problams involving I(°P, /o) aboms.

é. Relakation of Metastable Iodine Atoms

The'ébove deri§ation reqﬁired the éﬁpposition that procésses (65)
are rapid énd_thak’reactiOns (7)'do not occur. If either of these
assumptioné fails ﬁo_hold; the compériscm procedure Will_give érzoneoﬁs
xesﬁlfé,'bécause the‘deféctioﬁ method "sees" only groﬁnd—staxe I&atmmé;.

Donovan, Hﬁsain,'aﬁd co—workers.(l965-l968)khavé puﬁlished a series
of papérs on i(52Pl/2) reactiohs with various gases. Théy ﬁéedia méthbd1
of timeéresolved_kinetic spectroscopy which allowed them to detect the
presence -of both ground-state (2P5/2) and metastable (2Pl/é) I-atoms
through their absorption lines at 1783, 1799, and 2062 A. By flash:
.photolyzing CHBI and CFBI’ they were able to produce exclusively.QPl/g
atoms. v o

Abstraction reactions of the type (7b) were found to occur in the
cases, M = Cl,, Br,, ICI, and IBr. Inall other_éases collision-induced

2
spin-orbit relaxation dominated the removal of Pl/2 atans, as demonstrated

by the simultaneous increase in I(2P3/2). (At long time delay, the latter
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diSappeared and the ultraviolet absarption of 12 was observed.) In the -
noble gases,,decay was limited by'diffusion to the walls; in molecular.gases
it occurred invhomogeneous collision processes. Deactivation probabilities
on collision were quoted for more than a dozen Quenching gases. For NQ’ 02,

and Ig,values of 3.0 X 10‘6, 5.6 X 10_2, and 7.1 x.-lo':2 were given. (IQ' :

was the most eff1c1ent quencher found )
Although the evidence agalnst reactlons of the type (7) is strong
(except for the four cases mentloned earller), 1t is dlfflcult to exclude
 the poss1b111ty entlrely,'as concentratlons of I( Pl/2) and I( /2 |
were not determlned absolutely by the above authors On the other hand
the constancy in relatlve concentratlons with dlfferent_quenchers makes
it seem likely that anyceffects of "the type (7) were unmeasureable in
thear exneriments. Thisiwould place an uﬁper linit of ~Fh on the fraction
l/g.)atoms removed by attachment or abstraction reactions in, for
example, N,; Oy, and IQ.' Meyér.(l968) found that'zPl/g
I fromvCHﬁI and noted that'other workers had produced IQ and IO

2
of I("P
T-atoms abstract

5 in processes

of the type (7). In addition there were sone indications of the occurrence
of (7) in this lab when M was 02.l HoWever, the data of Donovan and Husain.
are the best quantitative measure of this problem, and we will accept their
results as justification for the exclusion of (7) from the mechanism.

There remains the question of the relative magnitudes of the rates

for I(EP ) relaxation and for overall recombination of I-atans. The

1/2
results to becdiscussed in Section V give a lowest mean recombination

] .

1. Use of air as a quencher in the predissociation cell led to permanent

changes in the "poisoned" surfaces, including fogging by a white deposit. These
changes could have involved I( Pl/g): O3 or a number of other possible species.
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lifetime T£(¥l/kw) of ~3 msec for an untreated cell. The rate has ncﬁ
‘yet been measured in a "poisoned" cell, but qualitatively T, seemed to be
an order of magnitude greater.. With'r :jBO msec, aﬁ P(I ).; l'mtorr ‘
(lower than any pressure actually used), the I-atoms undergo ~15O colli-
sions before recomblnlng, the concentratlon of I( Pl/E) would be practlcally
_ negligible after ~50 collisions with I2' This calculation may be entirely
academic though, as we mote that the meaﬁ_free'path is ~50 mm at P(Ig) =
1 mtorr, so thet the average iodine atom collides with the cell walls about
as often ae with i2 molecules. Dcnovan and Husain (1966) poinc out thef
the efficiehcy fcrlrelaiation cf I(2Pl/2) in.wall collisions is fairly high.
In ﬁhat case we should reopen the éuesticn cf reactions (7) occurring on |
the acidefreated surfaces of the celiv The author was unable to locate
any studles of such processes, but fortunately the experlmental data give
some’ estlmate of this possibility. The results 1nd1cate it can affect thev
accuracy cf the.measured quahtum yields by at most lO%, prcbablyvmuch less.
It wes possible ﬁo-check for absorbtion byyi(ePl/e) experimentaliy
using the procedures outllned in (III—D) The 1799, l8hh and 2062 lines
all gave detactable absorptlon in both treated and untreated cells. Al-
though thevresonance—line absorption increased ten-fold in the treated cell,
the QPi/é'absorptioh remained constant within the precision of the measure-
-ments, indicating the acid poisoner had no effect on the decay of the 2Pl/2

atoms. However, this comparison was made at a pressure of ~30 mtorr, where

homogeneous quenching might have obscured anmy changes in the wall relaxation

processes, The lowest I2 pressure for which both 1783 and 1799 absopption
were measured in a treated cell was 9 mtorr, where the absorptions were
85% and < 5%. (The measurement at 1799 A appeared to be even lower than

b, but the uncertainty was high because of low signal/noise ratio.)

o T
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According to Lawrence (1967) and Donovan and Husain (1968), the absarption
strengths of the 1799 and 1783 lines are approx1mately equal. . In that
case the above measurements 1nd1cate the I( /2) concentration is about

80 times that of I(EP If we assume “the broad contlnuum source pro-

1/2 .

duces atoms in the ratio Ni(EP

| 3/2 1/2

metastable atoms have relaged to thefground state in the steadyrstate

): N ( P = 5:1, all but 7% of the
situation:

From this discussion the'complications involved in comparing the
concentrations of I-atoms produced in bandeu-region excitation with the
concentrations of initially non-identical atoms from continuum excitation
are minor, and we may proceed to mea sure the low-pressure quantum yield

of iodine atoms using our comparison technique.

| C. 'Collection andiTreatment of-Data
1. Procedures'
The‘experimental approacn'to tne problem is already obvious fran the

relationshi@s derived in Subsection B. Equation (B-15) preaicts a linear
~ dependence of thé yield function on [12] in the limit of low iodine pressures.
From the quenching data of Chutjian, et al. (1967), we can estimate that
the deviation from (B-15) at P(I ) = 20 mtorr is about 19%, so a plot of
Y vs. P(IQ) should be reasconably linear for pressures lower than this. In
the high-pressure limit Y goes to Y&Ax, but there are complications in-
herent in reaching this limit using 12 alone to produce the quenching.
‘The ultraviolet absorption by Ié is so strong that at pressures greater
than ~75 mtorr the fluorescence signal actually decreases when the visible
source 1s turned on;'and visible light frcm.the iodine lamp can develop

high residual concentrations of atoms. On the other hand we can use a foreign

1. This is in good agreement with the theoretical line strengths for
Russel-Saunders coupling. Unfortunately the absorption at 2062 A was too
weak for a quantitative determimation of the relative 1799 and 2062 absorp-
tion strengths. Qualitatively the results supported the findings of Section
III ‘ ‘
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gas such as Ar or N to predlss001ate I *(B) and.thereby obtain values for
the forelgn gas quenching constant kM as well as the desired Y ax at each
wavelength. (B-18) is the approprlate relatlonshlp. -
The erperiments were carried out over a period of two months, using
the arrangement of Fig. 6. In a given run, one othwo points-were recorded
for each of the twelve 1nterference filters at constant forelgn—gas and I2
pressures. Before each low—pressure (no forelgn gas) run, the cell was
freshly evacuated'ln the manner described in Section II; afterwards (~h
hours) the ceillwas checked for possible leakage. In the foreign-gas runs
cylinder-grade N2’ was used as the quencher. With the I, frozen out, the
vacuum line and cell were flushed several times before the cell was filled

with the deslired amount of Ne; the pressure was determined to z.0% torr

with the aid of an oilnmanometer.
In the low-pressure work, the I pressure ranged fran 1.5 to 16.5
mtorr, correspondlng to cold finger temperatures between -27 and -6 C.
The 1od1ne vapor pressures Were_taken fran the tables mentioned in Section
ITI-D. In the foreign—gas runs, Né pressures of ,75-11 torr proved suitable,
and the I2_pressure'was held at 126‘mtorr b& cooling the cald finger to
26 C in'a slush of o-rylene. At the higher Né pressures it was necessary
to wait as ﬁnch as 1/2 to 1 hour to establish a constant iodine concentration.
With no foreign.gas present the I2 vapor appeared to equilibrate with the
cold finger as fast as the latter could be cooled.
The iodine lamp cold finger was cooled in a bath of ethanol and
dry ice at ~-80 C. Under these conditions the UV ocutput was quite
sufficient and the visible output was tolerable. At the start of a
run it was necessary to wait 15-20 minutes for the lamp's ultravialet

output to stabilize, as indicated by the attainment of a fairly level

1. Io¥(B) is so eff1c1ently quenched by most molecules that any possible

1mpﬁr1t1es should give a negllgrble error in the results for kN
! oo

[
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background s1gnal of scattered light and I2 fluorescence. During the
run the lamp generally weakened w1th time, but it displayed no problematic
1nstab111ty as long as the bath temperature was. kept constant. ”

" Each- recorded data p01nt was an average of 3 5 measurements for the
h9l9qA continuum filter and 5-10 measurements for the particular bandedsr:
region filter. For.each measurement the tungsten strip lamp was turned
on for 10712 seconds, long enough to establish the steady state. (With N2
present the p01nts required sllghtly longer, ~15 seconds ) The s1gnals
were recorded-in a sandw1ch1ng kfashion, 1llustrated in Fig. 16, in order
to compensate for poss1ble_dr1fts in I-lamp power and.le pressure. They
were suhséquently normelized.to a constant beckground before being‘converted.
to an.eXperimental signal ratio (Sigb/Sigc); A correction for non-linearity,
discussed helow, was_applied to produce each value of Yl-forfevery bandedf
region filter.e totel-of-9-l2 points were obtainedvfor the determination
of each ofithe.desired limits.

2. Non-linearity Correction

- Barlier we asumed for simplicity tlat the recombination of the I-atoms
proceeded according to (B-2a), -and we used that equation to subsequently
derive the expression for the yield function. It”was pointed out that
’(B-2b) is a theoretically more plausible expression'for the canbined lst-
and 2nd-order wall recormbination. We can determine the unknown castant x
in (B-2a) from the slope of a plot of 1ln @q vs. 1n [T], as is clear from
(Beﬁ). Alternatively we can determine a value for b in (B-2b) fram a

plot of éq vs [I].
(11 (1 +v [1]) = oq X F! ([IE]’ M) (1)

In order to obtain even relative'values for [I] we must correct the

observed'signals for non-linearities of detection as dictated by the
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~ characteristic fluorescence function derived in Part A. Rather than do
this we can eimply lump-the'non-linearities of recambimation and signal.

detection together and obtaln

Si S . ' -
(Slzb> =¥ L (2a)

Lol + Brogy
Sig, (1 b Slgb)

or.

— _ = ¥ ~ (2v)
Sig, (1T + v’ Sigc) ‘

Then we.obtain the value'of x' or b; as abbve, from the appropriate
relatlonshlp between the 31gnal (Slg) and the relatlve intensity of
exc1t1ng llght | |
_Prellmlnary.werk indicated the values of X"and.B; in (2) verev
.functions'of‘the I, pressure and tne total magnituae of the signals
invelved._-The.legarithmiC'plets gave, under varioue-conditions, values
of x!' from 1. Oh to 1. lh a range ten tlnes the 1nd1v1dual standard
'dev1at10ns. The forelgn-gas data generally gave values around 1.06;
the low—pressure data averaged ~1 10. Furthermore the 1ogar1thmlc plots
generally exhlblted sllght pos1t1ve curvature. The curvature would be
expected for a mixed order of recombimation, and the variationiof the slope
may be interpreted as a result of being'in different regions on the
fluorescence-function curve. Eventually the form (2b) was adopted for
the eorrection. Although b' behaved in a similarly dissatisfying manner,
fitting the data t,e (2b) gave statistically _slig%tly better results than
for (2a). Fié;tﬁ‘es 17 and 18 illustrate the typic;l behavior.
Since values for b' eeemed to vary witn experimental corditions,
it was felt desirablea to'determine the‘correction independently for

each data run. To minimize dependence on the magnitude of the fluorescence
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signal, cardboard diaphragms were nsed to mask down the condensing
lenSes. In this way the maximum working fluorescence signal was always
adJusted to 10- 15% of the maximum in the characterlstlc fluorescence
functlon. Data of the type shown in Flgs. 17 and 18 were recorded -
using the calibrated neutral density filters in combiration with the
intefference'filter having peak transmission at 5h62:A.l Points were
acquired going fromvlow te'high density and back again, to compensate
for possible temporal changes (assumed_to be "linear") in the lamp
oufpnt‘and jodine .concentration; each point here represented a single

on-off operation of the tungsten lamp.

. Desplte the esthetlcally unpleas1ng aspects of this non- llnearlty.
treatment, the net &ffect on the measured quantum yields was small,
It wés.greatest when the high- and low-pressure limits of Y werevfarthest

apart, where it amounted to ~Ui%,

v D. Results and Discussions

1. Unimolecular'Quantumeield-of Todine Atome

a. Yield function plots

Resulté for the twelve banded—region interference filters are dis-
piayed}in.Figs. 19-30. The upper plots show the performance of Y in tne
higthressure limit. The selid curves are the least-squares besf fits of
the points to a modified form of (B-18),

1+ c /P .
T = Yhax <__———_£_§? ) ' (1)

1+ cQ/PN2

which amounts tdlignoringj the conmtinuum contribution to the total atomic
yield. For most of the filters this will turn out to be a good assump-

tion, as'will be evident later. For the cases where the continuum contri-

1.The 5462-A filter was chosen because it gave the largest 31gnals. For
comparison several runs were made with the continuum filter peaked at k919 A;
no significant difference was observed. Unfortunately this result does pot
prove the recombination is equivalent in the two reglons. For example, Pl/2
atoms could have a much hlgher sticking probability and never be seen by
the detector.
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Fig. 20. Experimental yield function plot for 5091 A.
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Fig. 22. Experimental yield function plot for 5277 A.
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Fig. 24, Experimental yield function plot for 5594 A
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Fig. 25. Experimental yield function plot for 5690 A.
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Fig. 27. Experimental yield function plot for 5922 A,
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bution is not small, (1) remains a useful form for cbtaining the intercept

Yﬁax = Yl.+ ¥25 but ¢y ahd cg‘no lgnge?‘hévé the significance indicatea
“in Eqs.»(Bgi9);l The calculated curves have the expected form, except for
the results at 5277 A (and possiﬁly at 5594 A), where the abrupt upswing
neér l/P(Né) - Q appears to be a mathematical artifact rather thaﬁ a physicallv _E
reality. Hence,ktﬁe inﬁercept ih the,5277‘p16£ was adjﬁsted dowrward from
2;50 to:é.lS,'still withinvthewstaﬁdard.de§iation (which was unusuaily
high fér this particulér set of‘pbints). - The fit routine understandably
- failed fo éonverge for the data at BQiO A, so the intércépt was taken'frcm
a linear fit in this case. )

The low;pressure results afe illustrated in.the léﬁer'plots. A good ‘ |
linear dépendehce is found for each filter. Howevef, some of tﬁe slopés
are anomalouély lOw,vwith negéti&e values occurring at xx5h6é, 559h,‘and
€239. It is clear from (B-15) that negative slopes cannot %risé fran bur
proposed Méchanisﬁ, so some unforeseen process or complication must be
oééurring; Severai possibilitiés afé discuésed iﬁ Part 2 of_this subsectim.
The quenchihgrresuits will bé dealt withlin Part L.  However, we note for
the shke bf comparison that the greatest values for thévself-quenching :
cross¥Section are found at 509i and 6037 A, ﬁhere dE:E 50 A2, subsfantially
lower than Chutjian's values, 66 and Th Ae, respectively.

. The résults of the least-squares fits are summarized in Table 2.2

Table 3 gives the quanfum yields for unimolecular dissociative processes,

obtained from the ratio Y

min/ S (The velues in parenthese for 5277 A

1. The least-squares fit of the high-pressure data to the form (1)
followed the general methods outlined in the book by Deming (1964). The
three quantities- Yp.., C1» and c, were treated as independent variables and
determined by.an iterative procedure from initial guesses. The results were
used only to obtain the Yhax values; quenching constants for Ny were obtained
in a separate computation, detailed below. . §

2. As an indication of the reliability of these measurements, only eight
or ten points of the total ~250 obtained were discarded before producing these N
results. The rejections were based on statistical and experimental grounds. .

[ ’ D
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Teble 2

PREDISSOCIATION EXPERIMENT
LOW PRESSURE RESULTS

WAVELENGTH (A} NOe« POINTS . INTERCEPT ST. DEV. SLOPE - ST. DEV.
sn10 N 8 615 11 L0167 G121 M
5091 10 N +645 «01C «00524 oLyt S .
5166 1 : le 144 T 008 * «01160 - +00uss
5277 9 Le4l?7 2022 00251 0u262
5462 11 1593 T W009 ~»00569 «00124°
5594 ' 10 ’ 1.361 . <014 -.00264 «Uulée9
569N 1h 1.301 016 200220 «Gu1l98
5896 9 +318 oGl2 «00634 V136
5922 9 ’ o412 «0u9 «u0729 «00394
6037 8 . «517 00T «00343 . «OLUT2
6129 9 339 «0C6 +00006 «QUV63

6239 10 255 1 1 ~+00183 «00C48

FOREIGN GAS (N2} RESULTS
{DATA FIT TO FUNCTION Y = CU1+A/P)/(1%B/P) )

WAVELENGTH (A) _ NO. POINTS INTERCEPT(C)  ST. DEV,. ‘A DA 8 so8
5019 : 9 : TS 008 0. 0. 0. c.
5091 : 11 +924 0343 2459 5,32 2487 5490
5166 13 1.837 o052 2.11 [1.89 2.48 2.20
5277 1w 2.3F2(2,15) o143 4048 2467 6.11 - 3,62
5462 ) 11 } 2.202 048 lai4 54 . 1.50 o7l
5594 9 2,940 275 2.36 .99 3,40 1.64 ,
5690 1 2,201 .10¢ 60 .72 1.08 1,02
5896 e 1 +957 .021 .37 043 en .57
5922 11 1190 .023 .72 .52 1,09 nNta
637 ) 9 .963 029 .23 .69 .45 .86
6129 . 9 .503 031 1.02 1.67 lebt 2.16

6239 11 290 <017 ’ 1.27 3434 1.53 3.84 -
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Tsble 3

PREDISSOCIATION STUDY

QUANTUM YIELD RESULTS

WAVELENGTH 1A) - " ATOMIC QUANTUM YIELD " ST. DEV,
5010 0926 ‘ 0520
5191 S . «698 Co N34
5166 - : . 623 «N18
5277 ' «616 (,66) o139
5462 , : 723 - 016
5594 » e667 - ' 25
5697 ‘ «591 ' - (128
5896 , © 332 oGlé

15922 . e 346 o110
6037 : o 537 ’ 118
6129 ‘ 673 ) o743

6239 - : <878 «N53



=11k
ane.the edjustediresults, mentionedbabove.) »Weycan see fran fable BIand_
_Fig.:Bl that the yield increases at both enas of the banded spectrun of:Ig,
with possibly an additional maximum at ~5450 A and a minimum a£‘~59op A.
The total'quanﬁum yield will be further.enelyzed in terns of  contributions
from'direct‘dissociation‘and spontaneous predissociation in Part.5,

‘The quantum yield results in Teble 3 ere.in excellent aéreement with
the flndings of Chutgian and James (1969),'whose nork indicated 6% spontane— |
ous predlssoc1atlon at 5&50 A and.BB% at 5900 A. When the effects of under -
lying ‘continuum absorptlon are cons1dered below, the agreement w1ll
diminish only slightly. ‘Wassermann and co-workers (1968a,b) observed

"parallel" production of atans in continuum and banded- -region ex01tatlon
down to pressures even lower than those employed in thls study. Their
results were presented in a log-log display, which obscures the detailed
pressure dependence; however, interpreted in terms of the nechanism given
in this work; their parallel behavior indicates 100% predissociation and
b fluorescence. As was'noted in-Section IT, acid-treated quartz continues
to -degas: slowly for wekks or months; if tnecells used by Wessefmann;
et alfawefe not freshly evacuated before their experiments, quenching by
hnpurifies could have produced their high yields.»vInterestingly enough,
their eaflier results (Fadzoner and Wassermann, 1966).from a study of the
photosensitized isomerizafion of cis-butene-2 indicated a low-pressure etomic
yield of 77% for 5460 A excitation, in good agreement with the present
findings. |

b. (v'v")Distributions

Knowing the Franck-Condon factors for the B-X system enables us to
calculate the distributions of v' and v"' levels involved in the absorption
process for the various filters. Chutjian and co-workers (1967) have

given approximate v' regions excited for most of the filters used in this
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Flg. 31. Qu&ntum yield for unimolecular dissocistion of
L (B) as a function of exc1tat10n wavelength,
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work, but r;ceﬁtreids and.v" distfiﬁutions aie lackihg. in addition,.
several of the filters used here were not used in their work. Theréfere
: a computer.routine was written to calculate the desired infomation
for the new filters_and'Was used to recalcuiate tﬁe.diStributione for the
old. | | |

From fermulas given in Section III we know that'the absorptionvby
a given retational line will be pfoportional to the rotational line:
strength (divided by the degeneracy (2J" +1) ), the Franck-Condon factor,
~the frequency‘of the transition, and the popudation of the absorbing state.
The last of these is governed by the rotetional degeneracy and Boltzmann |
factor. To calculate the total absarption for a given filter, we must

-sum all the conmtributing lines.

