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PHCYI'OCHEMISTRY OF IODINE 

Joel B. Tellinghuisen . 

Inorganic Materials Research Division, Lawrence Radiation Laboratory, 
Department of Ghemi$try, 

University of California, Berkeley, Californ~.a 

ABSTRACT 

A method of atomic fluorescence spectroscopy has been developed and 
. ' .· 10 3 

used to detect iodine atoms at concentrations as low as l X 10 /em in 

several photochemical processes. The heart of the apparatus is a 

"solar-blind" photomultiplier having practically no sensitivity to 

radiation of wavelengths greater than 2500 A, but with good response in 

the region of the two strong iodine atonic resonance lines near 1800 A. 

Electrodeless discharge sources are employed to excite the fluorescence 

under optimum signal-to-noise conditions. The method is applied to the 

problem of predissocia t ion in I
2

, and used to study diffusion and wall 

reactions of iodine a tans. 

Absorption measurements at 1783 A and 1830 A yield values of 3.6 

nsec and 125 nsec, with uncertainties. of 20'/o, for the lifetimes of the 

6s
2
P

3
; 2 and 6s

4
P

5
; 2 states of atomic iodine. These results, together 

with relat·ive emission strength measurements, indicate the coupling in 

the 5p 46s· configuration is much closer to the Russell-Saunders case than 

has been presumed. Molecular iodine is found to absorb the f..f.. 1783, 1799, 

1830, 1844, and 1876 atomic lines with approximately equal facility. The 

absorption data at 1830 A are used to calculate a rough lifetime of 

10±5 nsec for the I 2 excited state. This value is an order of magnitude 

greater than estimates from extinction measurements, suggesting that several 

molecular transitions may be contributing to the total abs ar-ption :in this 

region. 
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The quantum yield for unimolecular dissociation of I
2 

(B3II + ) has 
0 u 

been determined for absorption at twelve wavelengths between 5000 A and 

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

this region with an additional maximum of 72% at 5460 A ( v'- = 25-27) and 

a minimum of 33% at 5900 A (v' = 13-15). These results are further analyzed 

in terms of a 20% "parallel" contribution to the total absorption from 

the 
1n1u f- X transition, and a fluctuating predissociation rate forB -+lllu· 

The v' -dependent predissociation explains the previously repo:r:ted erratic 

lifetime behavior of the B state. The high yield at long wavelengths is 

- 3rr r;artly due to the onset of the A lu f- X cant inuum absorption, which ace runts 

for 5o% of the total absorption at 6240 A. 

The recombination of iodine atoms at low I 2 pressures is found to 

be a first-order diffusion-controlled he-terogeneous process. Frctn the 

zero-pressure limiting rate, the "sticking" probability for iodine atans 

colliding with "smooth" silica is .05-.075. The diffusion constant for 

I atoms in I 2 yields a cross section of 89 A
2 

for the hard-sphere model. 

The reaction I + I
2 
~ I

3 
is seen to be of minor significance in this study; 

a rough estimate indicates that only one in 64,000 I-I
2 

collisions leads 

to the formation of r
3

. 

I 
I 
i 
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I. INTRODUCTION 

The well-known and oft-studied visible B ~ X electronic transition 

in molecular iodine has received renewed attention in recent years, as 

several researchers have reported evidence that spontaneous predissociation 

competes with fluorescence and collisional predissociation in depopulating 

the B state. Chutjian, Link, and Brewer (1967) used the phase-shift method 

to measure collisional self-quenching cross sections and lifetimes over 

a range of values of v', the vibrational quantum number of the excited 

state. Their lifetime results displayed a rather erratic dependence on v', 

and they suggested that a weak spontaneous predissociation could be contri-

but:irg to the total first- order decay rate and yielding anomalously short 

lifetimes in same vibrational regions. Later Chutjian and James (1969) 

measured the absorption strengths of a number of individual rotational 

lines in the dense B ~X absorption spectrum and used the results to 

calculate total radiative decay rates. A comparison of these rates with 

the lifetime results indicated that in the low-pressure limit two thirds of 

the excited molecules .predissociate at v' = 25 and one third at v' = 14. 