Absorption  « ¥ 3 oS e Si/KT Jrpn|yry|2 (2)
: st '

where Fx is the waveienéth distribution of quanta for source aﬁd filter,
and the sum'is-carrééd out over all rotationel lines in the regien of
transmissioe for the particular'filter. Here fhe weve numbef i‘fer the“
transitions is treated as a constant for a given filter; in which cese‘
it will ha&e no effect au’ the (v',v")_distributions, Later, in comparing
the total exeitation for different filters, v will.be included. o
The caiucations were carried out assuming the source quantal distri-
butior: was constant over the transmission band of the filter and taking

F. to be a Gaussian function of X.l For this case s. was (J+L) for the

A J
R branch and J for the P branch, and the 5:7 intensity alternation due to
oo . . . 2 oa
nuclear spin degeneracy was ignored. The Franck-Condon fattors used

: 2
were those calculated by Cunningham to v' = h?, all for rotationless RKR

1. The Gaussilan form seemed to represent the transmission of the filters
fairly well over the region F, > 10% F

2. BSee footnotes, Section III-D.

Aymax’
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potential cefves The frequen01es of the llnes were calculated from the
constants of Stelnfeld, et al: (1969) for the B state and Verma s |
results for the X state,l and were converted to standard-ailr wavelengtﬁS'
with the help‘of Edlenis (1955) formuls. The computation inciuded lines
" of both R and P breﬁches up to J = joo ‘(wel‘]._ over 99% of the total
rotational pepulation), fof all bands with &" = 0-5 hav1ng origins within
2-3 fllter half-w1dths on the red side and 3-4 half;w1dths on the blue
side of the fllter transm1331on maximum.
The results}arersummarized in Table h.‘ The distributions for the
5010 end 5091 filters are guesses besed on the conclusions'of Steinfeid
andvco;workers (1969).2 A1l othef tabulated values resulted fram the compu-
tation proeedure1eutlined.above,_except that same "guessed" F-C.facfers
were used in the calculation fer-fhe 5166-A filter. It is intereeting
to nete howvdifficult it is to absorb into loﬁ.v' levels at the red end
of the spectrum. TFor the 6037, 6129, and 6239 filters the v' papulation
distributiohiehaﬁges only slightly, while the v" distribution shifts to
highéf levels, es.the absofption "ciimbs"'up-the fight-hand wall of the
X;state pofential curye;; The average r-centfeids descriptive of the
absorption process:.change only slightly -- fram 2.70i A at K5462 to

2.806 A at x6239

1. The value of Steinfeld, et al. for aéye appears to be missing a
minus sign. With this change, the cadculated energies are in agreement
with earlier results of Steinfeld, Zare, Jones, Lesk, and Kiemperer (1965).
Verma's AG values were used to produce the constants w = 21k, 577, o e =

.652L, w.ye = 005974, forithe first six vibrational levels of the ground
state.
: 2. These authors point out that their constants are good only to
v! ~ 52. Even with poor constants the F-C factors up to v' ~ 60 should
be suitable in this type of calculation involving low v"' levels. However,
* the version of Zare's program on hand was not capable of performing the
~numerical integrations for the vibrational functions when the integration
intervals were too large, a situation which arises when trying to c anpute
functions for high v' levels and low v" levels for states with greatly differ
ing rg values. Therefore only levels to v' = 47 were obtained.




Table L,

Filt_er characteristics and I2 B « X excitation distributions

Wavelength

Half-width

. (A) Transmittance (A) V' levels . v" levels o
4919 .60 66 (éontinuum)- ’ 0 (5%),1'@@%),2 (u5%)
5010 59 30 75-95 0 (20%),1 (Lo%),2(35% )

5091 T3 28 55-75 - 0 (456),1 (30%),2 (20%)
5166 .78 L7 ho (5%),41.(9%),4% (11%) 0 (67%),1 (25%),2 (8%)
b3 (11%),44 (9%),45 (T%) ; :
4 L6 (5%) ) o
5277 77 50 33 (12%),34 (20%),35 (21%) 0 (93%),1 (2%),2 (4%) '
‘ 36 (15%),37 (9%), 38 (5%) - - P
5462 JTT 51 - 2L (9%),25 (24%),26 (256) 0 (81%),1 (13%),2 (5%) -
. , 27 (16%),28 (10%),29 (5%) -
5594 .73 - 56 19 (6%),20 (19%),21 (21%) 0 (56%),1 (40k),2 (l%)
22 (20%),23 (17%),24% (8%) 3 (3%)
5690 b5 138 16 (68),17 (11%),18 (165) 0 (39%),1 (55%),2 (5%)
' 19 (184, 20 (17%) 21 (12%) 3 (3%)
. 22 (8%) L
5896 .78 58 12 (9%),13 (21%>,14 (20%) 0 (88),1 (
. . 15 (244),16 (14%) "3 (2%),4 (3%)
5922 T2 85 11 (6%),12 (14%),13 (21%) 0-(6%),1 (41%),2 (h5%)
| | 1 (21%),15 (19%),16 (10%) 5 (5%),4 (3%)
6037 .81 86 9 (6%),10 (13%),11 (22%) 0 (2%),1 (20%),2 (51%)

12 (24%),13 (18%),14 (9%)

3 (25%),4 (1%),5 (%)

W) 2 (ue%)' o

- 8'['[-
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Table 4 (continued)

Wavelength .  Maximum

. Half-width -

(a) : Transmittance o (4) . _ V?'iéyelsE‘: _ r.‘ijiejsls i -. .
ey .5k 8k - 8(9%),9 (18%),10 (24g) 0 (0%),1 (8%),2 (39%)
| - 11 (2kp),12 (14%),15 (5%) 3 (5B)h (68),5 (2%)
6239 W37 96 6 (5%),7 (13%),8 (22%) ° EO%)',)'l (2%),2 (19%).

9 (643,10 (208),11 (108)

50894 (284),5 (1%) -

- 6'{'[-
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According tc Kroniéis (1928)'results the predissociatiou rate for
the transltion O+'—>l should be proportionel to J(J+l). In thet case
the effectlve v! d1str1but1ons might more properly be calculated by |
including thls J dependence in the sum(g), The effect would be to shlft
the distributions to slightly lower V! levels, with perhaps Av' = -1.
~ In the breéent study spectral resolution was too lowvto allow for a
.meaningful analysis of kp in terme of.individuel ratesikp(v'), 50 |
this modification was nct felt to be.wcrthwhile. A method for ebservlug

the predicted ~'J2 dependence will be described Below.

2. Possiblé Systematic Errors

a. .Geometrical, Thermal, and Associlated Complications

Previously we noted the anomalous.behavior of the yield fuuction
| at low P(12)° There'érela number ofmpoesible.complications which could
account.for the emall slopes iu the low-pressure deta plots. Fortunately
we can diemiss most of them Fforthwith:.. |

It is doubbful that "geometrlcal" errors could have been 1ntroduced
into the procedures in other than random ways, in whlch case theywwould
detract fram the prec1s1on of the results but would not affect the
accuraey. The focusing of the tungsten lamp, the masking of the con-
densing leuses, and the‘pcsitioning of the cell at the outset of each run
were all operations which could conceiuably introduce wavelength-dependent
 differences. A more serious problem wae the positioning of the filters for
each set of readings. In this case'a slight tilt off the normal to the
incident light beam would cause a shift to the blue in the transmission
peak, so care was taken to employ‘constant orientation at all times.

Although the subsidiary transmission peaks in the visible were

"blocked" for all the filters used, substantial transmission in the IR



was observed for several. One of these (5462 A) was checkedffor-the possi-

bility of atom“production outside the visible region. Absolutely no
signal nas ohserved for excitation-in the_UV and IR spectral regions;_-

ln the-arrangement used in these experiments (Fig. 6) the image
of the tungsten filament was focused roughly in front of the fluorescence
w1ndow in the pred1ssoc1atlon cell, dlverglng only sllghtly at both ends
of the cell. ThlS arrangement 1nsured that v1rtually all atoms were
produced 1n a reglon removed from the cell walls, since the I (B)
molecule can travel less than 1 mm durlng 1ts lifetime, .On ex1t1ng, the
lightvbeam was directed through the iodlne atomic source. Thls had no. |
apparent effect on the lamp as 1nd1cated by the constancy of the scattered-
llght background gsignal on irradiation by the unflltered tungsten lamp
with the I frozen out of the cell .

The presence of residual concentratlons of atons, produced by
visible absorptlon from the iodine lamp, could lead to concentratlone
dependent errors. If the recombination of the I-atoms is not strictly
linear, the relation between the yield function and the incremental.
atonic concentrations will be different at high and low P(Ig) va lue s,
because the background atomic concentration increases mith P(IE)' of
_ course the signal vs. [I] dependence changes even more radically, as
the background included fluorescence from Ie and the residual T-atoms.
However, the non-linearity correction method is essentially a cali-

_ bration procedure,_and as such should account for all these effects
within the flexibility of the quadraticvform used for the carrection.
(To check on this, a few points were measured at-P(Ie)‘= 30.5 mtorr
and found to agree with the data at lower pressures.) In no way can

such effects account for the spread of slopes fram negative values to
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vaiues near.the_anticipated results in the low-pressure yield'function;
plots.

All.thermal complicetiohs‘in the experimeﬁts were negligibler
Heating by microwaves and by the dlscharge lamp 1ncreased the temperature
locally at one end of the cell by 10-20 degrees, or as much as 60-80
degrees at the lamp window, a very small area, Homogeneous thermal pyro-
lysis is 1mp0381ble for the low ex01t1ng llght levels used. A roﬁgh
calculation shows that at most one in 200 I2 molecules absorbs a photon
(ehergy ~75-1do kT) in each secosd. At the'leW'pressures>of thesé
experimehts;.eecﬁ 12 molecules collidesvwith the ﬁells 102_te lO)1L times_a:
per second. 'Furthermore mo st (~60—80%)»of the absorbed energy is dissi—
| pated in recombinafien at fhe walls, so the temperatﬁre gradieﬁt‘in the;
cell must'bereXCeedingly small. As with the other problems, thermal effects
can not pos31bly explaln the variety of slopes observed in the low—pressure
data plots. o

D1ssoc1at10n of 12 by microwaves was considered by Wassermann, et
(l968b) and found not to occur. A quantltatlve estlmate of this
pos31b111ty could not be obtained from the present work, but no changes

were observed when the cell was shielded with metal f01l.'

b.. Non-liﬁearVAbsorption

Nonflinear absorption is a.likely canse of the variation in lepe
for tﬁe low-pressure data. The second term in the expans1on of (l - e [I ])
has a negatiye sign, which would tend to decrease the slopes. The effect
would be morevpronounced in regions where the absorption comes from a few
very strong lines and would be nominal in regions where many weak lines

overlap to give a semi-continuous absorption. The cbntinuum absorption

at 4919 A can be assumed linear for all iodine concentrations used here.
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. linear abéorption is 6-Th for this particular line (R or P) under these

-

We cén estimate the magnitude of the effect using the lire a’bsorb-
tion results of Chutjian and James (1969). Fram the relationships in :
(ITI-A), we calculate an A value of 2.1 X th/sec for an individﬁalrrofational
line.in the (25,0) band at ~5460 A. The correspondingbko value for a . |
Doppler abéorptibn coefficient is ko(cm'l) - 5.6%x 10 N. At room

temperature the fraction of I, molecules in, for example, the J" = 30

2
level of v" = 0 is .0050; and k { = .20 for the predissbciation cell at

P(IE) = 20 mtorr. From Eq. (III-B-16) we see that the deviation fram

conditions.
We may broaden this approach to include all the rotational lines .
in the band. Then the total band absorption, assuming no overlapped ' "_f

rotational lines, is proportional to

A 5 [(k1) (i) +...1 6
Band Absorption « ' k - T e
, =0 ©°7 o2 » o
and " :
= -1 : .
(k 2); = 6.5% 10 Ny vt oo (%)
so that : . .
' -1k
-1k 6.5 x 1077+ 2 :
B.A. < 6.5 X lO l 2 [N 1 - ‘—.2_———_ N 1o + o-o]
J=0 d,v. =0 o\ J, v =0
’ (5)

The deviation from linearity is simply the absolute value of the ratiovpf

the second term to the first term in the summation. We have

NT
2 lgw-0 T T (e/fai )
N -2 /T)JT(T+1
2 _ T 1. 2
b Nj’vm= 0 = < 1.55> B % (2J+1)° e
dr | (6b)

With a little effort it can be shown that the sum in (6b) is for this

case approximately
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R 2(6_/1)J(J+1) qa + - JTq o
5 (egt1)? e ( r ) = - aWs=) (D

so that v l( \2 ' : ' ‘
N, . m™q . : '

. 2 T 1 : r : .

2 Nypo= < 1.53) e, O N= @

‘Therefore the desired ratio is
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2nd term = . 1.26 X 1070 N, (9)

1lst term

With an iodine pressuré of EO;mtorr, the deviationvfron linear absorption

is accordihgly 8% for the (25;0) band.l This vélﬁe ﬁas caicuiated assuming

IRe|? = .837 debye®. Mulliken® has estimated a value of 1.3 for Ize[2,

which would increasevthe non—linearity_to ~12%. Allowance for bvérlépping

lines couldvraise the déviation considefably; Fof'eXémple; when thev |

rofationai constants fulfill the felationship'(B ‘/ ") = ——E-— for-

1nteger values ‘of n, the lines R(J) and P(J n) will coincide exactly

when the terms in J2(J+l) are negligible; and the dev1atlon fram llnearlty

will be twice as great. For the (23,0) band the above ratic is 6655,

so that R(J) and P(J-4) will bverlap for much of this band. In general,

though the probabllltles for coincidences of strong 11nes w1ll be small,.

so that overlapping lines should raise the deviation only 2- 5% (absolute)
From Fig. 23 the yield function for 5462-A excitation is Th lower

at 20 mtorr than.at'P(Ig) = 0. The calculated increase from quénching,

-7

téking T = 6.7 X 10 ' sec and kq = 1.53 X‘th/(sec mtorr), is 7.5%. The

1. The inclusion of additional terms in the equivalent width relation-
ship will decrease this value a bit. For instance when (kyf) is 30, the
2nd term is 10.6% of the 1lst in absolute value, and the 3rd is .87%.

2. See the discussion below on continuum contributions to the total
absorption. The value 1.34 is calculated from Mulliken's revised dipole
strength of 582 X 10-20 cm?. The latter is obtained from the extinction
curve, but it is not clear which curve was used.
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non-iinearity’in’the absorpfion would give a net change of ~ -4% in Y .
af'EQ mforr,vih.fair égreemeﬁt_with the observationé. The behavior ﬁf_

Y ét 5091 and_5l66 A, and i; the 5900 A region is ih>neér agreement .
wifhrpredictiéns'from Chutjian's (1966) results; anlee note that in theée
regions tﬁe absorétion is>spr%ad out among a larger‘number of weaker lirnes,
éo fhe totél absorptionvis expééted‘to be more lihéar. The results at
6i29>and 6259 A éhould likewise disﬁlay littie deviation from linear absérp-
tion;.unfortunately they do differ markediy fram expected behavior. ~C§n-
sequently the noﬁ-linear absbwpﬁion effect must be accepted as only ﬁaffial
explanation for the anomaiies. »

The Qalues for the zero-pressure intefcepts caﬁﬂot possibly suffer
from non—inear ébéorption complications, because points we?e meaéured at
pressureé down to 1.5 mtorr, ﬁherevdevi;tions are entifelyAnegligible
for all'wavelengths; 'Similérly the high—pressure intércepté shbuld-ﬁé
free 6f such_éffecté,vthough sﬁéh phenomena és collision-sensitized
absorption could leéd to érrors. Such a possibility seems remote, parti-
cularly.for the»low Né pressures employed here.

Severalbauthors have discussed the phenomenon of pressure-narrowing
of rotational 1ines in electronic spectra of some diatomic molecules -
(Breene, 1957; Bird, 1963). If this phenomenon occurs in I,, it mst
of course’increase the deviation fran linear absdrption ahd lead to

more negative élopes in the low-pressure data plots. No estimate of

the magnitude for such an effect can be givén by this writer at present,

c. Metastable Todine Atoms and I3

Barlier we discussed the relaxation of I(2P ) atamns in a semi-

1/2

quantitative way and argued that any errors from these complications

should be small, though possibly not negligible. Quantitatively we
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can show that the ratio of 2Pl/2 atoms to 2P5/2 atoms produced in steady-
state excitation into the continuum is
. = |
[z(°p, ,,)] K ! :
a 1/2) = 5T (10)
2 k k
I (P W

where kQ fepreSents the total rate fon relaxation to the ground state by
all processes. k "is the wall-recombination rate, assumed‘to be the same
for both types of atoms, it is a function of P(I ) and P(N ) 'From the
results of Donovan and.Husaln, we calculate the constant kQ to be

(8 + 67 + 260)/sec = 335/sec when P(N ) = 10 torr and P(I ) l 6 mtorr.
The three terms in the sum represent radlatlve decay, quenchlng by NQ, and
quenchlng by IE’ respectively. From the earller discussion kW}_ls guessed
to be less than 30/sec, giving a ratio of ~.045 in (10), for an error

!

of less than 3% in Y .

A comparison of the observed.valueslfor YﬁaXJwith.those calculated
from the extinction'coefficient of Rabinowitch andAWood reteals a dis—
crepaney of ~25h as indicated in Tabie.5. The caieulated Ymax values
were taken from the product of extinction coefficient, filtef area, and
the black -body quantum £lux . (1nclud1ng em1s51v1ty ‘correction) at each
peak transm1331on wavelength all relative to the excitation at h9l9 A.

The 25%'disparity may be indicative of an incorrect value for the extinection
ooefficient ev at ~4900 A. In this regard, it may be noted that Rabino- |
witch and Wood (1936b) obtained yields of 1.14 and 1.10 for collisional

_ quenching by foreign gases at high pressures. They assumed a yield of

1.00 above the dissociation 1limit and caleulated the relative absorption,

in the three fegions they investigated, fran their own extinction coeffi-
cient measurements. On the other hand extinction coefficients are generally

easy to measure for continuous absorption, but the banded region values

could be too low if the lines were not adequately broadened by the foreign
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Table 5. Comparison of observed Yﬁax values with thQse.

. calculated from extinction curve of Rabinowitch

and Wood
o : ' : _ ' Yﬁax(obsf
Wav?ijngth Yﬁax-(Obs) | Yoy (calc) —§;;;T€gi87
4919 1.00 - 1.00 1.00
5010;” - 66 .59 ~1.13
5091 - 92 .76 1.21
5166. | 1.84 1.50 1.23
5277 2.15 . 1.69 1.27
s5h62 - 2.20 . 1.6h 1.3k
5594 2.0k4 1.52 ‘ 1.3k
5690 2,20 1.91 o 1.15
5896 .96 .76 L S 1.26
5002 1,19 ' .95 125
6037 .96 T 1.30
6129 .50 - -

6239 .29 - -




~128~ .

vgases‘théy uséd. In that case one would still expeCt the'values to beﬁ;

| gébd in regions of weak absorption by many lines,vand”the obsérvéd/célcu—

lated ratié'in'Table 5 should decrease o ~1.0 for.théSe.regions; .

By allowing for the poséibility of a very high sticking.prbbaﬁility

‘for 2Pl/2 atoms in wall collisidns,FWe might increase ﬁhe’explainable' |

disparity béfween:bbserved and calculated Yﬁdk'Values to 10-15%, certainly

no more. ‘Thﬁs it seems likely that reactions éf the type (Bs?).may'be

non-ignorable; |
I (2P
I (2P1/2

When spectroscoplc-grade argon was used as a quencher, the results were

1jp) TM o IM o o _(B—‘?_a)

)+AM—>]:M+A' "»»'(B-‘7b)

in good agreement with those measured-u31ng NE’ so the latter seems a

poor candidate for M in (B-?)} I3 is thought to be a fairly stable com-

plex by some kineticists, but its existence has never been proven by direct
methods, If 12 can react preferentially with 2P1/2 I atoms and tie up’

an appreciable fraction of the latter in the I complex, experimental values

)
of Ymax'will'be too large. This hypothesiswould predict yields‘lower '

than unity in thé'work of Rabinowitch and Wood (uniess 15 absorbs strongly
"in the reglon of the I B-X system), because thelr I-atom concentratlons'
were determined from the decrease in the I, visible absorption. The results

bf both studies are_conéistent with the following mechanismst :

T PB/Z) +1, ——F-l-—-) I, | (11a)
i ,
I (Epl/e) + I — 2 51 (11b)

e ‘ A 3

1. Results at six wavelengths using P(Ar) = 10 torr were all lower
‘than the fitted curves for No in Figs. 19-30. The average discrepancy was
3.1%, in keeping with the lower efficiency of Ar as a quencher of Ig*(B)
(Berg, 1933).
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I3 + I ——1-3-——-) 2 I, o (11c)

k)

’13+M-—-——————> I+M+I(P (118)

5/2

k2 must be much greater than k becausevthe overall recombirma tion is

1)

predominantly heterogeneous and k7 must be large enough to keep the

5

statlonary—state I3 concentration low. ’Furthermore (llc) must be 31gnifi—
cant relative to (lld), or the net reaction 1s s1mply the quenching of .

ey | |
At low pressures we should con31der, in addition to (ll), the reactions

of 2Pl/2 atoms with the walls. If 2P atoms are removed fram the reac-

| 1/2 R
tionrvessel with probability unity per wall ccllision, the values of
Yﬁinkuld be too large by'nearly a factor of 2. The error would_decreaee
_with P(Ig), as an increasing fraction of the (1/2) atoms relax to (5/2)
before reaching the oell walls. The "Well—behated" data at -5091, 5166?
and 5900 A show that such effects must be small. Furthermore if*such an
error were large, we might expect to_find sane Y values measured at low
- P(N,) lower than the rrieasured Ymin:' None of the data plots exhibits such
a behavior. We concludedithat the results for Ynin are at mostle% too.
‘high.
One adaitional process involving I5 should be mentioned:

IY(8) +1, — I ¥ i ' (12)
If the quenching proceeds in this manner, with (11e) accounting for the
removal of_I3, v
be halved. Also, the efficiency of (12) could vary with v'. There is

the net slope in the low-pressure yield funct ion would -

no reliable way of evaluating this possibility in these experiments,

though the results for kq at 5091 and 5900 A indicate that the guenching
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in those regious follows the conventional uechanism, (B-14).

In eonclusiou.it is felt that most the deviations fram the predicted
behavior fof-Y in the low-pressure plots can be ettrituted to effects of
non-linear absorﬁtion, with a possible error of + io%vin Yﬁin’because of

: ’ 2 1 ' . | . S
wall reactions involving P atoms. If the error in the relative extinc-

1/2
2 : ' .

tion coefficients is 15%, the measured values of Ymax may be in error by

. . 5 _ .

+ 10%, due to small steady-state concemtrations of Pl/2 atoms ‘and reactions
of the type (11). The pess1ble systeuatlc»errors inY .  and¥ _ are both
in the same-direction, so that the error in the quantum yield is felt to

be less than 10% from all processes considered here.

3. Contlnuum.Absorptlon in the Banded Region

a. Calculations and Comparlsons

The tesults in Tatle 3 say nothing about the relative contributionsv
of difect'diseociation and 3pontaneous‘predissociation_te”the tetal.first—
erder dieseeiative yield. Mulliken has predicted'that the lHiu etate
should contribute lO% of the total abeorption strength in the visible

bands of I The present. total yields compare favorably with the results

5o

of Chutjian and James (C and J, 1969) for spontaneous pred1s3001at10n alone, .

1. The abnormally low slopes for wavelengths 6129 and 6239 remain
somewhat puzzling. None of the hypotheses is completely satisfying,
though the anomalies are probably due to wall reactions of Pl » atoms
and slight errors in the non-linearity callbratlon procedure, which are
magnified at these low Y values. : :

0w

2. Some experimental support for this contention is presented in
the next .section. ' :

3. Mulliken's revised dipole strengths are 8. 8 33. 6 and 582 X 10
A® for the A «X, lnlu «X, and B « X systems, respectlvely The rélative
absorption strengths'must include a factor of 2 for the doubly-degenerate
lHlu state.

n
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which tends £6 sﬁpéoft.Mulliken's assessmenf: On the'qther hand C and J'é
results for_abéorption beﬁweenlfofational'lineé indiéafé the lHlu‘ %-,X
céﬁtributién may be as ﬁuch as 25%; In thét casé tﬁé épparént agreemént‘_
befweeh fotél yield and'predissociative yield may be fortuitous;

We may approach fhe qﬁestion of the underlying continuum in a
different way; Cand J give»values for lRelglfor fhe discrete transitions
B«e-x. We.can caiculate from these a low—resolution:extinctidn’coefficienf
and compafe it with. the measdred év.-,Any dispafity‘mighﬁ be attributable
to additional.transitions falling in the same specfral.region.

Most of the work for such a. computation has already been done in
assigning the (v',v") distributions for the absorpfion‘process. If we o
.COnsider1the absorpﬁion coefficient kv to be a ;ow-résolution parameter .
for the band absorption, we can write

| | 1 2 '
= z v
/ .kv Fv VQ’ 8me i Ai Fvi Ni 3 (13)

based on the expressions in Section III;..F§ is a sort of resolution
parameter, in this case the interference filter transmission profi;e.

The calculaﬁion could equally well be done for a rectangular "slit" of
arbitrary breadth. However if the breadth is made too narrow, the

result for kv may show vibrational structure. The sum is carried out over
all rotational lines of significance for the "filter" F,. If k, varies

slowly with respect to Fv’ we have

[k, F, & =  kv JF v
87'13 N 2 -€5 /KT [/ gl.my(2
3hc . q a, IRel® 2y, vy sy e T GV

(14)
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When V. is averaged and removed'from.undervthe_éummation_sjgn,‘tﬁe remain-
ing sum is preciseiy the result from the earlier éaléulationé,.Ed. (D-2).

Fér fdey Wevtaké fhe aréa uﬁder the filter in Aﬁgéﬁroms and.qénvert it

to cm_l; for fhis calculation the error ihtroduced by‘this fough cbnvefsion o
in negligiblé. The p@rfitiqn funétions . and qV héve been gi&en e#rlief

3

as 5.55 X 107 and 1.55, respettively. (ei is again the energy above the

lowest level.) The value found for {Re|2 by C and J for the (25,0) band
wasv 837 deby'ee. For the 5462-A filter. fdev - 41.8 A or 140 cm™t
The value for the sum (wiﬁh v removed) in (1k4) was fbuﬁd,to be 353,land
7 is taken to be 18,300 cm"L. The resulting value for kv(;:mﬁ—l)“ s
1.87 x 10_'18 N. Using (III-D-9b) we ‘o’btai_n a'valué of ugo liter mole ™t
cm-l for the decadic molarvextinction coefficiient.l
The number 490 compares réfher poorly with the value ~675'takeh
from the curve of Rabinowitch and Wooa.' Similarly the calculated (using
lRel2 = 1.1&)' ej;tihctibn coefficient at 5896 A is 167, or 1% lower than
R and W's value of 206. However, from C and J's data for absorptioh
between the lines in the banded region, we calculate continuum contribu-
tions of 170 and 35 to the total extinction coefficient at 5460 A and.6020 A,
respectiveiy, which brings‘their results into excellent agreement with
R and W's extinction curves. These values represent'25% of the total 12
extinction at their respective wavelengths; this indicates that the lnlu «— X
abgorption . parallels that by B « X and is considerably stronger than

all previous estimates.

1. Another way to approach this problem is to sum all the equivalent
widths in a fixed interval and then divide by the width of the interval.
The resulting expression for e, is exactly the same as that given by Eq. (1k)
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The matter of the effect of pressure and path length on the,absorpé
“tion spectrum of I has an interesting history, having gone through two
complete cycles in the literature already The first. apparent measure-

ment of the gas-phase extlnction coeff1c1ent was reported by Vogt and

Koenigsberger (1923) They used saturated I, vapor. at several temperatures

from 48 to 400 C; their results varied radically w1th both temperature

and pressure. Loomls and Fuller (1932) noted the appearance of 1ncreased
absorption for v' > 12 when oxygen was added to their absorption cell; they
ascribed the effect to an 1ncreased trans1tion probability due to a _‘
collis1on-1nduced pred1s5001atlon. Kondratgew and Polak (1933) carried
this line further. They located three apparent maxima, (at v = 22, 29, 59)

in the absorption of 12 in the presence of N, s 0, and HCl which they

2
attributed to 1ncreased absorptlon strengths due to crossings of the B-
state potential curve by one (O g) and two (l ) states.l. Unfortunately
they falled to cons1der the dependence of the effect on path length and

I2 concentration, which would have been cru01ally 1mportant in their B-meter
el at theiriIg pressure of .188 torr. In 1936 Rabinowitch and Wood
'reMeasured the extinction coefficient, using various pressures of air, He,
and Ar to broaden the‘absorption_lines. At low foreign-gas pressures they
observed "humps" in the absorption similar to those noted in earlier works.
As the foreign-gas pressure was increased, the apparent absorption coeffi:
cient in the 5000-5600 A region increased gradually, leveling off at a
pressure of ~500 torr for allvthree gases. Since further increases in

foreign-gas concentration failed to change €, they attributed the apparent

V,

irregularities in the low-pressure spectrum to effects of absorption path

length and dismissed the notion of strengthened absorption from induced

predissociation.

1. Their reasoning seems to be in error here, as the (lu) states are
the states allowed in spontaneous predlss001ation.

Ii ‘
nl . 1

i
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The:"limiting" curve of R and W has been the accepted extlnctiou‘
curve for Ig up to the present decade. In 196H Goy and Pritchard re-
opened the’investigation, rejecting R and W's_conclueions to propo se the
existence of weak foreign‘gas—l2‘complexes. Ogryzlo and Thomas (1965)
then demonstrated.conclusively that R and W's interpretation wae inlfact
carrect. They varied 1ndependehtly the path length and cornentratlons and
even studled the line-broadening directly; their results leave no doubt B
that the 1rregular1t1es in the absorptlon spectrum of I2 are a functlon
of the detalled nature of the discrete llne absorptlon. |

Although the apparent anomalies in the spectrum haVe oeen attributed
to path—lengtn problems; there may still be a ueak, "smootn" contribution-
to the overall absorption Strength from foreign gas-I2 interactions. .For
example the several reportedvextinction coefficients differ even in the
region of contlnuous absorptlon, where path length problems dlsappear
(for moderate 1nstrumental resolutlon) Furthermore,‘the pressure-broadenéd
extinction curve of R and W is still 15-20% below the absorption.in inert

- solvent. Mulliken feels the limiting'curve of R and W is not sufficiently
pressurized and that it should agree more nearly with the extirction in
inert solvent.l Evidently the obvious experiment -- a measurement of €y,
.at very low total absorption, for pure I and rarious admixtures of foreign
gas -- has not been carried out. Sulzer and Wieland (1952) dld_measure
the extlnctlon coefficient of pure I vapor at temperatures 600 to 1050 C,
using three different concentrations and three separate path lengths.

Although these authors indicate that some sart of check on the valid@ity

1. Mulliken has so indicated in a letter to H. 0. Pritchard.
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of.Beer's taWIWas made; they fail to ﬁotp whether an extrapoiation was
necessary. Iﬁ any case thelir I2 coneentrafions were high enough thaﬁ
extfapdlatidns might not have aceurately-eliminated the possibie pressure
effects, even if they did demonetrate adherance to Beer's‘iaw. Their
iﬁtegrated extinctieh coefficient f €, dv/v was‘iﬁ% lower thanvthat caleu- :
lated from R and W's curve (Breﬁer, et al.,kl965). |

.Froﬁ the eerlieﬁ eveluetion of the absorption non-linearity, fhe
measured value for €, should be within.ﬁ% of the true value ﬁheﬁ'the total
absorption'is:lese'fheﬁ 1%; Such small differences can be measﬁred'accuretély
with the properveqﬁipment, and aﬁ ektrapelatien to zero absorptionlshould
give € values.ffeeeof path iength’ccmplicatiops. Although the author
was not prepared to carry out such an experiment with any degree of thorough;

!

ness, a cursery check ofi the extinction yielded values of € = 680 liter

| | AS2TT ~
mole_-l cm-l and exu919_=vhlo, both lower than R and W's limiting curve.l’2
The ratle €k5277/€xh919-=

results in Table 5, supporting the suggestion made earlier that the limit—

1.67 is-in fair agreement with the experimental

ing extinction curve of R and W may be in errar, particularly in the
‘region of continuous absorption. More precise measurements are reeded to

provide a definite answer to this Question.

1. In a 15.7-cm absorption cell a pressure of 30.5 mtorr I, gave an
average of 2.9% absarption with 12% standard deviation at 5277 A. This gives
an apparent absorption coefficient €, = 57&, but the non-linearity at 3% -1
absorption should be about 20%, giving a corrected value of 680 liter mole "cm

At 1919 A,, 161 torr I, gave 10.5% (+.6%) absorption for an extinction
coefficient of 408. No correction is warranted here, bemuse the absorption
is swposed to be contimuous. The value 408 represents an average value over
the bandwidth of the filter and does not necessarily apply for absorption at
the specific wavelength of the peak transmittance..

2. R and W's curve gives 825 and 650, respectively for these two
wavelengths. '

-1
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b. FExperimental Observations
It was difficult to assess by experimental methods the contribution
of direct dissociation to the total atomic yield in these experiments. -

o "filter" into the path of the exciting light demonstrated

Insertiﬁg an I
that a>éizeable fraction of the afcmsvwere édﬁing'fran disciete line
absorption; as expected. A 5-cm ééll cbntainihg 12 at.room tempeiafuré
decreased the sigml by 25 at 4919 A, h6h at 5462 A, and 31% at 5900 A
the meééﬁrgd Low-resolubion abbenuation by the I, filter at these wave-
lengths wés 25%, 25% and 21%,'and a blénk gave a 13% decfease. Fr§m pfe-
vious calculationé we ﬁouid expect fhe useful narrow-line excitihg radiation
to be even mo?e canpletely eliminated Bj the‘filter than indicaﬁed by the
MG% decreaée at 5@62 A. Therefore the cantimum contribution appears to be
appreciable. | ‘ o |
In the calculation of thé (v',v") distributions we cbtained values

fdr the summed éxcitation.given'in Eq..(D-é). If ﬁé divide thé observed
Ymax valueé (corrééted fof fhe relative Black-body distribufion of the tung-
sten lamp) by the.éum@ed excitation (inclﬁding v dependehcé), and plot
these vﬁlues ve?sué Vf, the resulting curve éhouldvbe néarly lineﬁr, with
déViatiqns.from the horizontal indicative of the variation in lRe[2 fpri

the absorption. If continuous absorption contributes to Yﬁax’ the curve
may be less well-behaved.

The results of such a comparison dre illustrated in Fig. 32.