Meanwhile Wassermann, et al. (1968a; b) had elaborated on some earlier work 

by Bowers and co-workers (1957) and Mayo (1964) and were using ERS techniques 

to follow iodine-atom concentrations under conditions of steady-state photo-

lysis of I
2

. Irradiating at several different wavelen~ths while varyin~ 

·· -4 -I ed ll 1 b h . the ~ pressure from 10 to 10 torr, they observ. ·.para e e. avlor 

above and below the dissociation limit of the B state (4995 A) and con-

eluded that 30-6Cf/o of the ex.cited molecUles decay via predissociati on. 

Steinfeld and co-workers (1969) studied the absorption spectrum at high 

resolution in the neighborhood of the dissociation limit and suggested 
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that an underlying continuum may be contributing strongly to the total 

intensity, in that region. Most recently Wilson and collaborators (Busch, 

et al., 1969) have .conducted a number of experiments with r 2 in a mole

cular beam crossed with a pulsed neodymium laser. Their observations 

indicate that excitation to the B state in the vicinity of v' = 33 produces 

atoms by at least two, possibly 
1! 

Spontaneous,predissociation 

three different mechanisms. 

· r . d Ia• th · . ln 2 , eman
1 

s more an curlous interest. 

Until recently the occurrence of spontaneous predissociation in a diatomic 

molecule has more or less implied the absence of fluorescence fran the 

energy levels involved. Conversely, the observation of fluorescence has 

generally been accepted as prima-facie evidence for the non-existence of 

predissociation. Strongly allowed predissociati ons are predicted and 

. 10 . 12 
found to have decay rates of 10 to 10 per second, hence the absence 

of fluorescence. 
-6 

However, the iodine E-state lifetimes run about 10 

seconds, so spontaneous predissociation must be a million times weaker 

in this case. Furthermore the predissociat ion appears to occur to a greater 

or lesser degree throUghout the B state, whereas strong predissociations 

are generally well defined in their energy dependence and are easily 

described in terms of non-crossing rules for zero-order Born-Oppenheimer 

states. The existence of weak pre dissociation in r2 promp:ts one to suspect 

that man;Y other diatanic molecuJe s may be found to behave similarly on 

closer examinat im. It also illustrates the heuristic superiority of the 

scattering-well-resonance picture of predissociation put forth by Harris 

(1963) and others, in which all "discrete" states which exist in the c mtinuum 

of at least one lower state are seen to have a finite probability for 

spontaneous predissociation. 

Of the works mentioned earlier only the absorption study by Chutjian 

and James gives quantitative results for the predissociative yield of 

,_, .. 

... 
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atoms, and those results are indirect in that they derive from a _comparison 

with the earlier lifetime data of Chutjian, et al. In addition the absorp

tion work gives predissociation rates for only two vibrational levels of 

the B state. In order to more fully understand the nature of the spontaneous 

predissociation occurring in I 2 it is necessary to have more detailed 

quantitative information for the entire region of visible absorption, fran 

6300 A to 5000 A. Also, it would be desirable to obta~n the results 

through a procedure which involves direct observation of iodine at ans, 

to further demonstrate that the discrepancy between phase-shift and absorp

tion decay rates is in fact due to predissociation. 

The steady-state photolysis experiment of Wassermann and colleagues 

should yield quantitative results, but the investigators didn't pursue 

t.he problem past the semi-quantitative stage. A careful consideration 

of the kinetics involved in steady-state irradiation of r 2 with visible 

light reveals that a direct comparison of atom production in the con

tinuum (A. < 5000 A) with that in the banded portion of the B ~ X absorp

tion determines the quantum yield of atoms in a simple, straightforward 

manner. Use of a comparison technique has one tremendous selling point: 

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 experimental "fallout.~~ The characterization of 

the iodine atomic excitation source inspired the measurement of absorption 

line strengths for ultraviolet resomnce 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 recombination problem. 
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II. EXPERIMENTAL 

Recent advances in photomultiplier technology have led to the 

connnercial availability of a number of "solar-blind" photomultipliers, 

so designated because of their extreme insensitivity to visible radiation 

(Samson, 1967, Chpt. 7; Dunkelman et al., 1962). The photocathodes 
I 

incorporated in these detectors are cmracterized by high work functions, 

making possible high gains with very low dark currents. The long-wave-

length cutoffs fall between 2000 A and 3500 A, de·pending on cathode 

material; the short-wavelength cutoff is generally determined by window 

material. With commonly used LiF windows, these photomultipliers are 

sensitive dawn to 1050 A. 