Clearly séﬁething iﬁtersting is happening at v! = 12 and below. It is
“unlike¥y that lReI2 is changing so suddenly over this narrow range of v','
so the sharp upswing undoubtedly répresents the onset of another tranéition,

probably involving the continuum of the A(5Hlu) state. This interpretation

is in general agreement with the sketchy results of Mathieson and Rees
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(1956; p. 761) and the findings of Haﬁ (195&), except that Fig. 32.showsj
tﬁe.A + X continuum extendingVfurther toward shorter wavelengths than hae
generally been sﬁpposed.l At 6240 A, the A e-chontinuum amouﬁts to.af
least h5% of the total absorptlon. Unfortunetely data were not recerded
at longer wavelengths. |

The apparent extenéion of the A «X absorptioe to shorfer wavelengths
is consistent with the poss1ble 25 contribution of the lﬂ e-X absorp-
tion to the total v131ble band strength. Mulliken's calculatlons (1934, l9h0)
relate absorption streﬁgth for the 1ﬂlﬁ.+-X tran51tlon to the positions A
and relatiVe strengths of tﬁe A <X and B« X systems. A shift to.shorter
wavelenéths for the ﬁaximum of fhe A « X absorption.corresponds to increased
1u « X absorption. The latter‘i% pot manifested in

any obvious way in Fig. 32, but that is as expected fram C and J's'results,

strength for the lH

where a parallel absorption is indicated. This behavior is also camsis-
tant with the presumed location of the ¥Hlu state (shown in Fig. 3k4).
The trend in the points for v' > 12-in Fig. 32-hemohstrates_that

2
the transition moment is decreasing at smller r-centroid values. The

2 , :
relative change in ,Rel, with v' is in close agreement with the findings

of C and J, - In the limit of large internuclear distances the value of

2

1/2 - P atomic

2 : '
lReI must decrease and approach the value for the weak 2P

3/2

1. Locating the maximum and assessing the relative strength of the
A X absorptlon requires resolving the visible and infrared spectrum 1nto
.two peaks. The outcome of such a resolution, carried out in an "eyeball"
manner, may reflect the designs of the 1nvest1gator.f When the Franck-
Condon factors can be calculated accurately (as is the case for I, B-X), the
resolution can be carried out unambigucusly, as was done here.

2. Recall that, for absorption from low v'" levels, the r-centroids
decrease with increasing A and v'. Values given earlier were 2.806 A and
2.701 A for 6239 and 5462 A excitation, respectively. :
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transition. Therefore lRélg must possess é maximm value which falls
in the.neighborhood or r = 3.0-3.4 A, The decrease for r < 5.0A is an
unexpected résult; it may, hbﬁever, indiéateithe approac£ to case (a)
 coﬁpling, Where the BHﬁ - 12g.+ transitiqn becongs ?pin-prchibitéd;.

In assessing the relative cbnfributioné of continuﬁm absorption
and spontanéoﬁs preaiSSOEiétionkfo thé fofalfdissociative quan£um yield;
we musf grbitfarily assign.the contribﬁtidn ffom the pa,rallel.lnlu X
abéorpfi@n.  The value 20% ig feaéonabﬁy'consiétent with both Mulliken's
predictions and C and J's results. Equations (B-1%, 17) can be used to
achieve the deéired resolution. ‘

The ?esﬁlting analysié isvgiven iﬁ iable 6. The tébulated lifetime

" values repfesént rough avéragés of the results of Chutjian (1966), Wolff
(1967),‘Cﬁnningham (1968); and Grimes,l.summarized ianabie-7.v Alibvaiues
in pafentheées aré‘based on AT Vélues obtained fram a smoofh inférpoiation
of the points in Fig. 33, Whére the resolved total'radiétivé dééay fates
are plottedvvefsus v'. Féur pointé‘caiculatéd by.C éha Jvfrcn absofption
measuremeﬁts,are included fbr compérison. |

The-results are very encouraging. We seé that the radiative decéy
rate varies émoothly with v', as would be expectéd fran the behavior'of
the average v3 and r-centroid values; and the irregularities in the total
decay rates reported by Chutjlan and co-workers (1967) are in general

accounted for in terms of the canpefing spontaﬁeous ﬁredissociation,
which fluctuates in magnitude with v'. Chutjian (1969) has demomstrated
that such flucfuations are expected for predissociation to a repulsive
state lyiﬁg just to thg left of the B-state potential curve, because

‘the bound-state and continuum wave functions alternately fall "in step"

1. Unpublished direct-decay results., Chutjian's value for T at
5087 A appears now to be in error.



Table 6. - Analysis of I2 visible absorptlon and B-state
decay processes . , . . :

TR Docay

Absorption _
Wavelength Frac?ibn Fraction Fraction - Frectiog N s é 5 5
(A) Continuum  Banded Fluorescence Predissociation ﬁlO /sec) (10 /sec) (lO /sec)
5010 .80 .20 37 . 63 67 2.5 4.2
5091 e .60 .50 .50 - 6.2 3,1 3.1
| 5166 .25 .75 .50 .50 47 2.1 2.3
5277 .20 .80 L2 .58 9.7 b1 5.6
5h62 .20 .80 .3k .66 1.9 5.1 9.8
559k .20 .80 e .58 15.8 6.6 9.2 &;
5690 .20 .80 .51 49 (13.7)  (7.0) (6.7) %
5896 .20 .80 .83 .17 9.k 7.8 1.6
5922 .20 .80 .8 .18 (10.1) (8.3) (1.8)
6037 .30 .70 .66 3k 13.7 9.0 kT
6129 45 .55 .59 LN (15.3) (9.0) (6.3
6239 .55 A5 .27 T3 (35) (9.4) (25)

() - based on "smooth" interpolation of Aj values from experimentally measured ¢ values.

*
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* Table 7. Summary of measured 1ifetime values

7

e o (1071 sec)

Wavelengthv Chﬁtjian ’ - Wolff _ Grimes Cunningham
(A) -(Phase-Shift) (Direct Decay)  (Direct Decay)_ (Phase-Shift)
5011 17.5 # 1.5, (9.9) 9.8l | )

‘ Vo . i e e a e 19.7 * 2.0
5087 - ke2 t 6 B 08_ S 1681 20.6 £ 3.0"
5168 ~"_'2u;1 +3 . (10.8) 18.9 + L
5277 9.66x .5 . . (8.h0) - 10,91
' R 5.66 % 61
5461 7.69% .3 6.28:% Lo 6.b2x .3 74 oyt
5592 ,;--,16.891 <33 | -(6.7&) 3 5.78% .3 ! '
5895 1.k % .6 8.02% .55 13.1 % 1.1 9.8+ .7
6040 - 6.79% .33 (7.16) 8.3 + 3.5
() - |
inexhaustive

measurements

* 1 MHz modulation frequency
+ 360 kHz modulation frequency




Ag (10%/sec)
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and "out of step" with each ’other. Tt is interesting to note that kp
is predicted to be ~25 X 105/sec at 6039 A (based on the smooth éxtrap,—
olation of" thle AT \}alues in. Fig. 33). .As a result the B-stafe iifetime*
for excitatiobn’ at‘ this waireiength should be ~3 X 10 ol séé, much sné lier
than ahy heretbfore mea sured vé.lue. | | |

There is one apparent inconsistency in Fig. 33: C and J's calculatel
‘radiati;re -dle"cé,yv rates fall hoﬁiceably_ below 'the exf)erimentai points for
v! < 20, In. viéw of bthe uﬁcertainties invoived in both works, the dis-
crepancy 1s ‘ho.t terribly alarming. | For example C and J assume a consfé.nt

|Re|2 valﬁe of 1.03 débyeg in calculating their total trans itvion rates.

Sinée lRe] 2 apparently attains a mdximum .vvalue greatef tﬂan ~1.15 at_.
some ‘intemuélear divsta,nce _béyond 5.0 A, these calculated rates could
easily be t_oé low. Ah increase .-to an avérage value of 'ReF = .1.50 for -
emission frbm %r’ = 12.'wv~'oul‘d give i'espeé#able agreement betv;eerih tlhe tvwo.’
st:.udi;_es. ‘ | | |

From Tig. 33 thé lifetime value at. -5166 A would apﬁear fo be.-too.
great. Thé value used hére was an averé.ge of the numbers obtained by
G'rimesv and Chutjia,n; Wolff’svsketchy results afe in betfer ’areement with
the measured atémic yields. Ezekiel and Weiss (1968) measured an even

7 sec in this region. They used 5145 A~

longer lifetime of 30 * 5 X 10~
excitatioﬁ from an argon-ion laser, so they were exciting low J values in
the (43,0) band, whose origiﬁ f£alls at 5144.5 A. (Their own analysis
_indicated J values lower than 10.) In that case their long lifetime may
reflect the predicted J(J+L) dependeﬁoe in Kp. |

Table 7 shows the relative continuum absorption increasing at both

ends of the visible bands. The continuum absorption at the red end

has already been assigned to the A « X system. The incréase at short

wavelengths is based on a semi-quantitative resolution of B+« X absorption
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into a "continuum" péak.éﬁd‘a "panded" peak, recognizing that the maximum
in the former may actually lie to the red of the dissociation limit at
4985 AT These appears to be widespread neglect of this point in the 2
ILiter‘zs»,’cu-nr'e.ﬁl"2 At room temperature, only 65% of the I, molecules are in
the lowest vibrational level. Fbr v' = 1,2,3 the dissociation limit falls
at 5038, 5093, and 5148 A, respectively.5 Furthermore the Franck—Condon
principle favors abébrptibh by excitea v'" levels over the ground level
for radiation in thev5000 A region.2 Thus the dissociation ccnfinuum-

of the B +—X éystem extends a considefablé distance imto the "discreﬁe"

region, in principle all the way to 13,150 A!

4. Collisional Quenching of 12*(13)
a. Review..

The‘quenching by foreign gases of the visible,fluoresénce fran the
B state of.I2

sixty years. Franck and Wood (1911) first reported the phenomenon, noting.

has been the subject of numerous invéstigations in the last

that the apparent reddenlng of the fIuoresence llght indicated the effect -

) 1. A good example is the study by Callear and Wilson (1967) of the

reactions of 2Pl/2 I-atoms with propane. They attributed some of their
observations to a translational energy "boost" above the dissociation
limit, when actually a large part of their yield can be explained in terms
of the dlscu331on here.

2. Steinfeld and co-workers (1969) suggested that, because of the rdla-
tive paucity of rotational structure near the (v"=0) dissociation limit, more
than one continuum may be involved in the absorption. They point. out that:
the Franck-Condon factors for, trans1tlons(v' 0) are very small for v' levels
near the dissociation limit; by the same tcken the continuum abscrption
from v"' = O must be practlcally negllglble. The F-C factors are more favor-
able for absorption out of excited v" levels, so that most of the absorptlon '
in this region is probably still B « X, though present indications are that

1, & X1y contribute ~25%. (The latter transition could contrlbute more
than 25% if the two absorptions are not quite parallel, i.e. if the Hlu
potential curve crosses the B-state curve as shown in Fig. 3k.)

3. TFor J" levels of appreciable population (30-60) these limits lie
10-20 A farther to the red. Thus the often quoted 4995-A convergence limit
represents a "practical” limit.
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vwas stronger7in the green bands. Bergv(i933) obtained a quantitative.mea—
sure of the’quenching_by I, Ne; 0, and.Ar; his results for Ar in three
different spectrai'regions supported the previous observations. Turner
(1928 1951 1952), by detecting atomic resonance-line ahsorption, demon-
strated conv1n01ngly that ground state IT-atans were belng produced in the
quenchlng-process. He further suggested that this colllsnonal predlssoc1a-
tion night hevdue to enhancement of a weak spontaneous predlss001atlon.
The work - of Rabinowitch and Wood (l956b) further conflrmed the predlss001a-
tive mechanlsm. The absorption studles of-Loomis and Fuller (1932),
Kondratjew and Polak (1935), and Goy and Pritchard (1964) were interpreted
in terms of collisional predissociation but‘were later shown to he'in 7.
error. (See.the discussion above.) |

Eliashevitch (1932), and Ro'ssler (193'5) observed that vibrational
energy transfer was about as nrobable as collisionai quenching for a. |
number of foregpn gases; and that both mechanisms had rates exceeding
the gas-kinetic.collision rates. The works of Arnot and McDowell (1958)
and Polanyl (1958) supported these flndlngs but a more reallstlc esti-
mate of the unimolecular I * (B) Lifetime by Polanyi indicated the rates
were only one order of magnitude greater than gas-kinetic collision
rates, and'not two as had been suggested by earlier workers. To account
far the great efficiency of I2 as a quencher, Polanyi suggested that the
mechanism in this case might involve a sensitized predissoéiation,.in
which IE* transfers it energy to its collision partner and the latter
"dissoclates, leaving the oriéinally excited molecule in a vibratiomlly
excited level of the ground eiectronic-state.v |

Steinfeld, Klemperer, and Brown have reported a series of compre-

hensive experlments on collisional quenchlng and energy transfer (196&-

1966). Some of their rates may be as much as 30-50% too high from failure



16

to properly take into consideration the nature of the fluorescence function
discussed in (IV-A). However, even with such carrections their results
display a v' dependence. On the other hand the definitive work by Chutjian,  ,

et al. (1967)'showed-clearly that the I, self-quenching croés sections

2
vary only ~10% with excitation from SOOO to 6000 A. Their results.have
beén supported by other diréct_lifetime measurements (Wolff, 1967;
Cunningham, 1968; Grimes and Davis, 1968), and by an independent fluore-.
scence Quenching méasurement (Knmmler and McCarty, 1967). If the results
of'Klémperer)and co-workers be further corrected in accord with the fluctu;
ating'nature of thé I2* unimolecﬁlar lifetime, it ié likely £haﬁuthe
apparent v' dépendehce_fof quenchiﬁg by molecules other £han I2 will
disappear alSo.l Tt is still poséible, howé#er, thaﬁ ig is sﬁéhvan
efficient quencher %hat it "swamps" any détailed v' dependence ﬁhaf might
be re&éaled in fhe quenching by oﬁher.gaseé. No adequate theoxetical'
explanation of the quenching in Ie*(B) is yef at hand;vand.the detailed
mture of the process, includingkthe states responSible for it, are stillv

mtters of speculation.2

b. Experimental Results

Some quenching data can be gleaned fran the results of the predisso-
cilation experiments. These experiments are less than ideal for such pur-

poses, because all the information is cantained in the difference A = Yﬁax -

Ymin' If the fluorescence fraction at zero pressure is small, systematic

errors in Y and Y . may negate the results.
max min

1. The "unquenchability" for v' < 8, noted by Steinfeld (1966) may
be.valid. Direct observations of lifetimes in this region would be useaful.
However, from the (v',v") distributions calculated earlier, these low v'
levels can probably only be populated substantially in very hot cells.

2. See, however, the recent work of Degenkolb, et al. (1969), in which
some reference is made to unpublished work of Steinfeld and comrades,
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The expression for the I, self—quenchihg rate has been given in Eq. (B-16)

L o Lo : : slope : o o '
as | v kg = A - (15)

For the foréign-gas guenching we have, from (B-18)
| A k [1,] ’
kMM = l/T [—Y——-—:—Y— - (l + ‘&17;_—)] (16)

Strictly speaking, Y and kM are not_independent variables in these

max
experiments; but Yﬁax is statistically so preciSe relative to kM’ that
for practical purposes we may treat the two independently. The second

‘term.in the brackets in (16) was ~1, as the I, pressure was very low.

2

The constant;kqf and ka were obtained in the units (mtorr'l) and
(torr_l), respectively. The corresponding rates (kP) may be converted to -
concentration rates and thence to react ion cross -sections,

kP - KN = Ma? ( 2L)1/2 (17)
o : H :
 1s the reduced mass for the collision partners, and d is the customarily

reported collision cross section. . In our case, for T = 300 K,

dfr L (%) = Lo7x 1o'6kM (18a)
272 S

2 2y D L _.

<5LI2,_I2 (A) = k2 x 10 kq o (18b) -

The results are givén in Table 8.\ (The necessary lifetime values
were taken from Table 6.) The unphysical negative values of & for IQ.'
self-quenching are anitted,-but we can see that. they lie in the region
of strong absorption from v" - 0, in line with the non-linear absarption
explanation. (Slopes at 6129 and 6239 A were anomalously low, but were
also highly uncertain.) The values at 5900 A and near 5100 A are roughly
2/3 those measured by Chutjian.

The cfoss sections for Nélquencping appear to be smaller ﬁhan

gas—kinetic values, contrary to most previous results. 1In general the kM




Table 8. Collisional quenching results

N, quenching ' " 4., v\'Iévself-quenchihék —
N (A) %mt(torr'?) 3= (A%) % St. Dev, | kqw(mtbrr'lxlo‘g)' &P (a2 % st. Dev.
5011 - -t B 101 o
5091 1. 1.2 80 o L9 51 17
5166 R 55 RS s - 8
5277 7 Lb 30 o 5 15 100
sie .5 Ly s oL -
5594 ;55 o L1 20 D L i}
5690 .65 LT 35 o s 5 -v 90
5896 2.1 3.8 o5 o 1.0 - n 22
5922 2.2 4,3 3 . .95 . 4o 15
6037 .7 hs 35 o 75 7 o1
6129 .6 LT o - - - -
6239 .1 9 160 - - : - -

'QﬁTf
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values agree with those obtalned by Berg (1933) and Brmm1and Klemperer“.
(l96h), except that there appears to be a decrease in the green reglon,.
in dlsagreement w1th all prior studies. This apparent decrease is felt
to be a manlfestatlon of the previously suggested systematlc error in Ymax
For example, if Y ax is 15% hlgh the apparent quenchlng rates will be
édbout one third the true values for the green fllters, where only 30% of ¢
the IE*(B)»molecules fluoresce at zero pressure. For the yellow filters
(59dO A), where the fluorescence fraction is 65%, the error in Y ooy 18
less hnportant =

Desplte the problems, the results in Table 8 are reasonably con81stent
w1th the proposed mechanism (B- l) A method of atan detection cannot be
expected to provide accurate collls1onal pred1s3001atlon data when the'
fluorescence fraction is very small. "However, for a molecule with lOO%_
fluorescencevjield atliero pressure, the method is in principle at least
as good as direct observatlon of fluorescence, perhaps better, 1n‘that pro-
blems 1nvolv1ng the fluorescence functlon are 01rcumvented Dlrect life-

time measurements have, of course, the same advantage.

c. Quenching Mechanism

The absence of»pronounced v! dependence in I2 self-quenching lends
support to the suggestions of Turner (1931) and Cunningham (1968), that
the collisional predissociation is simply an ehanced spontaneous predisso-
ciation. As a third body approaches an I2 molecule:. the potential curves
in Fig. 34 shift about. It is conceivable that this shj_f'ting could "trigger"
the spontaneous predissociation by improving the Franck-Condon overlap between
th¢~;nlu and B states. Tn'that-case the collisional quenching might be
expected to retain some:ofgthe;J(J+l)‘dependence predicted for the spon-

taneous predissociation.
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A prellmlnary 1nvest1gatlon of the.emlss1on spectrum of 12 at
various concentratlons falled to show any‘J dependence in the quenchlng
’(Gee and Tellinghuisen, 1969). Flucrescence and emission bands have a
'profile‘which is characteristic of the température'sf the system. If the
v quenchdng'is‘strongly J-dependent; the emission»bands shouid.progressively

"eool of " as the I, pressure is increased. Densitometer tracings of weak

2
emissionvspectra frem a'Tesla-coil-excitedvdischargevof Ig at pressures of
EC mtorr and QOOvmtorr were qualitatively identical,findicating no pronounced _
J dependence dn the qdenching; |

.Conventional ("no'seiection rules") collisional predissociation can
occnr via any one of half a dozen predlcted repuls1ve states, to be
mentloned in the next toplc. The author is not prepared to predlct wh1ch
of these, if any, should dlsplay a strong J dependence. The lack of .
spec1f1c V! dependence may 1ndlcate that the repuls1ve state or states
respon31ble,fcr the quenching cross the B-state curve near the minimm

or on the inner branch.