Solar-blind detectors make possible a relatively simple method of 

observing trace amounts of radicals formed in certain photochemical 

reactions. If the radical of interest has an absorption in the ultra-

violet, then with an appropriate source of UV radiation it may be observed 

in absorption and/or fluorescence without interference from the visible 

or infrared radiation initiating the photochemical process under investi-

gation. In particular the ability to observe ultraviolet fluorescence 

directly without the aid of a monochromator sbould enable one to detect 

quite small concentrations of radicals with good signal-to-noise ratios. 

And the fast response time of the photomultiplier makes it easy to observe 

radicals under transient as well as steady-state conditions. 

The iodine atom is well suited 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 produced readily in an electrodeless discharge. 

The transmissivity of fUsed silica is fair in this region, so with a 

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

•• 

. ! 
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multiplier may be utilized to follow iodine atom concentrations in a 

number of interesting photochemical processes. 

In this work we present the results of three loosely-related sets 

of experiments: ultraviolet line absorption measurements for I and I
2 

(Section III), a study of predissociation in I 2 ( B3II + ) (section IV), ' 0 u 

.' and an investigation of diffusion and wall reactions of I atoms produced 

in flash photolysis (Se9tion V). Much of the experimental equipment 

found application in all of these studies; so to facilitate future 

discussions, we will describe the important apparatus here. Procedural 

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

A. Photomultiplier 

' ' l 
The solar:...blind photomultiplier used in these studies was an EMR 

Model 541H-08-l8, labeled "extreme solar blini" by the manufacturer. 

The tube is of the end-on type with a semi-transparent Cui photocathode 

on a 10-mm-diameter LiF window. The eighteen venetian- blini dynodes 

produce a gain of 10 7 at 3960 volts; the corresponding dark current is 

6 -ll 
given as 5. XlO amp. Maximum ratings are as follows: supply voltage 

-4ooo, anode current - 100~ amp, operating temperature - 100 C. The 

instrument is supplied as a potted assembly ccntaining the tube and the 

d;ynod.e 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 vacuum seal. 

Dunkelman (1962) has given spectral response curves for Cui. For 

the particular photomultiplier used here EMR quotes quantum yields of 

1.7% and 1.4% at 1216 A and 1470 A, respectively, dropping off to less 

-4ol than 10 70 at 2537 A. In addition the relative sensitivity of the instru-

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

l. Electro-Mechanical Research, Inc., Princeton, New Jersey 
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atomic lines from a source previously calibrated with sodium salicylate 

and an RCA lP2l photomultiplier. The latter arrangement is known to have 

a constant response over a wide range of frequencies in the ultraviolet. 

(Samson, 1967, Chpt. 7) Results are illustrated in Fig. la. Figure lb 

shows the manufacturer's gain vs. voltage specifications. 

EMR does not report a response time for the instrument, but typical 

-8 'values for multiplier phototubes are on the: order of 10 sec ends or 

less (RCA Photomultiplier Handbook). In flash experiments conducted in 

this lab, response time was limited by external circuitry. 

The photomultiplier is ~flicted with one serious operational draw-

back;_. Under conventional operating conditions of high negative cathode-

to-ground 'voltages the tube is subject to destructive sparking fran the 

LiF window· to nearby grounded conductors if situated in a moderate vacuum 

where the electrical breakdown resistance of air is low. The vacuum 

developed by a good mechanical pump is sUfficient for safe operation, but 

precautions must be taken to insure that leaks do not occur while the 

high voltage is on the cathode. 

B. Reaction Vessels 

All cells used in these studies were made of fused silica, Engelhard 

brand or equivalent. The cell used in the predissoc-iation and recombina-

tion work is illustrated schematically in Fig. 2. The cylindrical cell 

body is about 35 mm in diameter and 115 mm long. The iodine lamp is 

affixed directly to the reaction cell at one end; evacuable ports are 

situated at the other end, and on the side about 4o mm from the lamp 

end, for observation of absorption and fluorescence, respectively. 

Windows at the observation ports and between lamp and cell are 11 Suprasil11 

silica a brut l3 mm in diameter. The cell bcdy has two appendages: a 

11 cold finger 11 near the absorption window and a connection to a right-
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angle Westglass-brand greaseless stopcock directly above it. The stopcock 

is fitted with an "O" -ring-type taper for convenient connection to a 

vacuum distillation cell. 

The Suprasil windows were used to insure good transmission in the 

1800 A spectral region; however, the quality of commercial-grade fused 

silica has been improved greatly in recent years, so that it is possible 

to use the latter with only slight transmission losses. Several auxi-

liary sources and cells were constructed fran commercial fused silica 

. l 
by Amersil and were found to transmit d&n to 1700 A and slightly below 

quite satisfactorily. 

The evacuable observation ports were designed to avoid abs arption 

by oxygen in the air. The Schumann-Runge system of o2 includes band 

heads at 1783 A and 1830 A, the positions of the two atomic iodine 

res ona.nce lines of longest wavelength. Later studies indicated tba t 

~orption by air amounted to at·most 15% at 1783 A and less at 1830 A 

for a 10-mm path length. However, traces of organic vapors from stopcocks 

and Tygon connecting tubes severely attenuated the ultraviolet radiation, 

especially that at 1783 A; so the vacuum served to maintain a "clean" 

space between cell and photomultiplier. 

Wassermann et al. (1968a, b ) report that treating cell walls with 

sulfuric acid reduces heterogeneous iodine atam recombination and 

dramatically increases the steady-state atom concentrations achievable 

in photolysis of r2 • The predissociation cell used here was treated 

in a manner similar to that detailed by tre above walkers (1968a) in-

volving cleaning with hot alcoholic KOH solution, then hct 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 lo-5 torr with liquid nitrogen (LN) "tiraps isolating the 

1. Amersil, Inc., Billside, New Jersey; distributed by Engelhard. This 
manufacturer quotes a lower transmission limit of 1650!A. 
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cell and the oil diffusion pump from the manifold of the vacuum 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 • 
. -4 

The system was then evacuated to 10 torr before the cell stopcock was 

opened, and a portion of the iodine was condensed out on the cell walls 

with. a piece of dry ice. When the amount of iodine collected was 
I 

sufficient to leave crystalline iodine in equilibrium with vapor at 

'room temperature, the greaseless stopcock wa~ 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 in 

alcohol at ~30 to -40 C and the stopcock to the high vacuum was reopened 

for a few minutes, allowing part of the iodine and any volatile impurities 

to distill off. With the stopcock closed again, the iodine was sublimed 

and condensed again, and the distillation was repeated. This purifi-

cation procedure was ·performed several times to compensate for solid 

entrapment of volatile impurities. 

Successful acid treatment of the cell walls was fraught with frustra-

ting complications, and, it seemed, a bit of witchcraft. Heating the 

ceil above about 200 C seemed to destrqy the prepared surface. Opening 

it to air after evacuation had a sligh~ly detrimental but not disastrous 

effect. Too much washing after tbe final acid rinse gave poor results. 

These observations suggest that it is important to have a thin film of 

l liquid H2so4 on the silica surface. The hydroxide and chromic acid 

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

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

l. 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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-4 
sulfuric acid dehyrates slowly until the vapor pressure is 10 torr or 

so, leaving a thin film of rather concentrated acid which keeps gaseous 

molecules out of direct contact with the silica surface. 

Acid-treated surfaces continue to degass slowly for days, so it 

was important to re-evacuate the cell before each experimental run. During 

this operation the iodine was kept frozen in the cold finger with liquid · 

nitrqsen. After achievement of a good vacuum (5Xl0 -5 torr) the liquid 

nitrogen was removed and the cold finger was allowed to warm up 

until the ion gage indicated rapid increase in iodine pressure. The 

I 

stopcock was closed, the iodine was recondensed, and the st apcock was 

reopened for repetition of the warmup distillation. The procedure -vras 

repeated until the ion gage indicated that no voJatile impurities were 

preceding the iodine in vaporization (usually three or four t :imes) . 

Then the stopcock was closed and the cell was removed for immediate 

collection of data. 

Combination leak and degassing rates were determined by observing 

pressure increments with the ion gauge ani rmltiplyirg by the volume 

ratio. (Volume of the cell was 120±.5 ml; of the vacuum systan below tle 

diffusion pump, ~1.0 liter~~ Results of numerous checks showed the cell 

-2 was capable of holding vacuum below 10 torr for a day or more; cell 

degassing accounted for at least 7'5'/o of this "leak" rate, which appeared 

to be constant ( .• 2-.4 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 tbe absorption 

cell; at the other is an evacuable window designed for direct "o"-ring 

sealing to tbe monochromator with some degree of thermal isolation. In 

use the cell was wrapped with insulating asbestos and heating tape and 
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warmed to several hundred degrees c, so it was important to insulate the 

cell from the monochrcmator to reduce thermal gradients. 