I

5. L Potential Diagram

The possible electronic.states fer I2 have been,derived and discussed
in detail.by Mulliken (193&, 1940) and Mathieson and.Rees (1956).
number of recent experimental works. have generally proven Mulliken's
predictions for the low-lying states to be correct. Therefore the present
discussion'will‘be pleasantly brief. |

-2 2 '
There are ten states arising fram 'P5/2 + P3/2 atoms, ten from

2 2 o 2 2

+ ' P . . T i :
Pl/? P5/2’ and three :from Pl/2 T P1/2 These are conveniently
enumerated in a table given by Mathieson and Rees. Of the 235 states only v

three (X, A, B) have been observed and accepted by general consensus.

These three plus the now strongly evident ¥Hlu state are shown in Fig. 3k.
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The X and B'curvesvare f{om RKR calculations; the A cur&e is a Morse_ .V
function baéed'on Brown's data (1931); the lHlu'cﬁrve is £he onevused by
Chutjian (1969) to calculate sample predissociat ion rates.. The results
Of'this,sﬁudy indicéfe th@tvthe fepuléive branch of the A state may lie
a bit nearer to the B curve than shown here. Similarly the Ilu may be
closer tb'the’B state aﬁ_lcw V’ levéls than indicated by Chutjian's ,
,adobtéd r_l2 form for‘fhis repulsi&e state. | .
of tﬁe'éeven:remaiﬁing states which correlate with ground-state
- iodine atomé, tWo.a?e predicteq to be stable -- the O; and 2# (both 5H).
Degenkolb and co-wor.'kevr_s (1969) have attributed the mégnet ic qvuenchingvof
the B sfété.to a O;;staie, but thej" fail to note that there are two.
0; states which lie in this region. The magneti§ quenching is ﬁresﬁmably
I.caused by tﬁe Q; (52+) étate,.which should lie above the q; (BH); S0 th¢
latter reméins uﬁéeeﬁ. The Qu state.has Eeen téntafiveiy idehfified aé
therioﬁer sta£e> inﬁolﬁed;iﬁ the famous emission system at ~5h5¢ A_(Wie?and
and Teilinghﬁisen, 1969); It apﬁeaisrto have.an appfeciable diésccia-.
tion eﬁergy‘of éOOO - E'jOO‘cm":L and d‘vibration frequéhcy greaterlthan
léo'cm;} The reﬁéining>éfatesv;— 5Hg (Oﬁ; i, 2) and éﬁu(§)‘:- aréﬂall
prédicted'to be repulsive by Mulliken."The.collisional“quenching likely
invdlves-some or all of these. |
Aside from_thérB state, none'of the states which correlate with

2 2 : - _ .
+ ). -
( Pl/2 PB/E) has been seen. Degenkolb et al. located the O- state

_crossing the inner branch of the B curve, in which case the 2700-A
contihuum.absorption may involve a state with these atomic products.
Such a pilcture is compatible with the feelings of Mulliken, but contrary

to the interpretation of Mathieson and Rees. This reéibn of the state

* diagram iS‘in need of additional theoretical and experimental work.
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6. Fubure Work

.‘The resulfs for Yﬁax-suggested possible errors in the extinction
curve of Rabinowitch and Wood. It was pointed out that accurate measure-

menfs of €, in the limit of zero absorption should finally settle the

. question of the effects of foreign gases and sclvents on the absorption

spectrum of Ig. Such measurements, carried out with the filters used in

thésé ekperiments,-could be uéed to assess more realistically the magnitude

of the errors in.YﬁéX. ‘With a measurément.of the iddine'atom,heterogeneous

" recombination rate in N , reactions (11) might be more quantitétively_

2

evaluated. An accurate determirmation of the-ektihction'by pure 12,"

extendéd to thelinffared region, could permit a complete resoluﬁion'ofv

the A F-X, B e-X, and.lu e-X‘contributibns to thebtotal'abéorptioﬁ, us-ing
the method.present here. In addition the &ariation of the B-X transition
momént'éould be observed forvabgreater range 6f r-centroid Qalues; €,
values for higher temperatures wogld be useful here.

, Thé qﬁestion'of v? dependence.in the quenching of Iéf(B) 5y foreign

gasesvcould be answered by direct lifetime méthods._ The region of low v!

values (<10) seems of particular interest. -Direct lifetime measurements

‘using line sources might also enable one to verify the predicted J(J+1)

dependencé of kp. Alternatively a quantitative comparison of the fluore-
scence and emission bands with calculated band profiles should reveal
this dependence. Since the predissociation rate varies radically with

v', one could probably identify bands of widely divergent apparett

~ temperature all in the same spectrum; the "cooler" bands would then

correlate with greater k (v') values. The failure to observe such
phenomena might inspire a re-evaluation of predissociation theory; or
it could simply indicate a necessity to_include the rotational-vibra-

tional interaction in the calculation of'the overlap integrals.
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Theré is one importaﬁt question noﬁ tféafea'ih thié.study: Wﬁy.
is the prédissociation in I, =o weak (~lO6/sec) Whén aliéwed pfedigéocia_
tions generally have rates of lOl'O - lOlz/sec? ‘Chutjian's cémpﬁtations
(1969) demonstraié‘thaf the overiap(intégréls bétﬁeeﬁ %ﬂé'gdﬁnd and>conti—
‘nuum state chéngé.litfle as the‘lu staﬁe is ﬁéde to cfoés the inner bféﬁéh
of the B?state:curve, so the answer is not simbly é mattef Qf cfossing
or not-crdssing; According to>Chu£jian;é numbefsrénd certain sum fules, the
max imim péssibie rate WOuid be ~5 X 108/sec. ‘Two‘fhcughts come to mind:
(a)-Thé "stfohg" predissociations are not feallyvsoastrong after all.

5 may’bébcharacteristic of this particular relative .

orientation of the bound and continuum states, i;e., the former embedded »

(b) The low rate for I

in the latter. In this case 1s seems plausible that an intersection'on
the'right.brénch of the bound state could gi&evmuch better overlap,
because thélcancellation which occurs across the domain of the bound state
for the I2 éase would not be present for a right-branch intersectionl.'
Calculations of the type done by Chutjian should be exténded'fo éover.é
variety of relative positions for the bound and continuum states; they -
might have something very interesting to say about this matter of weak

and strong spontaneous predissociation.
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V. HETEROGENEOUS RECOMBINATION OF IODINE ATOMS

A. Introduction
The homogeneous recombination of iodine atoms
- : kr : o
I+I+M —eI, +M (1)
has éerved_as»a fopic.for numerous experimental and theoretical investiga-b
tions. Equation (1) is by now perhaps the most thofoughly studied reaction

of this type; in many kinetics texts it is presented as the classic example

of a termolecular reaction.. The book by Johnston (1966, Chpt. 1) includes _

a fine summary of-the work in this area.

The.récombination of iodine atoms was first examined experimentally
by Rebinowitch and Wood (1936c), who used a photostationary method to
produce,I‘atoms in the presence of various foreign gases.. After correcting
for thermal effects, these- authors were able to show that, at pfe;suresv-
greater than ~100 torr, the recombination proceeded according to

a[ 1]
K2

At lower pressures wall reactions played an important role in the net re-

- = 2k, [1)°/m - (2)
combination. For the homogeneous process the,constaht kr varied by aé

much as an‘order of magnitudée for the foreign gases used, with recombina-
Ition occurring in one in 530 I-I collisions in one atmosphere of He and one
in 50 in one atmosphere of CO,. With the de&elopment of flash photolysis
techniques by Norrish and Porter (1949), it became poésible to study process
(1) dynamically., In the first few years of work in this field, different |
labs recorded discordant values for kr’ at which time it was realized that
thermal complications associated with the intense flashes were causing

large errors. By eliminating or correcting for.thése effects, the various

workers havevbeen able to obtain generally consistent results for most
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foreign.gases'NL The outstanding exception is M = i25 where the estimates
still range over a factor of four (Christie, 1962).
Much of the theoretical interest in I-atom recombination is aimed:
toward evalueting the relative oontributions of two‘broposed mechanisms
 for the reactione

=

+ ";j;"‘ ]é N _( a

Cx,

‘,;; + M'____;;.-Ig + M

IM + T e '-i‘12r+M'

. (3a) is known as the energy-transfer mechanlsm, and Fq. (3b) is usually

bcalled the bound-complex mechanlsm. Calculatlons 1nd1cate that the latter
is the domlnant process for all but the s1mplest Brd body M (Johnston,_
l966).v Experlmentally the two cases are'practlcally 1nd1st1ngu1shable,
'because both'I and the proposed complexes IM are generally not very
stabie, However, for the case of a stable complex IM, mechanlsm (b) pre-
dicts that the removal of iodine atoms will be first order in [I]; even_
thoﬁgh the overall recombination (1) remains second order. The case

= 12 is suspeoted to be of this type, as I5 has been predicted to be
stable by about 5 kcal/mole (Bunker and Davidson, 1958).v Unfortunately
it has not been possible to detect I3 either directly orvindireotly (from
lst~order removal of I) in any of the existing kinetic studies.

One feature common to all the experimentalvstudies mentionedvabove

was the indirect observation of I atoms via 12 visible absorption. Be=

cause of signal precision problems it has been necessary to use high-
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power‘arcs or vsolent flashes of 1000 Joules or more total energy, whlch
introduced the thermal problems noted above. The latter were found to
' dlmln;sh as the pressure.of the dlluent gas was 1ncreased; but'lt has
' remained impossible to observe difectly‘ﬁhe recoﬁbiuation of I:afoms in
pure Ié'vapor.‘“Ihe method oflaﬁomic:fluorescence spectroseooy utilized |
invSecfion IV,of this work could serve as.e powerful new tool.in'inves- _
tlgatlng reactions of I atoms, in partlcular it mlght prov1de Some - answers

to the questlons ‘about I “in mechanism (3b)

>
B. Klnetlcs
1. General Considerations _ 'm

We eah predict on intuitive grounds what sort of behavior the I-atom
recomblnatlon will exhlblt in a cell contalnlng low pressures of Ié
From the work of Rab1now1tch and Wood (1956c) the rate-determlnlng reac;
tlon is dlffuslon-controlled wall recombination for fbrelgn-gas pressures "
lower than 50=100 toff. In pure ]é ue@orﬁhomogeneous'recombination ﬁéy

prevail at pressures much iower than this, because of the gfeaﬁ efficiency

of the‘Ié molecule ss a third body. However, we expect wall recombinaﬁian
to predominate at pressures lower than ~ 0.5 torr, though thevnet re-
combination may include an appfeciable contribution from homogeneous "- ' S
proceSSes,

At very low I, concentrations (~ 1 mborr), where the I-atom mean

free path is greater than the dimensions of the cell, the I-atom removal

should become independent of the ié pressure, In the limit of zero pres-
sure it should approach a constant rate determined solely by the nature
of the surfaces and the dimensions of the cell, The mechanism may be

summarized as follows:
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5 S R
I = a1l 7 (1a)
-1 B
T+ Ly e 5o ya11 (1)
k

‘ 5 . . | = 109
If we assume that (lc) is reasonably rapid, so that the presence of L

molecules on the surface has no effect on the rémovél_of T atoms, we ¢an

apply the steady-state approximation to Iwa-

11 and get
a4 [1] -k, [1]
- @ = 2kl e S (2)

In deriving (2) we assumed the number of available sites on the surface
waévessentially infinite, which may be aipoor approximation. We cénqué
' the adsorption-isotherm approaqh to obtain a more completefexpressidn.' If
€ is the fraction of available sites that are occupied, the adsorption is
proportional to (1-6), and desorption and.reaction:(b) are both proportionalv
to O, If fhe_surface concentration is in equilibfium with the gas—phése
concenfratidns at_all times, analogous to the steddy-state approximation
made above, we have

al1] k(11

-— =2k, [I] (3)
at 1 :
k ) + (3 + k)] -

Both (2) and (3) predict £hat the I-atom removal wiil be a process
of mixed order with respect to [I], as was postulated in Section IV,
However, the~fbfm of the total removal rate is seen here to differ from
the éimplé_expression C[I]v(l + b[I1) used earlier. When k_l<<'(kl + k2)[I],

(3) predicts an exponential decline of [I] from some initial value [I1pe
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' There ds one-qﬁalification to this statement" If the "sticking" efficiency
'1s very hlgh (~l), the removal time for a glven atom will be a function
of its dlstance from the walls of the cell in that case the net decllne
w111 be non-exponentlal.

As we 1ncrease the ]é pressure the I-atom removal rate should de~-
.érease, as‘the.atoms must diffuse through the Ié vapor to reach the walls.
Uhtil the homogeneous recombination.sets in, the raﬁe should go as [Ié]fl.
- In terms of this mechanlsm “the removal of the I atoms can be expressed as

al 1] e [I]

a (l+C[I])(l+a[I2]) o )

Tt is 1nterest1ng to note that (3) and (L) predict that the dev1at10n
'from lst-order kinetics in [I] should decrease as [I] increases. The |
dependence of s1gna1 on 1rrad1ance in ‘the predlssoc1atlon work seemed to
indicate just the opposlte behavior. This suggests that an additional

process of the form

I+l ’ I2,wall Ié,vapor. o . (5)

may be operative. Of course the homogeneous recombination must occur: .

“along with the surface reactions, though we do not expect it to predomi-

nate at Iébpressures below ~ 1 torr. We can write

kl .
I+ [ 1 B - (6a)
I2 kg 5 : ’ :
L + I ——>21, o | (613_)»

as one of the many possible mechanisms in?olving the I3 complex, If Ij
is'relatively stable, the bulk removal of iodine atoms under transient
conditions will be essentially first-order in both [I] and [Ié],_and we

might observe a deviation from the (1 + a[Ig])-l dependence in Eg. (4).
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2. Diffusion Kinetics

A proper treatment of the diffusion.equétion indicates that (4) does
not give the exact Ie-pressure dependence fpf.the reéombindtion rate.
Ko?égs'and co—worgers (1968) have investigéfed diffusionvand wall de-
excitation of vibrationally excited C02vin cylindrical éellé. Their situa-"' "
tion was entireiy analogpus‘to the present one, and we may use fheir
math?matica} relationships to describe the wallvreactions of T atomé;%

‘_The decay of the atom concentration isvdetermined by the diffusién
equation o u
g%=DVQNJ}F'N. (7)
Where.D is the diffusion constant and F"represénts>the volume removal
rate, Which will be assumed to follow lst-order kinetics. The boundary

conditions on the solutions are fixed by the continuity equétion

rd

/ , flﬁ’x-a’s=/' %lg-dv - (8)
Ysurface - . Jvolume N

If we let B represent the wall reflectionfprobability and 5; the mean -

speed of:the I atoms, the outward flux at the wall‘isv

)] wa_u | (95

The solution for N is a sum of Bessel functions of wvarious orders; ac- .

2

flux = (1 - B) [%N\—r__—-el- D(

cording to Kovacs, et al., the nonzero-order terms decay rapidly, leaving

xr -I't '
N < J (;—6> e _ | - (10)

1. Here we assume, in anticipation of the results, that the wall
removal of I is strictly first order. Also, for simplicity we will
neglect problems concerning the finite length of the cell., The errors
introduced by such a move should not be fatal in this particular study.
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where

’Jb is the,zeroQorder Bessel function andlréiisithe‘cellﬂredius; x,isltﬁé

solution £o'(8), which appears in the form

R sy . . :
) - 2 (1B -
S x4y (X) - 5% <1+5> I, (x) | o (12)
At low pressures T approaches a constant value =~ -
Fo = 1 <1+e_ ) o ()

For’intermediate Ié concentrations~the_pressure‘dependencevof‘P~isvcoms
plex;‘but at high pressures x . approaches a constant, so that:P - I
displays an [Ié] behavior. Thus the overall pressure dependencevis |
approximately that given in the earlier diséussion, Eq.. (B-4) when the

'_homogeneoqu- removel rate I'' is negligibie.

C; Results and Dlscuss1on

The data were obtalned using the flash photolys1s arrangement de~
scrlbed 1n Sectlon II. The cell used here was the same one used in the
predlssoc;atlon‘work. Prlor'to these experiments 1#~had beenvflamed out
under'vacuum,dcharged»witn distiiled, resublimed I,, and sealed off.»e
Oscilloscope tracings were recorded for [I] decay curves at total Ié.‘
pressures ranglng from 4 to 160 mtorr. ,

Typical trac1ngs are 1llustrated in Plate 2, Photo (d) exhibits |
effects of . non-llnearlty 1n the fluorescence fUnctlon, dlscussed in Sec-
tion IV-A, To av01d compllcatlons of thls sort, the flash was attenuated
with neutral dens1ty fllters, so that the maximum observed 31gnal was - less.

than ~ 25% of the max imum 1n the characterlstlc fluorescence functlon.1

1. From the dlscuss1on in Sec. iV;A we see that the flash is dis-
rsoclatlng less than .l% of the ]é in the cell, S0, the perturbation on the

T system is negllglble.

S
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(a) P(I,) = 8.5 mtorr
_ 1 msec/div.
" ?ﬁghgh#ywifhwﬁhq v

RPN S PR - N WL 5 SN A €S

2 msec/div.

(¢) P(I,) = 156 mtorr
2msec/div.

P(I,) = 129 mtorr
5 msec/div.

“XBB 6910-6803

Plate 2. . Osdilloscope tracings bf fluorescence signals from
iodine atoms produced with a mild (~20 Joule) flash
discharge. -
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Fﬁrther attenuation demonstreted;that the s&stematic;ehror at this level
- was much .smallér'thai.n the"p‘ﬁe‘clSion;.of ?the;.d'a;ta; |

.The tracings were enlarged;ﬁith an opaque_projector'andvreproduced
on graph papef. Plots of log (Signal) vefsus time were generally linear,
although curves recorded at Ié pressﬁres’below ;a25'mtorr seemed to
display sllght dev1at10n from first-order decay at low 1od1ne—atom CcOn=-
centratlons. Flgure 55 shows the seml-log plots for (a) and (b) in
Plate 2. The dev1at10n from llnearlty is clear in 35a thls behav1or
may indicate the onset of.second-order I-atom removal as predlced by

(B-3). |

. The data'from_the tracings wereitreeted)in terms of weighted and
unweighted linear logarithmlc fits and variable baseline (y =.a + b;e_cx)

" fits. The total dependence

af1] ok (1]
- —— = I[I] = ——vo | (1)

was verified for each treatment. Althongh the results for e single ohoto
vafied'somewhat for thebthree methods of analysis, the constants k.W and
a were eSsentially the same in all cases. |

The results fhom the weighted semi-log fits are illustrated in
Figure 36, where l/r is plotted versus P(Ié). These points were . recorded
on two days a week apart; they are in good agreement with the results
from_simllar experiments carried out six months earlier. Statistically
the linear behavior described by (1) is borne out bj the data,l with
1/k, = 3.01 * 0.15 and a/k_ = o.oué6 + 0,017 msec/mtorr. A closer
examination of Figure 36 reveals a short "plateau” at low P(I2) and slight

negative deviation from the calculated linear dependence at high P(Ié)

1. Application of an F test (Parratt, 1961, p. 134) 1nd1cated the
first-order fit was superior to a quadratlc fit,
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Fig. 35, Iogarithmic piots of data from tracings in

Plate 2. Upper plot is for curve (a),
P(I,) = 8.5 mtorr. Iower plot is for curve
(v), P(Ié) = 56 mtorr. - (Only half the re-
corded data points are included in these
graphs. )
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Fig. 36, Iodine atom removal rate as a function of L pressure. .
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velues;. Both of these appear to be real'rather than random nhenomena.
Tne pleteau may be'a result of‘the sliéht deviation from first-order -
decay at.low [I]; extrapolated slopes from the lineer region in the Sémif
log plots for these points wonld reduce the intercept'to ~ 2 msec;' On
the other hand this leveling off could indicate that the“sticki_.ng effi-
ciency.is a function of the 12 vepor_pressure;ladsorbed 12 might ex-
pedite'the removel ofﬁl'atons at higner pressures;.v81mllarly the devia-
‘tion from llnearlty at high P(I2) may be due to effects of adsorbed I 5
or it could represent the contrlbutlon of homogeneous recomblnatlon ac-
cording to (B-6). On the latter assumptlon an approx1mate rate for the
formation of I3 w1ll be calculated below. vbl o |

Bquation (B-13) gives a value of 0.049 for the sticking probability
(1 - 5). lf the true intercept is teken as 2 msec, (1 - é) increases to
o. 075. The relationship between the measured rate I' and the diffusion
constant D in (Bell,lE) is not simple. waever, it turns out for thisd.
case that the dependence of —EE-D on pressure is for all practical .
purposes described by the relatlonshlp (C-l) above. A few p01nts calcu—
.lated with the values B = 0.951 and D = 9 cm /(sec torr(I ) ) gave good
agreement-with the observed data at low P(IE)’ but were ~ 10% below the
measured rates I' at 150 mtorr I,. With B = 0.925, the best value of. D
was 8; in this case the data at 150 mtorr were about lﬁ%.low,in.Fig.‘56.