The absorption cell was charged with r2 on a high vacuum system. 

Acid treatment was unnecessary here and, in fact, undesirable, as atoms 

were to be produced by equilibrium thermal dissociation. Additional 

photolysis -produced atoms would only complicate the atomic absorption 

experiment. Before filling with r2 , the cell was baked out at ~500 C 

for abcut an hour. Then an excess of iodine was coniensed in the cell 

by cooling with a piece of dry ice. A portion of the iodine was allowed 

to resublime before the cell.was finally sealed off. 

C. Iodine Lamps 

Electrodeless discharge tubes of various designs were used as sources 

of atomic iodine radiation in these studies. They were powered by a 

high-frequency 100-watt microwave generator (2450-megacycle Burdick 

"Diathermy" Mil/200), and were operated in open air under a Type A or 

Type C directional antenna. All sources were constructed from fused 

silica, with "cold fingers" for exterml thermal cmtrol of iodine 

pressures. 

The lamps were prepared for use with the aid of a distillation cell 

which isolated the operations upstream fran the vacuum manifold by mews 

of an LN- cooled trap. Each lamp was charged with excess iodine and enough 

spectroscopic -grade argon ( ~l torr) to maintain a stable, homogeneous 

discharge when the r2 was frozen out at LN -temperatures. High vacuum 

was not necessary in the preparation of these sources: flushing the system 

once or twice with several torr argon accomplished 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 visible output of each scurce was examined periodically through a 

hand spectrograph. The flaming-evacuating-refilling cycle was repeated 

until the discharge exhibited a pure line spectrum with the r2 frozen out, 

an::l revealed no prominent molecular itq)Urities when the cold finger was 

warmed. Then the lamp was sealed off and removed with the torch. Carefully 

prepared lamps had practically interminable working lifetimes. 

Some effort was applied toward optimizing the ultraviolet output of 

one source by monitoring .the 1830 A line through a monochroiJRtor while 

varying the argon pressure. At the high I 2 pressure ( .03 torr) used in 

this test, the output was quite insensitive to variations in argon pressure. 

·The visible and 1N output of these sources is discussed in detail in 

Section III-C. Qualitatively the discharge ranged from a pinkish-violet 

appearance at very law I 2 pressures to a bluish-white at r2 pressures of 

.3-.5 torr and higher temperatures. The visible spectrum consisted almost 

entirely of Ar lines< in the former case but was dominated by· r
2 

m61ecular 

features and a few strorig atomic I lines in the latter. 

D. Visible·Exc~tation Sources and Filters 

Visible excitation in the predissociat ion experiment was achieved 

with a tungsten strip lamp in combination with a number of narrow-band 

interference filters which spanned the spectrum fran 4900 A to 6300 A. 

The lamp used was a 6-volt, 18-amp General Electric microscope illumi

nator bulb (18A/Tl0/2P-6V, SR6 filament); it was operated off a variac

controlled DC power supply at currents up to 22 amperes. The interference 

filters were purchased fran Baird-Atomic; their optical characteristics 

are summarized later in this work in Table 4, which includes corresporrling 

calculated excitation regions in the B state of r2 • 

;· 
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An optical pyrometer calibrated to the 1948 temperature scale was 

used to determine the brightness temperature at 6500 A of a lamp of the 

type used, as a function of current from 15 to 22 amperes. Thermodynamic 

filament temperatures were then determined with the aid of a nomogram given 

by Rutgers and deVos ( 1954). Rysults are displayed in Fig. 4. 

i 
Since the lamp was to be u~ed intermittently, with an 

. i . . . 

" " on time of 

10-20 seconds, it was desirable to know thE7 repeatability of the radia!X! e 

at a given current under the . t 1 II ff" dit . Ch . k experlmen a on-o con lons. ec s 

with a photodiode and with a I h t h 1 · ·1· · . t monoc roma or-p otomu tlp ler arrangemen 

indicated this oper~tion was replicable within 1%. 

I 
In some preliminary predissociation work a GE floodlamp of the 

tungsten-iodine type (V-line, DWY, 120V, 650W) was used for visible ex-

citation. This source can be run directly off a Variac and produces 

more light than the tungsten strip lamp. · However, the spiral-coiled 

filament was not as convenient to focus·· in the cell, and the presence 

of iodine in the lamp was of unknown consequence in the experiment. 