From (B=11) we can estimate that I'' is ~ 10/sec at l5O mtorr(Ié.
For simplicity ne have assumed that | _ ' ' ' _ -

r = kl[Iz] | ' (2) ' .lt

for £ﬁé process I+ Ié -EEL"I3' The collision rate between I and Ié atl
this pressure 1is 6.h.x 105/sec (for a collision diameter of 3.9 A)..

Therefore only one in 64,000 I - Iz‘collisions leads to the formation of
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5, if thls 1nterpretat10n 1s valld. If:the'increase in the measured
rate at these Ié pressures is due to a hlgher wall stlcklng probability,:
the volume removal rate will be even lower, so that the value
k =2 X 16-15 cm?/sec.represents a rough upper limit on the rate constaut
for fhis proeess; This rate, though small, is still several orders of .
magnitude greater than the estimated three-body remOVel rate for I atoms
in'fhe.concentratiqns encountered here.}_

As pointed out above, D is relatively insensitive to variations in

(1 - B). - Hence the value

sec - PIé,torr

should accurately represent the- rate for diffusion of I( P5/2 atoms

. : 2 ' : ‘
=9m(ie%) = _» ,<m

through I ThlS value of D may be related to a cross section for dlf- )
fusion through the simple express1on , ’ .

| -V L/3 - . (*)
where v end'i are the mean velocity and mean free path of the iodine
atonw.l A rigorous treatment.of the.diffusion preblem gives, for a hard—
sphere model (Hirshfelder, et al., ‘195l+,' p. 1k) } :

D, - 2 <?—;¥>l/2 S (5)
Nd o

where U is the reduced mass for the collision partners. From (5) the

collision cross section is 89 A?, which is about five times the hard-
sphere cross section. Thus we see that the I-I, interactions are strong,
but not strong enough to produce appreciable concentrations of I5 for Ié

pressures lower than 1 torr.

1. Johnston (1966) quotes a value of 6.5 X 1079 cm6/sec for k_ in
Egs. (A-1,2), so the termolecular half-life of the I-atom concentratlon
is more than 100 seconds under these conditions. :
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The flash-photolysis atomic-fluérescence technique used-in.this .
work should be widely applicable in studies of reactions.of atoms;v The.
édvantage_of simplicity is obvious; but more important is the extfeme-"
sensitiviﬁy of the détectiqn method, which allows one to employ small
,perturbativé‘flashes instead of catgclysmic,§nés. Ib the author’'s knowl -
edge a techhique of this sort has been reported in the litefature only
once, that being the work by Braun and Lenzi (1967), in which reactions
of étomic hydrogen with olefins were followed by'@easuring ébsorption

‘and fluorescence of ILyman~Q radiation.’
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APPENDIX I. Absorption and Fluorescence Formulas

To facilitate the use of Eq. (III-B-12)

, -k !
[ E (1-e V') dv :
Ab = T (III-B-12)
v

i¢ is desifablé to have at hand expressions for the absorption for several
c%mmonly Occﬂrfing%forms of Ev' Perhaps the most frequently encountered

\ e

‘ S FE - : : . i
éituation is one in which kv can be approximated as a Doppler-broadened: -

absorption coefficient. We can rewrite (III-B-5)'in a simpler way for the

purpose ofvcomputations:

where i . : . .
a = L*_lng?_ | o (2)
. (o)
w = v-v,

Consider first the case where the source line is also Gaussian

(correspondingvto Eq. (III-B-9)), with the same center frequency Vo

2

B, =Ce™® | ()

(Primes will be used throughout this section to represent source quanti-
ties.) Technically the integrals in Eq. (III-B-12) have limits O and o,
but the lower limit may be extended to -« without introducing any

~ discernable change. Then the denominator is simply

[Eav=c J&I*[ o W)
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The numerator cannot be evaluated so directly. _Foftunately, however, the
integrand may be répresented as a uniformly convergent power series,

suitable for term-by-term integration.

E (1-e v ) =.C eqwi [;Z » —_9_7__ e-m%b ] (5)
v T | ’ N S
JE(xe V) av=-C alT- 5 __g__ (1+ m)-l/?
_ C al Ty
v = afa’ "(6),

Hence for this_case~“ U n‘
= (k)T
A = - X — T (1 + my)
n:l e

-1/2 o (7)

If the source radiation is produced by the same atom or mole'culeI whose
ébsorption isvbeing inVeétigated,_y will be simblyvthe ratio of tempera-
tures in the source and ab;orption C¢lié; vo=T'/T. - -

A ;ecoﬁd ‘commonly occurring caéé \vis that for thch Ev ‘is given by
(III-B-8).. Here béth,numerator and denominator;musﬁ be .integrated term-

by term. .-

w o Le e Nae ) a - (8)

© ) (—k'f')n (-koﬂ)m

-2 2 0 : K
m=1 n=1 nJ m. (n+my)‘l/2
= o (_kéltyn
- 5 ,
n=1 nl ~/—n

Knowing Ab one may solve for (kol) using (7) or (8). < and (kéz')

_are the adjﬁstable parameters mentioned in Section III-B. Working the
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results out by brute manpower is e formidable job best accomplished by .
calculating a few points Ab(kbz,#y,[kéz']) and interpolating graph.ically.
cheVef; it is a simple matter to solve (7) or (8) with a"computer; using
Newtoh's approximation method.l Two function roctines, ODNEWT and ODNEWTE,
have been programmed to calculate the roots for (7) and (8), respectively;
the listing are included in Appendix'III.,

'A thirdbintere;ting case involving Doppler coefficients occurs when

the source and absorption lines have slightly different center frequencies

vévand Vo Setting
' yap!
il ° (9)
| v =i o
we obtain - n | o
w3 T a2 T o)
‘n=1 : :

A comparison of (7) witﬁ (10) shows fhe two differ by the exponential
fector undefithe sunmation sign, which is guite stronglyvdependent on the
frequency difference Av,

Finally the equivalent width (III-B-15) can be taken cver directly
from the calculation of the expression for the denominator inv(8).

k2
J (-8 V) av

2

(11)
)B

Vi oo
\ - . a n=l n. ~/—n

1l

1. See any basic calculus. text.
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‘We can :i'pply the technigques and some of the results developed above
to produce expressions for the fluoreséence function discussed in

Section IV-A.- Using the Doppler form for Ev’ the integral in _(IV-A-Q)

becames _kv(z + _g_)
f E, e (kv b) 4av :
o ( J2y0 | (12)
., oo -k (£ +D ’ '
= Cyfgr (kp) = - [+ (w)y]l"H2
n=0 ) ' ‘
The more exact expression (IV-A-3) gives, for this E
v
[ E, et (1 L oY) g
. x g)P
T 2 ( . -1/2
N A ———~—§ — (1 + my) / (1 - (1+ /)M
. b i
| - (13)
‘ n : m r :
-k 2)7 (-k D) -
TS @ : -1/2
A el o T 1 (wmm) Y
m=1l. n=0 ’ < , :
: ke tgt C
If we choose to use the form C(1 - e Kyt ) for E,, Wwe have
o et o (-—k |£l.)1 o S .
(1-eH*1y -5  —o 7 glo (14)
i=1 toe |
w - (-kDp)™ 2
(l _ e-kvb - - Z " ? e-mOtm
n
oKL - (k1) e ®®
. : B w6 n !
so that .
. ki, £ -
f E, e Ky (1L -e kvby gy
-  ®© @ o« l('k 'Z"')l (=k b)m ' v("k ‘e)n
= ¢ 4f— = = = o o . o ) .
at . . i ! t * n t (15)
i=1 m=1 n=0 m . ¢

x [1+ (m + )yl ™Y/
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The correction for scattered light in Eq. (IVqA—h) cén‘be taken from the
absérption formulas .

Expressions (12-15) can be evaluated éasily with computer routines.
Fewer than ten terms in the sums are nécesSarybto evaluate points in the
positive-slope region of the curves in Eig. 5. The calculating‘and
plotting of 400 points for each_of the thfee curves required twbvor three

seconds of core processer time on a CDC 6600.
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APPENDIX IT. Radiation Coefficients

Einstein B coefficients terd to be confusing because of the variety
o units used to describe the radiation field. The transition rate is

of the form 4N

. ) N
- - p, BN - (1)

as given in Eq. (ITI1-A-3), with'pv‘representing the radiation field and Nb
the concentration of_particles in state b. With pv in units Qf energy
ldensity per nnit wave -number inter&al (erg/cmg), B is related to A by

B - L 2 @
8rhev” N '

considering non-degenerate levels»énly. For excitation fran a beam it
might be more practical to take P, in units &£ radiance (flux per unit
solid angle per unit surface area. at normal incidence). This P, is

related to the previous oné by a factor of ¢, so that

. . _
B = A _ - (3)
8’Trhc2v3

In photochemical work, quantum density and quantum flux are more directly

related to experimental results than energy density and energy flux. In

this case (2) and (3) become

B = —— A (ba)
8mv
and: .
B = —i—— & (Lb)
8mev

Finally, for isotropic irradiance the B vatues in (3) and (4) must be
multiplied by L.
Occasionally pv‘nmy be expressed as a distribution function of the

frequency in sec™ . In that case



o () - o) e
: cm . cm »

and ‘ ‘ | o |
B'" = ¢B . ’ ' - (50)

The equation corrésponding to (2) is.

g 2 —— A . 6

_ 8MW3 (6)

and analogous to (3) we have i
B = = & (7

8mhev
Thﬁs we See’tkat ﬁhe transformation from units of energy density per unit
frequency interval to energy densify pef unit wave-number interval ( (6)
té.(2) ) is the same in the effect on B aé the conversion from density
(érg-sec/cm§) to radiance ( (6) to (7) ) -< a good example of the confusing
aspectsvof B values. | |
Strictly speaking, A and B should be treated as functiéns of freqméthfu
so that (1) should be
'dNb

& =n [ Bv-rpv ¥ (8)

: but’thélcommonly quoted A and B values are the integrated quantities

A

J A

f B dv

(9)
B

The freduency dependence in A is seldom a métter of concern in photochemi cal
work, bﬁt the frequency dependehce‘in B may be érucial. This i1s taken into
account in the discussion of the absorption coefficient in Section ITI-B,
where it is stated

Ik = —— N4 (10)

Note the similarity between (10) and (4b). Only in the limit of very low

absorption is the area of the absorption linevequal to the area under the
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absorption ébefficient, as is clear fram the expressidn for the equivalent
width (III-B-15,16); and in that situation the imtegral B values will give
correct results for the absorption. .(See the text by Davidson (1962, Chpt.
_12) for a treatment of frequency-dependent Einstein éoefficients, absbrption

coefficients, and extinction coefficients.)
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APPENDIX III. Computer Programs

4, Main Programs'

.Here wé ﬁresent the listings fér the‘computer rouﬁines used to
analyze much of the datz obteined in the ex?erimehts of Sections I1I-V,
Most of the main programs were designed.to use oné or more subroutines
from a library of geheral routines forvéurve fitting, numerical integra-
tion,ihterpolation, etc., written ty the author for operation ohlthe
CDC 6600 computers at the Lawrence Radiation Labvoratory at Berkeley.: The
program language is CDC's Chippewa Fortran, nearly identical to Fortrer
IV. Many of the more versatile subroutines ere listed below.in:Subsection
. DNone of these programs required more fhan 10 secondsvof corerpfOCesser

tine,

1. DATFIT

Progfam DATFiT is a simple procedure representative of those usea
to obtain least-squares lineér fits from,various sets of data. The méin
program merely controls the input and output of informstion; ail the work
is performed by Subroutine POWFIT and associated routines, which ere
Jlisted and'deécrihed in B. Here the input dsta are (1) a dats: set iaen—
" tifier LAMDA, (2) the data points (xi,yi), recor@ed one to a ca?d in
columns 11-30, with a non-zero indicator in colurns 1-5, (3) a blank data
set terminating card, and (4) a continuation card for additional data
'sets,witﬁ the number 33 in columns 4-~5. (& blank cafd is used to ter-
minateltheventire input deck.) »Included in the output are listings of
the input date and the least-squaires best velues for a and b in the

function y = a + bx.
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DATFIT PROVIDES LEAST-SQUARES VALUES FOR A48 IN FUNCTION Y

W oH Wi

O~

20
21
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PROGRAM DATFIT(INPUT,CUTPUT) = -~ °

DIMENSION X{100),Y(1321,+B8(10),S08(1J)
FCRMAT (515}

FORMAT(1HL5///10X,*RESULTS AT#15,% ANGSTROMS$////)

FORMAT(1595X92F10.5) )
FCRMAT (10X415,% POINTS*//)

FORMAT(///7%*INTERCEPT =3F6.3,5XK,%ST, DEV.A=*F6.3//*SL0PE

5X,*ST. DEV. = *E12.3//7)

FORMAT (*VARIANCE = %E12.3) "

FORMAT(10Xy*X VALUE*,12X,%*Y VALUE*//)
FORMAT (10X+E12.3,48XyE12.3) .
READ 1s LAMDA

PRINT 2, LAMDA

DC 2C 1=1,100

READ 3, [INDsX(I),Y(I) ' ' s

IF (INDJ.EQ.C) GO TC 21
CONTINUE

O NUM =1 -1
PRINT 4, NUM
PRINT 7 ’
PRINT 8, (X(I),Y(I), I=1,NUM)
CALL POWFIT{(NUM:2,0sX+sY»BySDB,VAR)
PRINT 54 B(1),50B(1),B(2),5D8B(2) .
PRINT 6,5 VAR
READ 1, IGO

IF (IG0.EQ.33) GO 70 100

~ END

= A + BXa

*E1l2.3
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'This program was used to obtain'valueé for the constants &, b, and

p in the vurlable vaseline exponent, ial flt y=a + be"'px It was de-

51éned Por analyzing the osc&lloscope trac1ng date obtained in the I—atom'

recombinatlon experlments, so the mput and output statenente are rrther
spec1f1c, otherw1se the routlne is qulte general The resultq are ob-
tained from an iterative: prooedure which was generally observed to. con-
verge adequately_ln 3-5 cycles; the simultaneous equations resulting_from
the general-least-squares equations surmarized by Deming (1964) are
solved by the method 0ffdéterminants; Input information includes (1)
‘the number of data. sets NSETS, (2) a picture numberviDENT and number of
points NPOI for each data sét, (3) the distance TDEL betwéen evenly |
spaced x values fof the pdintsv(xi?yi),'along with initial guesses for
the three:uﬁknowns A,B,P, and (4) the y values Y(I) for the NPCI data.
points. The output includes values for A,B,P resulting from each cycle,

along with the final standard deviations.
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131
102
103
110

111
112
113
114
115
116
117
120
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PROGRAM EXFIT2 (INPUT, OUTPUV)
EXFIT DETERMINES THE BEST LEAST- SQUARES FIT OF A SEY OF DATA TO THE
. FUNCTICN Y = A + B*EXP(- P*X)
DIMENSION  X{50),Y(50)
DIMENSION YL1(50)
FORMAT(515)
FORMAT(8F10.2)
FORMAT (4E15.4)
FORMAT{(5(F6.2, QX'ZFb 244X))
FORMAT(BOH :
1 )
FORMAT (///10X,19HINPUT DATA X1y 77) )
FORMAT(///710X324HINPUT AND CALC. 'Y VALUES .//)
FORMAT(///10Xs1HA$14X41HB 914X ,2HDP,13Xy1HP//)
FORMATY (///10%X419HSTANDARD DEVIATIONS //)
FCRMAT(///10X¢2HSY 413X 92HSA¢13X 9 2HSBy 13X92HSP//)
FORMAT(///10X,28HREDUCTION OF PHOTOLYSIS CATA)
FORMAT(/////10X24HRESULTS FOR PICTURE NQ. o [5)
FORMAT(16F5.2) :
PRINT 116 -
READ -110
PRINT 110 .
READ 100, NSETS
DO 6 NIJ = 1,NSETS -
READ 1230, IDENTyNPUI
READ 101, TDELsA+B4P
READ 120, (Y(I),I=14NPOI)
TN = NPOI
PRINT 117, IDENT
PRINT 113
IND = 0
S1
$2°
83
S4
$5
Sé6
S7
$8 =
T.= 060

How oo i
<
.