Hence the switch was made to the strip lamp. The tungsten-iodine lamp 

was retained as a general excitation source for producing large cancen-

trations of atoms in investigating the efficiencies of various wall 

treatments • 

Kodak Wratten neutral density filters were used to attenuate the 

visible exciting light in sane experiments. They were calibrated singly 

and in combination with one another and with several interfe renee filters 

on a Cary 14 scanning spectrophotometer. The optical densities appeared 

to be additive within 1%, which is the order of accuracy of the Cary 

instrument. A check with a monochromator and photomultiplier verified 

the Cary results. 
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E. :F'lashtube 

Xenon-filled flashtubes .have been used in photochemical studies for 

more than twenty years. As early as 1946 Edgerton suggested their applica-

tion in color photography,.because their visible output was qualitatively 

quite similar to sunlight. At present they are widely employed in laser-

pumping and kinetic spectroscopic work where their ability to produce a 

very short, extremely intense burst of light is of prime importance. 

The flashtube used here was a model FP-5 xenon flashtube manufactured 

by Xenon Corporation. 1 The tube is of the simple linear design, about l/4 

meter long with an arc length of 125 mm. The envelope is clear fused 

quartz, with a 9-mm outer diameter. This flashtube is recommended for 

use at voltages up to 10 kilovolts and energies of 500 joules, and can 

be operated in a high hold-off manner with external triggering or in 

a thyratron-ignitron triggering circuit. With properly designed circuitry 

the flashtube pulse's l/3-peak width can be less than 10 microseconds. 

The tube has a life expectancy of 10
4 

to 105 flashes. 

Because of the ease of detecting I atoms in UV fluorescence, power-

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 was important 

to keep the flash as brief as possible, since I-atom recombination times 

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 resistor was included to protect the power supply; 

l. 39 Commercial Street, Medford, Massachusetts. 
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the system required 8-10 seconds to recharge between flashes if uniform 

flashes were desired. The tube could be fired externally with a Tesla 

coil at voltages from 1500 up, and would hold off fairly well up to 3000 

volts, the limiting rating for the capacitor. (At 2800-3000 volts, the 

tube was subject to occasional spontaneous flashes, which however, repre

sented no real problem. ) The system was customarily operated at 2500-2700 

volts, where the flashes were found to be repeatable to better than 3% 

in maximum intensity. At these voltages the energy per flash (cv2/2) 

was 12-15 joules. 

The time dependence of the flash was investigated by displaying the 

signal from an RCA 935 phototube on the screen of a Tektronix 585 oscillo- , , 

scope. The light reaching the phototube was attenuated with neutral 

density filters far below the saturation level of the tube, where further 

attenuation showed the response was linear. 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 desired spectral 

regions; the anticipated results showed the time character of the flash 

was constant with respect to wavelength. The characteristic rise-time of 

the flash was 5 ~sec, and the l/3-peak-height time was about 12 ~sec. 

The area under the curves showed that about 9o% of the total energy was 

dissipated in the first 12 ~sec, with less than 2% of the emission coming 

after 25 ~sec. 

The Tesla coil external triggering mechanism produced a varying but 

uncontrollable amount of high frequency noise that proved a source of 

consternation in recording recombination tracings. It was eventually 

abandoned and replaced by a beautifully simple, absolutely noise-free 

alternative, discovered largely 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 voltages 

appve 2500 if the lapse time between flashes was held to less than ~30 

seconds. After longer periods the tube had to be "reconditioned" by 

firing once or twice with a Tesla coil. The performance of the flash:: 

tube appeared to be affected negligibly by this change in the triggering 

F. Experimental Arrangements and Signal Detect ioo 

1. Ultraviolet Absorption Experiments 

In the investigation of the iodine lamp and subsequent ultraviolet 

absorption work, a Jarrell-Ash one-meter Seya-Namioka type Vacuum mono-

chromator was employed with a grating blazed for 1500 A and having a dis-

persian of 10 A/mm in the first order. Slits could be opened to .4 mm 

providing a maximum bandwidth of ~8 A. A grating-drive mechanism· offered 

twelve scan speeds from 5 to 2500 A per minute. The instrument was 

capable of evacuation to 10-
6 

torr using th~ oil diffusion pilmp, but for 

the spectral region of interest (1650 A to 1900 A) the mechanical pump 

produced a quite sufficient vacuum. All cells and sources were easily 

attached to the face of the entrance slit housing by means of "o"-ring 

seals. 

The Jarrell-Ash instrument could be used as a spectrograph by re'":' 

placing the exit slit housing with a vacuum camera attachment. The film 

holder took 35-mm films; Kodak SC-5 and 101-01 films served quite satis-

factorily. Each exposure spanned ahout 500 A, and five exposures could 

be put on a film.o Aberrations in the concave grating and minute vibra-

tions from the mechanical pump both caused extensive blurring of 

sharp spectral feattires, so it was necessary to n:ask 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 ~.1 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 

photons which could be detected with an RCA lP2l photomultiplier. The 

fluorescent window was prepared in a manner similar to that described by 

Samson (1967, p. 212). A dilute aqueous sodium salicylate solution was 

prepared and several drops of it was spread over the window surface in 

a manner designed to produce a desired thickness of between l and 2 mg/cm
2 

of the phosphor. The solution was dried rapidly with the aid of a heat 

gun in order to produce an even surface of small crystals. 

The lP21 photomultiplier tube was used at potentials as high as 1200 

volts in a linear voltage-divider circuit as :recommended by the manufac

turer for maximum gain. The signal (anode current) was put through a 240 

kilohm resistor to develop a potential, which was recorded on a ten-millivolt 

Varian G-10 chart recorder. The photomultiplier DC power supply was run 

off a Variac, and the chart recorder signal could be adjusted to scale by 

varying the AC input to the power supply. At maximum sensitivity, signal 

fluctuations were less than ~ of fUll scale; most experimental work was 

done under conditions where this noise level was less than 2%. 

2. Predissociation Experiments 

The experimental layout was very simple as can be seen in the schematic, 

Fig. 6. The tungsten strip lamp is cantained in a cardboard box with ar:L 

outlet for the light. The rest of the box is covered with black- cloth 

to keep unwanted visible light from flooding the room. Light emerging 

from the hole in the box is gathered immediately by two 125-mm diameter 

condensing lenses, which focus the lamp filament in the predissociation 

cell about .3 meter away. The cell is covered with black pa;per 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 
is 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 F. Spurious 
visible light is reduced by means of the baffle B. 

·• 



-23-

A rigidly fixed filter holder is located about 50 nun from the predissociation 

cell in tre path of the light. A baffle is placed between the filter holder 

' 
and cell to further eliminate spurious visible radiation from the tungsten 

source. With this arrangement the various 2"x2" interference and neutral 

density filters may be inserted into the light beam without affecting the 

geometry of the setu~. The predissociation cell may be oriented perpendi-

cular to the light beam in side-on excitation or coaxial with it for end-

on excitation. 

Fluorescence signals observed in the experiment were detected and 

recorded with the circuit shown in Fig. 7. The circuit consists primarily 

of two current dividers. The first is so designed that full scale on 

the 20-microampere current meter corresponds to a total anode current ' i 

of 63 microamperes, well below the tolerance of the EMR photomultiplier. 

The second simply controls the size of the signal by bleeding off a variable 

fraction of the total current.· Two chart recorders are used to record the 

data. The Varian G-10 records the total signal across a 5-kilohm resistor. 

A Lee~ and Northrup Speedomax Type G (1-; 5-, 10-millivolt) measures the 

incremental signal, effectively multiplied by a factor of five, since it 

is taken across 25 kilohms of tre load resistance. The loop containi :qg 

the 6~volt battery is used to null the background so that the incremental 

signal may be observed fUll scale on the L and N recorder. 

Photomultipliers are essentially law-noise current amplifiers and 

may be treated in circuits as current sources as long as the potential 

between the last dynode and the anode remains constant. Typically the 

dynode step potential is 100 volts or more. In passing through a 100 

kilohm resistor, a current of 1 j.lanrp develops. a potential of .1 volt, 

an amount negligible with respect to the step potential. By keeping the 
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Fig. 7. Circuitry for recording signals in predissociation 
experiments. H is a 10-K "Helipot." CR1 is the 
Varian chart recorder, which records the total 
signal. The L and N recorder C~ records the 
incremental signals. 
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load resistor and anode current low enough to maintain conditions such 

as these, one can insure that the photomultiplier current will be directly 

proportional to the photon intensity impingent upon the photocathode, 

over several oclers of magnitude change in total irradiance. If the 

chart recorders in the circuit of Fig. 7 introduce no non-linearities, 

the recorded voltage signal will also be linearly dependent on photon 

intensity. Chart recorder impedances are about one megohm and are not 

found to vary noticeably with signal. In any case the relationship 

between chart recorder signal and microammeter current was checked for 

this circuit under ope:rat'ihg conditions and found to be strictly linear. 