FEX = EXP(- P*X(l))
S1 S1 + FEX

s2 S2 + X{I)*FEX
'S3 S3 + Y{(I)

S4 S4 + FEX*%*2
S5 S5 + XU{I)*FEX#*%2

S6 S6 + Y(I)*FEX

S7 ST + X(T)*¥2*FEX%*%2
S8 S8 + X{I)*Y(I)*FEX
T =T + TDEL

PT P

Ccl1
Ccl2
Cl3
Cla
ca21

LTI T TR (O ']

TN

s1

-B*S2

$3 - PxB*S2
S1
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€22 = S4
C23 = -B*S5 o
C24 = S6 - P*B*S5 : ' —
C31 = S2 ‘
€32 = S5
C33 = -B*S7
C34 = S8 - P*B¥ST
DEN = C11%C22%C33 + C12%C23%C31 + C13%C21%C32 - C31%C22%C13
1 - C32%C23%Cl1 - C€33%C21%Cl2 .
A = 1./DEN%(C14%C22%C33 + C12#C23%C34 + C13%#C24%C32
1 = €34%C22%C13 - C32%C23%Cl4 ~ C33%C24%C12)
B = 1./DEN*(C11%C24%C33 + C14%C23%C31 + C13%C21%C34
1 B - C31%C24%C13 - C34%C23%Cll - C33%C21%C14)
P = L./DEN*(C11%C22%C34 + C12%C24%C3]1 + C14%C21%C32

1 ' ‘= C31%C22%Cl4 -~ C32*%C24*C1l1l - C34%C21%C12)
o =P - PT
IND = IND + 1
© " IF -(INDeEQeS5) 20,19
19 PRINT 102, A(BvDPvP
GO TO'2 ’
20 PRINT 102, AsB,0P,P
SSAY = 2.0 .
STl = Q.
ST2 = 0o
ST 3 = O_c )
'DUIQ"I=1’NPOI _
’ FEX = EXP(-P%*X(I))
Y1(I) = A + B*FEX
DYl = Y{I) - Y1(1)}
SSQY = SSQY + DYI#%2
- DADYI = C22#%C33 + C12%C23sX{I)*FEX + Cl3*C32*FEX

1 _ - X{I)*FEX*C22#%C13 ~ (C32%(C23 - C33#C12%FEX
DBDYI = Cl1%C33%FEX + C23%C31 + C13*C21%X([)*FEX
1 = C31*CL3*FEX - X(I)*FEX*(C23%Cll - C33%C21
DPOYI = Cl1*C22*X(I)*FEX + C1l2*%C31*FEX + C21%C32
1 - C31%C22 - C32*%C11*FEX - C21%C12*X(I)*FEX
' STl = STl + DADYI*%2
ST2 = ST2 + DBDYI**2
ST3 = ST3 + DPOYI#*2
4 CONTINUE
PRINT 112 .
PRINT 103y (X(I)sY(I)sY2(I)y I=1,NPOI)
PRINT 114
PRINT 115
: SY = SQRT{(SSQY/TN)
SA = SY/ABS(DEN)*SQRT(ST1)
SB = SY/ABS(DEN)*SQRT({ST2)
SP = SY/ABS(DEN)*SQRT(ST3)

PRINT 102, SY,SA,S5B,SP
6 CONTINUE
END
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3. RATFUN

Program RATFUN provides velues for the unknowr Qohstants a, b, and
¢ in the function y = c(1 + ax)/(1 + bx), the form uséd to obtain the -
high-préssure intercepts in the yield functions of Section IV. The
method is again the generzl least—squares'technique; but here the initial
values for’the_desired coﬁstants are provided internally,vand the simul-
taneous e@uatiéns are solved by matrix inversion. The input and output

_ information are essentially the same as for program DATFIT.
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PROGRAM RATFUN(INPUT,OUTPUT)

RATFUN PROVIDES LEAST-SQUARES VALUES FOR Ay B4sC IN FUNCT!ON
Y = C¥(l + ASX)/ (1l + B*X)-

DIMENSION X(100)4¥{100),XX{10)sSD{10),AA{10,10),YY(10)4AAIN(10,10)
FOUXyY) =¥ — CO%(1., + AO®X)/(1l. ¢ BO*X)
FA(X) = =CO%*X/(ls * BO*X) .
"FB(X) = CO®X*(l. + AO*X)/{l. + BO®X)*x?
"FCIX) = =(l. + AO*X)/ (1. + BO*X)
FORMAT(1015)
FORMAT (8F10.5)
FCRMAT (I545X52F10.5)
FORMAT (10X4155*% POINTS*//})
FCRMAT({1HL14///10X,*RESULTS AT#I5,% ANGSTROMS®////)
FORMAT(*VARIANCE = *E12.3)
FORMAT (10X y*X VALUE® 12Xy *¥Y VALUE*//)
FORMAT (10X sE120398XyE12.3) | ,
FORMAT(////%A = *EL2.4,5X+%ST. DEV. = %E12.4//%B = #E12.4,5X,
1 %ST, DEV. = #%F12.4//%C = *E12,445X+*ST. DEV. = *E12.4///)
80 FORMAT (///*CONVERGENCE HAS. FAILED.#*15,¢ ITERATIONS COMPLEVED.*/

1 #*CONTINUE WITH NEW DATA SET.%*//7)
160 READ 1, LAMDA"

PRINT 5, LAMDA

DC 10 [=1,109

READ 3, IND/X(I),YLI)
IF (IND.EC.0) GO TO 11l

10 CCNTINUE
11 NP =1 -1

PRINT 4, NP

PRINT 7 ' '

PRINT 8y (XU{I)Y(I)yI=14NP)

© 7 A0 = W6 $ BO'= 1.0 $ €0 = 1.2

19 DO 18 MI = 1,10 :

DO 12 1 = 1,3

YY{1) = 0.0
DO 12 J=1,3
AA(I3J) = 0.0

12 CONTINUE

DO 20 I=l4NP

VO~ S N~

XT = X(I) & YT = v(D)
AT = FA(XT) '$ BT = FB(XT)
CT = FC(XT)

FT = FOU(XT,YT)

AA(1l,1) = AA(Lsl) + AT#%2
AA(1,2) = AA(1,2) + AT*BT
AA(Lly43) = AA(Ls3) + AT*CT.
AA(242) = AA(242) + BT*#2
AA(253) = AA(2,3) + BT*CT
AA(3,3) = AA(343) + CT#%2
AA(241) = AA(1,2)

AA(3,41) = AA(1,3)

AA(3,2) = AA(2,3)

CYYAL) = YY(L) + AT#FT
YY(2) = YY(2) + BY*FT
YY(3) = YY(3) + CT*FT

20 CCNTINUE
CALL INVERT(3,AA4AAIN,IFAIL)



17

18

21
31

35
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I[F (IFAIL.EQ.1) GO TO 35
CALL MATVEC(34,AAIN,YY,YY)
UAS

BY = BO -~ YY(2)
CO = CO0 - YY(3) .

IF (ABS(CO).GT.1C0.) 17,18
PRINT 82, MI -

Ga TQ 35 .

'CONTINUE

COMP = ABS(YY(3)/CO) .
IF (COMP.GT..00C1) GG TO 19
1 SSQ = 0.0 |
DC 21 -I=1,NP )
DSQ = FOUX(I),Y(I))%%2
$SSQ = SS¢ + DSQ -
CONTINUE ‘
SVAR = $5Q/ (NP-3)
SDY = SQRT(SVAR)
DC 31 1=1,3 o |
~ SD(I) = SDY#SQRT(AAIN(I,I))
PRINT 95 AO,SD(1),B0,SD(2),C0,SD(3)
PRINT 6, SVAR
READ 1, IGO N
IF (160.EQ.33) GO TO 100

END

AO - "YY(1) R | -
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4 FILTAB

FILmAB was osed to compute the (v',v") distributions for the exci-
tation process in the 12 v181ble absorptlon. The'freouencies of the R |
and P lines for each band arc calculated bj means of function stutehents
for the rotational and v1brat10nal constant53 B(v) and G(v). The freq-
‘uencies are converted to wavelengths by functlon VACUUM whlch uses
Edlen's (1953) formula for the refractlve index of air. Individual.line
strengths for each band are multiplied by the Boltzmann factcr and the
filter transm1581on function FLIR, and then summed (to J~ 300) to obtain
a total strength for the given band. The latter velue is then mﬁitiplied
by the Franck-Condon factor to obtain the relative contrlbutlon of each
vibtrational band.

The filter function FLTR is defined as Gaussian, with the maximum
-and the dispersion inoex fixed by the-inputvvalues FPOS (wavelength of
max. transmittance),_FTRAN (max. fractional trensmittance), and FWDTH
- (full width at half max.). The bendS'to be included in the caloulation
and their F-C factors are specified by the input variables V1(I), V2(I),
and FC(I). The output includes a breakdown of thelv’_and v"bpopulations
linto relative'contributions, plus the_value'of tﬁe totallsummed excitef‘

tion for the particular filter.
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PROGRAM FILTAS(INPUT,O0UTPUT)
DIMENSION V1(100),v2(100),0RIG(100)FC{100),JLIM(1CO),
* "BANDSUM{100),BMFV(1C0)4RELSTR{1CO),A0(100)
DIMENSION WLR(503),SLR(500),WLP(500),SLP(509)
DIMENSTON VPRI(50),BANDEX(50) ‘
CCOMMCN/BLCOW/FPOSsFTRAN,CISP
1 FORMAT(I542F5.14F12.5)
2 FCRMAT(3F10.5)
3 FORMAT(1HL,+//7/710X, *CALCULATION OF RELATIVE V1 POPULATIONS EXCITED
1IN 12%///7)
4 FCRMAT(*FILTER CHARACTERISTICS®*//10X, $MAX. TRANSMISSION IS *F6.3*
1 AT*FS5.0% ANGSTROMS*/10X,$WIOTH AT HALF-PEAK = *F4,0% ANGSTROMS#*
2 N . . .
S FORMAT(////*CHARACTERISTICS OF CCONTRIBUTING ABSORPTION BANDS*//5X,
1 V]I *SXEV2 ¥ OX*JMAXSTX*ORIGIN*BX*INT, PROFILE*SX*BOLT. FACTOR*
2 TX*FC FACTOR®*TX%¥REL. STRENGTH*//)
6 FORMAT (4X4F3.044X4F3, 0’10X'l4'5X’F10 345Xy EL12. 3,5X,E12 3,5XeEL12.3,
1 5X,E1243)
T FORMAT (///*SUMMED BANC STRENGTHS = *E12.3//)
8 FCRMAT(////5X*V1*5X#RELATIVE PCPULAT[ON‘//)
9 FCRMAT(F7. Dyl2XsF6e3)
10 FCRMAT(///%SUM GF RELAT[VE POPULATIONS = *F6.3)
11 FCRMAT(/////5X%*V2#5X*RELATIVE CONTRIBUTION TO TOTAL ABSORPTION®//)
12 FOGRMAT({///*SUM CF RELATIVE CONTRIBUTIONS = #*F6,.3)
GL(V) = 125.531%(V+,5) = .T3389%(V+.5)%%2 - ,004133%(V+.5)%%3 +
* 1.195E-06%{V+.5)%%4 + 2.208E-0T*(V+.5)%%*5
G2(V) = 214.5766%(V+.5) — ,65242%(V+.5)%%2 + ,0059T4%(V+.5)%%3
"BLIV) = oC28873 - 1.,345E-04%{V+.5) — 1.148E-26%(V+.5)%%2 -

* 2.08E-08%(V+,5)%%3
B2(V) = .03734 =~ 1.208E-04%(V+.5) + L444E-06%(V+.5)1%%2 -
* "1, B839E-08%(V+,5)%%3 — ,O05TE-10%(V+.5)%%4

VOO = 15769.48
READ 2, FPOS,FTRAN,FWDTH
DO 20 I=1,10C
READ 1, NOGO,VL(I)V2(I),FC(I)
IF (NOGO.NE.O) GC TO 21
26 CONTINUE :
21 NB = I-1
DELX = FWDTH/2. _
DISP = ALOG(2.)/DELX%%2
DO 30 [I=1,NB
LGVL = GL(VL{I))
Gv2 = G2(v2(1))
ORIG(I) = VOO + GVl - GV2
"AO(I) = VACUUM(CRIG(I))
BV1 = BL(VI(I)) s Bv2 = B2(V2(1))
EXF = le4387%BV2/300,
JULT = 2.%*SQRT{4./EXF)
JLIM(I) = JULT
JULT = JULT + 1
D0 35 JR = 1,JuULT
J = JR - 1
BLTZ = EXP(-EXF#$J%(J+1.))
FREQ = ORIG(I) + BVI*(J+1e)4(Js2.) = BV2EIS(J+1.)
WL = VACUUMIFREG)
WLR{JR) = WL
SLR(JR) = BLTZ*(J+1,)*FLTR(WL)
FREQ = ORIG(I) + BVI*J%(J-1.) - BV2sJe(J+1.)

AT*F5,
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WL = VACUUM(FREQ)

WLP(JR) = WL

SLP(JR) = BLTZ*JSFLTRIWL)
35 CONTINUE.

SUMT = 0.0 -
DG 36 JR = 1eJULT _
36 SUMT = SUMT. + SLR(JR) + SLP(JR)

BANDSUM(I) = SUMT
VIBEN = GV2 - G2(G.)
BMFV(I) = EXP(-1, 4387V IBEN/300.)
RELSTR(I) = BANDSUM(I)*BMFV(I)*FC(I)
30 CONTINUE - . S
SUMINT = 0.0
DC 31. I=1,NB

31 SUMINT = SUFINT + RELSTR(I)V
PRINT 3
PRINT 4, FTRAN,FPUS.FHDTH
PRINT 5 .
PRINT. 64 (Vl(l)yVZ(I)oJLlM(l"AQ(l’vBANUSUH(l)QBHFV(l'vFC(l)'
1 RELSTR(I), I=1,NB)

CPRINT .7,. SUMINT
VLOW = FMIN(NB,V1)
VHI = FMAX(NB,V1).
= VHI = VLOW + 1.1
VRUN = VLOW
DO 40 K=1,MR
SUM. = 0.0
DO 41 .I=1,NB :
" IF (V1(I).EQ.VRUN) . SUM = SUM + RELSTR(I) .
41 CCNTINUE -
VPRI (K) = VRUN
BANDEX (K) = SUM/SUMINT
49 VRUN = VRUN + 1.0
SUMCHK = 040
DC 45 K=1,MR
45 SUMCHK = SUMCHK + BANDEX(K)
PRINT 8
PRINT 9, (VPRI(K).BANDEX(K): K=1yMR)
PRINT 15, SUMCHK

VRUN = 3.0
D0 50 K=1,6
SUM = 0.0

DO 51 1I=1,NB .
-~ IF (V2{1)<EQ.VRUN) SUM = SUM + RELSTR(I)
51 CONTINUE - :
"~ VPRI(K) = VRUN
BANDEX(K) = SUM/SUMINT
50 VRUN = VRUN + 1.0
SUMCHK = 0.0
DO 55 K=1,6 -
55 SUMCHK = SUMCHK + BANDEX(K)
PRINT 11 o -
PRINT 9, (VPRI (K),BANDEX(K)s K=1,6)
PRINT 12, SUMCHK
END . d



-188-

FUNCTION FLTR(X)

COMMCN/BLOW/ X0 5 A»B

C FLTR = A®EXP{(-B#%(X-X0)#%2)
RETURN ‘ ,
END

FUNCTION VACUUM(VW)
Vh=Vh*1,E~4

P=((6432.8+294981C./(146.-VH*22)425540./(41.~VHW*%2))%] .E~-8)

1 + 1.
VACUUM=1.E4/ (VW*P)
Vh=VW¥1l.E4
RETURN
END

FUNCTION FMIN{N,X)
DIMENSION X(100)
A = X(1)

DC 16  I=1,N _

IF (X(I)eLT.A) A = X(I)
CONTINUE
FVMIN = A
RE TURN
END

FUNCTIGN FMAX(NyX)
DIMENSION X(100)
B = X(1)

DO 11 I=1,N

11

IF (X(I)eGTaB) B = X(I)
CONTINUE :

FMAX = B

RETURN

END

‘
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5. "FIGPLOT
Program FIGPLOT was used to produce the data plots displayed in
this work,' The comment cards adeéuately describe the input snd output

~

variables.
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PROGRAM FIGPLOT (INPUT,OUTPUT,TAPE98,PLOT,TAPE99=PLOT)
DIMENSION X(S00),Y(590)FORT(5),XLABEL{3),YLABEL({3)
COMMON/CCPOOL/ XPINy XMAXs YMIN, YMAX, XDMINy XCMAX o Y CMIN, YDMAX
CCMMCN/CCFACT/FINCH

INTEGER FORT

FCRMAT (1015)

FCRMAT(8F10.5)

FORMAT(215,2F10.5)

FORMAT (3A15)

FORMAT(3I5,2XyA3)

FGRMAT (5A10)

FCRMAT(/////%POINTS FCR PLOT NCo #13//6X,¥X%,21X,%Y%///)
FCRMAT(EL2.3,10XyE12.3) S :

FCRMAT (8JH
L . . . )

FINCH = 100. o :

120 READ 13

THIS CARD IDENTIFIES PLOT.

PRINT 10
READ 2, XDMIN-XDVAX'VDPIN,YDNAX

THESE VARIABLES DEFINE THE PAPER COORDINATES OF THE. PLOT. EXAMPLE,
{les7e95.910.) WOULD DEFINE A 5 BY 6 INCH PLOT PUS!V[ONED NEAR THE TOP OF
THE PLOT PAPER.

.

READ 2' XMIN'XPAX'YNlNoYMAX
THESE VARIABLES FIX THE SCALE FOR THE PLOT.
READ 1, NX19NX24NX3yNYLyNY2,NY3

DETERMINE NO. OF INTERVALS AND SUBINTERVALS MARKED 8Y GRID LINES(1), MAJOR
TICK MARKS(2)y AND MINCR TICK MARKS(3) ON AXES. (ALL QUANTITIES =1
RESULTS IN BARE RECTANGULAR GRIC.) -

READ 1+ LABX,LABY "

DETERMINES NO. OF LABELED INTERVALS ON PLOT. (BOTH-= 1 RESULTS IN
NUMERICAL LABELS AT CORNERS ONLY.) :

LAB = 0 RESULTS IN NO NUMERICAL LABELS.

SUBROUTINE CCLBL DETERMINES SIZE AND FORMAT FOR NUMER[CAL LABELS AND MAY BE
ALTERED TO SUIT THE USER.

CALL CCGRID (NXLgNX29¢NX346HNOLBLS,NY14NY2,NY3)
CALL CCLBL(LABX,LABY)

READ 3, KXsNXCHARyXLXy4XLY

READ 4, (XLABEL(I)sI=1,3)

READ 3, KYyNYCHAR,YLX,YLY

READ 4y (YLABEL(1)41=1,43)

XLXsXLY, YLX,YLY ARE PAPER COORCINATES FOR STARTING TPE LETTERING,

KX sKY ARE MAGNIFICATION FACTORS. (K = 10 RESULTS IN CHARACTERS +4%.6 INCH.

NXCHAR sNYCHAR ARE NOS. OF CHARACTERS IN X AND Y LABELS.
XLABEL, YLABEL ARE ALPHANUMERIC LABELS (MAX 33 CHARACTERS).

NPLT = O
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] F . (NXCHAR.EQ.O0) GC TO 19
- CALL CCLTRIXLXsXLY5»J9KXsXLABEL o NXCHAR)
19 I[F (NYCHAR.EQ.Q) GC YO 20
CALL CCLTR (YLX,VLY-IvKY'YLABELgNYCHAR)
20 READ 6, S AFORT (1) yI=1,45)
READ 5 NP,NSYP,NTH.PCON

FORT IS THE FORMAT FCR READING IN THE POINTS (X,Y}.

NP = ‘NO. OF POINTS. NSYM DESIGNATES SYMBOL (SEE CC HANDOUT) PLOTTED AI
187 PUINT AND EVERY NTH POINT THEREAFTER. PCON = YES IF POINTS SHOULD BE
CCNNECTED, "NO IF NOT.

IF NP IS GIVEN, PUINTS WILL BE READ ACCORCING TO FORMAT FORT IN AN INPLIED.
DO LOCOP. - ANY NO, OF PCINTS PER CARD ALLOWED.

IF Nb'= 3 (BLANK)} POINTS WILL BE READ IN A PROGRAM CCQ LOGP. ONLY ONE
POINT (X,Y) PER CARD. : : .
PROGRAM EXECUTION IS STOPPED IF NP IS GT. 500,

IF (NP.GT.535C) -SVOP
IF (NP,EQ.D) . GO TO 201
READ FORT, (xtl).v(x). I=14NP)
60 TO 221~
201 DC- 21 ‘I= 1.500 :
READ FORT, MUSH.X([).V(I)
TF (MUSH.NE.C) GC TO 22
21 CCNTINUE

22 NP =1 - L
/
PROGRAM DO LOGP INPUT FCOE IS USED WHEN NP = 9, . '
DATA CARDS MUST INCLUDE AN INDICATOR CALLED MUSH, x(l). Y(I). AFTER LAST
POINT INSERT CARC WITH MUSH NON-ZERO. ALL OTHERS ZERO.
221 NPLT = NPLT + 1
PRINT T, NPLT
- PRINT 8y  (X{1),¥{I)y[=14NP)
IF (PCON.EQ.3HYES) 23,24
23 CALL CCPLOT(XyYNPs4HJIOINyNSYMyNTH)
G0 TU 25
24 CALL CCPLOT(XyY¢NP6HNCIOINJNSYM,NTH)
25 READ 1, ICON
IF (1CON.EQ.99) GO TO 20
ICON = 99 CAUSES RETURN TO 20 TO PICK UP MORE DATA TO BE PLOTTED ON SAME
GRID. FILL IN BLANK CARD OTHERWISE.
READ 14 MSKP - :
IF (MSKP.EQ.22) GO YO 100
MSKP = 22 CAUSES RETURN TO 199 FOR NEW GRID AND PLOTS, BUT WITHOUT
ADVANCING PAPER. LEAVE BLANK CTHERWISE.
CALL CCNEXT
READ 1, IPLOT
IF (IPLOT.EQ.22) GO TO 100
IPLOT = 22 CAUSES RETURN TO BEGINNING FOR NEW GRID AND PLOTS.

CALL CCEND
END
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SUBRCUTINE . CCLBLINX1,NY1) . CCLBL
COMMOGN/CCPOOL/ XMINoXMAX 3 YMIN, YMAX o CCXMIN, CCXMAX, CCYMIN,COYMAX :
COMMON/CCFACT/FACTCR - .

ISZERV=0

IF (NX1.EQ.0.AND.NY1.EQ.0) RETURN ' : o -
IF (NXI'.EQ.D). GO TC 10 : . :
C XD = XMAX - XMIN
CCXD = CCXMAX - CCXMIN
. XI = XD/FLOAT(NX1)

KSIZE=1 $KORTENT=1

LABEL FROM RIGHT TO LEFT ALONG THE X-AXIS.

DO 2 NX=1SZERO,NX1 '

CCX=CCXMAX~CCXD®FLCAT (NX )/ FLGAT (NX1)

X=(CCX-CCXMIN) #XD/CCXD+XMIN 4 '

SET X TO A TRUE ZERO I[F X=3, TO WITHIN MACHINE ACCURACY.
CIF(ABS (X/XI)otT.1.JE-6)X=0. -
WRITE(98,28) X
CALL CCLTRICCX+6.%FLCAT(KSIZE)/FACTOR,

# CCYMIN-T70.%FLOAT(KSIZE)/FACTOR,KORIENTKSIZE)

IF (NYlL.EG.0) RETURN
YO = YMAX -~ YNMIN
CCYD = CCYMAX - CCYMIN
YI = YD/FLOAT(NYL)
KSIZE=1 $KORIENT=0
LABEL UPWARD ALONG THE Y-AXIS.
DO 3 NY=ISZERO,NYL
CCys= CCYM[N+CCYC*FLOAT(NYl/FLCAT(NYl)
Y=(CCY-CCYMIN)*YD/CCYD+YMIN
SET Y TO A TRUE ZERO IF Y=0. TO WITHIN MACHINE ACCURACY.
IF(ABS (Y/YI).LT.1.0€E- 6)Y 0.
WRITE(98,27)Y
CALL CCLTR(CCXMIN-TO.*FLOAT(KSTZE)/FACTOR,CCY,KORIENT,KSIZE)

27 FCRMAT(F5.2)
28 FORMAT(FS.1)

RETURN
END
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E. Subroutines and Function Routines

1. The POJFLT Dackage

SMmmﬁhmI@MﬁTamiﬂ@aé MﬁWdrmmnmsmeLtme@ and -
INVERT are useful ’o” obtaining le(st—SQUdreu power series fits for &
set of data. The order and nuwiber of terms in.the series are specified

1rough the input vGrldbles.IPITPO and WCOﬂ théh are descrited in |

suff1c1ent defall in the comzent c<rds. Function SUMAN prov1des velues
for the terms of type z ximyi whlch appear in the matrix of 51uu1taneous
eguatibns which must be solved to obtaln the constants C(I). The_equatlons
are solved by maﬁrix methods using INVERT aﬁd MATVEC: INVERT is a matrix.
_ inversibn routine that utilizes row operatioﬁs, and MATVEC is a simpie_
métrix;vector multiplicétion routine, ‘Output veriahles proddced by POWFIT
include'the ponstants C(I) and their standard deviztions SDC(I}, -along
with the v\rlancn in y, SVAR

The POWFIT routlne has ;een used successfully t§ obtain parareters
for fits to orders as high as 6, but it is likely that the row oper&tibns
used in'IHVERT would legd to round-qff probler:s for:matrices ruch larger |

than 6 x 6.
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© SUBROUTINE POWFIT (NVyNCON, INITPOW,XsYCySDCySVAR)

POWFIT FITS A SET OF PCINTS TO A LEAST SQUARES BEST POWER SERIES. NCON IS

THE NUMBER OF TERMS IN THE SERIES, INITPOW IS THE LOWEST POWER OF X TO BE
INCLUDED. NV IS THE NUMBER OF POINTS. THE C(I) ARE THE RESULTING CONSTANTS.
NOTE CONSTANT TERM REQUIRES INITPOW = Q. '

15

14
13
12

16

S 221

222
22

21

31.

DIMENSION X{100),Y{130)4C(10},AA(13,y19)

. DIMENSION AAIN(l).lO),SDC(lO)

NCONL = 'NCON + 1
NC2 = NCON®2
DG 12 NR = 24NC2
IPOW = NR ~ 2 + 2+INITPOW
CF1 = SUMXN(NV,IPOWsX,Y,2)
DC 13 1=1,NCON
OC 14 J=1,NCON ,
IF ((I+J)oEQeNR) 15,14
AA(L,J) = F1
CCNTINUE
CONTINUE
CONTINUE
DC 16 T=1,NCON
JPOW = I = 1 + ENITPOW
CUI) = SUMXN(NV,JPCWsX,Yyl)
CALL INVERT(NCON,AA,AAIN)
CALL MATVEC(NCON,AAIN,C,C)

§5Q = 0.0
DC 21 I=14NV
SSX = 0.0

DC 22 J=14NCON
JPOW = INITPOW + 4 - 1
IF (JPOW.EQ.Q0) GC TO 221
TER = CUJ)EX([)**)POW

GO VO 222
TER = C(J)
. S§X = SSX + TER
CONTINUE ‘
SSQ = SSQ + (Y(I)-SSX)#**2
CCNTINUE

SVAR '= SS5Q/ (NV-NCCN)
. SDY = SQRT{SVAR)
DC 31 I=1,NCON -
SOC(T) = SDY*SQRT(AAIN(I,I1))
RETURN
END

FUNCTICN SUMXN(NTyNyX Yy JJ)

DIMENSIOGN X(200),Y(202)

OoOdHw N

S = 0.0
IF (JJ.EQ.1) 1,3
DC 2 I=1,NT
S =S + Y(II*X([)**N
60 TO 20
DC 4 [=1,NT

S = § + X{I[)*%N
SLMXN = S '
RETURN

END
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SUBRCUTINE MATVEC (NyAsXyY)

.-DIMENSION X(IO)vY(lO)oXT(lO);A(lO:lO)

DO 9 - I=1,N

XT(I) = X

- DC 13 I=1,N

11
13

10

11

12

22

24
23

21

TEM = 0.0
DC 11 J=1,N
TEM = -TEM + A(lyJ)*XT(J)
CONTINUE :
- Y(I) = TEM
CCNTINUE
RETURN .
END

SLBROUTINE INVERT (NqsA, AIN)

DIMENSION -A(1Gy12), AIN(lOolO)'STOR(109IC)

DCc.10 I= loN

~DC-1C- .J LsN

o STOR(IsJ) = A(I,J)
DC 11 I=1,4N
DC 11 J=1lsN

AIN(I,J) = 0.9
DO 12 I=1,N
AIN(I 1) = 147

DC 21 [I=1,N
ATEM = STOR(I,I)
DC 22 J=14N S
STOR(I,J) = STOR(I+J)/ATEM
 AIN(TJ) = AINUI,J)/ATEM
DC 23 K=1sN
IF ((K-1).EQ.G) GO Ta 23
BTEM = STOR(K,I)
DC 24 J=1,N

STOR{KsJ) = STOR(KsJ) - BTEM*STOR(I,J)
AIN(KsJ) = AIN(KyJ) — BTEM*AIN(I,d)

CCNTINUE
CONTINUE
RE TURN
END.
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2. ODNEWT and ODNEWT2

~

These routines solve for (kdlﬁ in the expressions (7) and (8) in
Appendix I. The input and output variables are explained in the com .ent

cards. Both rcutines require function FACT, which computes n-factorial,

&
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FUNCIION UDNENT(GAF.AB)

ODNEWT USES NtHTCNS APPROX IMAT ICN METHOD TO COMPUTE THE OPTICAL DEPTH
FRCM THE ABSORPTION (AB) -AND THE LINEWIDTH PARAMETER (GAM) FOR AN
ASSUMED  GAUSSIAN SOURCE LINE.

S NeNaERNS)

Y‘
. X2

AB
.= 1.0

CALCULATE ABSORPTION.

aoT

NTIM =
SUM
X1

0
0.0
= X2

5

bc 1¢C

1=1,100

“TEMP
cump
TERM
SUM
TEST =

SUM

.OOOI*ABS(TENP)
{=X1)**I/FACT(1)/SQRT (L. +GAM*I)
SUM + TERM

ABS {VEMP-SUM)

IF (TEST.LT.COMP)
10 CCNTINUE
11 T OFX

GO 70 11

Y + SUM

CALCULATE DERIVATIVE.

SUM U.0
DO 12 . J=1,+100
" TEMP = SUM
ComMp .DOOI‘ABS(TEMP)
TERM (=XL)*%(J=-1)/FACT {4~ l)/SQRT(l.*GAH'Jl
- SUM SUM + TERM
TEST ABS{TEMP-SUM)
IF (TEST.LT.COMP) GO YO
12 CONTINUE
13 FPX = ~SUM

13

COMPUTE NEW VALUE FCR ROCT, X2

X2
DX

X1l - FX/FPX
X2 - x1
CHK = ABS(DX/X1)
NTIM = NTIM + 1
1F (NTIM.EQ.10)
If (CHK.GT..G205)
CDNEWT = X2
RE TURN
30 PRINT 1
1 FCRMAT(//10X,*SCLUTION NOT REACHED IN TEN ITERATIONS#///)
CONENWT = X2
RE TURN
END

GO0 T0 30
GO 70 5
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FUNCTIGN "ODNEWT2(XP,GAM,AB)

ODNEWT2 USES NEWTONS APPROXIMATION METHOC TO CALCULATE THE QOPTICAL DEPTH
FOR A DOPPLER ABSORPTICN LINE AND AN [DEAL RESONANCE LAMP SOURCE LINE.

THE LATTER IS ASSUMED TO BE DETERMINED BY THE DUPPLER PROFILE AND MUST

BE OPTICALLY THIN IF CORRECT RESULTS ARE ARE DESIRED FROM THIS ROUTINE, IE
THE SOURCE OPTICAL DEPTH MUST BE LESS THAN 3., OR 4.,y SINCE ONLY TEN TERNS
‘IN THE EXPANSION ARE CALCULATEC. : ‘

CDNEWT2 = 0.0
. X2 = 1.0
NTIM = &
IF (XP.EQ.0.) GO TC 35
5 X = X2

CALCULATE ABSURPTICN.
CALCULATE DERIVATIVE.

'SUMDEN = 0.0
SUMNUM = (.0
'SUMPR = 0.0

DC 20 N=1,190 .
' TP = (—-XP)*%N/FACT(N)
00 21 M=1,29
T = {=X)*%M/FACT (M)
RI' =N & R2 =M
_TD = T®R2/X
" FAC = SQRT{R1l + R2*GAM)
" SUMNUM = SUMNUM + TP*T/FAC
SUMPR = SUMPR + TP*TD/FAC
21 CCNTINUE
SUMDEN = SUMDEN + TP/SGRT(RL)
20 CONTINUE
DENOM = SUMDEN
FX = AB + SUMNUM/DENOM
FPX = SUMPR/DENOM

COMPUTE NEW VALUE FOR ROCT. X2.

X2 = X - FX/FPX
X1 = X
DX = X2 - X1

CHK = ABS{(DX/X1)
NTIM = NTIM + 1
IF (NTIM.EQ.10) GO TO 30
IF (CHK.GT..0005) GO TO S
ODNEWT2 = X2
RETURN :
30 PRINT 1 .
1 FORMAT(//10X,*SOLUTION NOT REACHED IN TEN ITERATIONS*///)
CDNEWT2 = X2
RETURN
35 PRINT 2 :
RETURN '
2 FORMAT(//10X,#SCURCE OPTICAL CEPTH CANNOT BE O, OR INTENSITY IS O.
1 */7/)
END
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FUNCTION FACT{N)
' FACT = 1,0 :
IF (N.EQ«D) RETURN
XR = 100
DC 13 J=1leN
FACT = FACT*XR
10 XR = XR %+ 1.0
RETURN
END
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3. INTERP1

| . INTERP1 is a general intgrpélétion routine géeful for ohtaining
y values for ﬁnput Qalues of x (= 8) relati&e to « set of points (FX,FY).
The other'Qﬂriables are explained in the dom@ent cards., lNote the re-
striction thut th‘;a array (FX,FY) rust \be drdered according to incfeasing‘

FX values.
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SUBROUTINE INTERPL(SNNyFX,FY,F)
INTERPL 1S A GENERAL INTERPOLATION ROUTINE USEFUL FOR CALCULATING
" Y VALUES FOR A GIVEN X VALUE RELATIVE TO AN ARRAY FY{FX). FX VALUES MUST
BE ORDERED IN INCREASING VALUE. NN IS THE SIZE OF TEE INPUT X--Y ARRAY,
F IS THE OUTPUT VALUE. .
DIMENSION FX(IOO)vFY(lOO)rX(4)'V(4)v
IF (FX(1)sGEsS) 12,10
12 D0 13 N=1,4
X(N} = FX(N)
13 Y{N) = FY{(N)
GO TO 28 _ v
10 DG 22 K=1,NN ' o ..
IF (FX{K)JLE.S.AND. FX(K*I) GE S) 23,22
23 IF (KalLEes2) 24,25
24 DO 31 N=1.4
X{N) = FX(N) : o
31 - Y(N) = FY(N)
GO TO 28
25 - IF (K.GE.(NN-1)) 26,27
26 DO 32 N=1,4
) Y{N} = FY(N+tNN-4)
32 X{N) = FX(N+NN-4&)
GO T0 28
27 DC 33 N=1,4
Y{N) = FY{(K~- Z*N)
33 - X(N) = FX(K-2+N)
. GO TO 28
22 CONTINUE
28 CONTINUE :
X{1) - X(2)

DN12 = $ DN21 = ~-DNl2
ON13 = X(1) - X{(3) $& DN3l = -ON13
DNl4 = X(1) - X(4) $ DN4l1 = -DN1l4
DN23 = X{2) - X{(3) ¢ DN32 = -DN23
DN24 = X{2) - X(4) $ DN42 = -ON24
DN34 = X(3) - X(4) $ DN43 = -DN34

. X12 = Y{1l)/DN12 + Y(2)/DN21
X123 = Y(1)/(DN12*DN13) + Y(Z)/(DNZI‘DNZ3) + Y(3)/(DN31*%DN32)
X1234 = Y{1)/(DN12#*ON13%DN14) + Y(2)/(DN21#DN23%DN24) +
1 Y(3)/(DN3L*DON32*DN34) + Y(4)/(DN41*CN42*DN43)
F = Y(1) + (S=-X{(1))*X12 + (S-X{1))*(S-X{2))*X123 + {(S-X(1))*
1 CAS=X(2))*(S-X{3))*X1234
RETURN
END
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4. AREA and _- GAUSS

| Functionﬁ AREA and GAUSS are nuﬁerical integration routines. ARFA
uses.Simpson's metkod, with an édditional‘higher or&er dorrective term
applied to all intervéls except those on each end of the dormain of the
fﬁncfion Y. N is the number of points and ¥ is the coﬁstﬁnt interval ‘ %
&, AREA is partipularly'appropriate for obtaining uréas undér empirical
. curves or curves for explicitly defined functions‘of a couplex nature;

GAUSS uses the method of Gauss to qbtaih the area under the curve

described by fhé input function F(X). The indicator IND deterrines
.whéther % Gauss-Lsguerre (IND = 1) »r a Gaﬁss-Legendre (13D # 1) quad-

rature will be used to obtain the area. The former is applicable'to.

integrels of the type S:F(x)dx,and the latter is approprizte for inte-

grals éf F(x)dx. (4 and B Lere arec equivalent to the £ and B paramétérs
appearing in.the Function identifier card.) The Géuss-Laguerre_qﬁadrature

is taken évef six peints, the Gaﬁss—Legendre over ten. FUnction GAUSS

gives exceptionally good results for "well-tehzved" functions, since the

method of Gauss represents_the,highest ordéf of accuracy_achievabie in

numerical integration of a functien F(x) which is eXpressablé as a

polynonial,
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FUNCTICN AREA(N,H,Y)
DIMENSION Y(109) "

Al = 0.0
COR = 0.0
IF (N.LT.3}) GO TO 590
NM1 = N-1 :
NM2 = N-2
DC 1 I = 2yNM1,2
Al = Al + H/3c*(Y(l 1) + Y(l*l) + 4.0V (]1))
1 CONTINUE , - S
CIF (N.LT.5) 60 TO 503
DG 2 I .= 3,NM2,2
COR = COR - H/90.*(Y([-2) + Y(l*Z)) + 2 *H/45 l.‘(Y(I 1)+
1 . Y(I+1)). - H/15. *Y(l)
2 CCNTINUE . .
500 AREA = Al + COR
RETURN
END

FUNCTION GAUSS(INDysAsB,F)
DIMENSION - V1(9),V2{13)+R1I9),R2(1D)
DATA  (V1(I),1=1,6)/.2228466042,1.188932101742.9927363261,

1 567751435691,9.8374674184,15.,9828739806/
DATA (R1(I),1=1,6)/.45896467395,.4170008308,.1133733821,
1 -+0123991975,.C002610172028,.000000898547906/

DATA  (V2(1),41=1,10)0/.0130467357+40674683167401602952159, .
1 .2833023029,.4255628335'.5744371695..7166916971..8397347842-
2 +9325316833,.9869532642/

DATA  (R2(1),1=1,10)/.03333567215,.0747256746,410954318126,

1 ¢1346301054649.147762112369.147762112364.13463013546,
2 .10954318126,.9747256746'.03333567215/

AR = 0.0

IF (IND.EQ.1) GO TC 1
OC 10 1=1,410

- 10 AR = AR + R2(IV*F(A+(B-A)¥V2(]1))
" AR = AR*(B-A) ‘ '
GG Y0 717
1 DC 11 1I=1,46
11 AR = AR + Rl(l)*EXP(Vl(I))‘F(VI(I)*A)
17 GAUSS = AR
RETURN

END
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