The EMR photomultiplier was operated off a regulated power supply with 

cathode negative and anode near ground potential. Voltages as high as 3800 

were required for the weakest signals encountered. Typically the total 

anode current was 1.5-2.0 j..lamp, yielding a signal of 4-6 mv on t'he Varian 

recorder. Noise and fluctuations were generally less than 3% of tre total 

incremental signal recorded by the L and N recorder. 

3. Iodine-Atom Recombination Studies 

The physical setup for these experiments was similar to that described 

in preceding paragraphs, with less concern given to spurious visible ligpt. 

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 I 2 cell was oriented for side-on excitation, with all "ligpt

proofing" material removed. Iodine atoms could be observed in fluorescence 

or absorption. 

The flashtube was operated off an unregulated 5-kV, lOO:-ma power 

supply at 2600-2800 volts, using the cirru it described in Secti 01. II-E. 

Voltages as high as 3400 (regulated) were needed to run the EMR photo

multiplier. The signal was developed across a 240K resistor and observed 
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and. photographed on the screen of a Tektronix 585 oscilloscope operated 

in the single-trace mode. The horizontal sweep could be triggered by 

the signal itself. When the AC input mode was used, the oscilloscope 

signals exhibited some distortion, so tracings were photographed in the 

DC input mode. A Type W plug-in unit was used to null the DC background 

so that the transient signal could be observed full scale on the oscillo-

scope screen. Peak signals were l-4 volts. 1 

In experiments involving transient signals of complicated or unknown 

waveform, it is important to insure that tbe detection circuitry introduces 

no distorting effect. For a simple resistor circuit it suffices to keep 

the RC time constant much smaller than an appropriate time constant for 

the measured signal. In this work a large resistor was employed, so it 

was necessary to minimize stray capacitance. By using short lengths of 

ooaxial cable it was possible to keep the time constant low enough that 

circuitry could be neglected in analyzing the tracings. Direct observation 

of the ultraviolet light from the flash through the EMR photomultiplier 

and 24oK resistor yielded a decay time of 40-50 jlsec. This -value is about 

four times that observed with the RCA phototube, but still less than 1/20 

of the exponential time constant for the fastest recombination tracing 

recorded. Additional small capacitors placed acrass the resistor proved 

effective in reducing shot noise, but increased the RC time constant in 

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

G. Miscellaneous 

l 
A Spex 3 /4-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 

l. Spex Industries Inc., Metuchen, New Jersey. 

·• 
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photographically on Polaroid 4"x5" Type 57 sheet film and on Type 47 

roll film. With a narrow slit (.01 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 lP2l photomultiplier and Varian G-10 

chart recorder described previously. 

A number of organic chemicals were used as coolants in the experi-

ment s. In the predissod .. ation experiments the lamp seemed to perform 

·best when cooled in an ethanol/dry -ice bath at --80 C. At various tines 

liquid nitrogen (-196 C) and a 6o% ethylene glycol and water solution 

(~-50C) were tried for this purpose; however, the lamp was weak in 

iodine atomic emission in the former bath and produced too much visible 

radiation in the latter. Temperatures in the range -30 C to 0 C were 

required to produce the desired molecular iodine pressures in the pre-

dissociation cell. Many data points were recorded using dry ice-cooled 

ethanol in a dewar to achieve these temperatures, which were read to the 

nmrest tenth of a degree from a mercury thermometer calibrated in ice 

water. However, it was more desirable for much of the work to have 

constant temperature slushes available. The following materials were 

easy to obtain arrd convenient to use: (l) o-xylene (MP = -25.9 C), 

\ . 
' 

(2) benzyl alcohol (-15.3 c), (3) ethylene glycol (-l3.2'c), (4) diethylene 

glycol (-10.5 c), (5) methyl salicylate (-8.6 c), (6) n-butyl silicylate 

(-5.9 c). Liquid nitrogen was generally used to cool the baths. In 

practice some of the above materials froze at temperatures l/2-l degree 

above their reported melting points; even so, it was easy to maintain a 

constant (within ~.l degree) temperature for ~l hour without refreezing 

the slush. 

I' 

I 
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0 
Temperatures above 100 C and below -30 C were determined with iron-

constantan or chromel-alumel thermocouples. Potentials were measured 

with Leeds and Northrup potentiometers. The thermocouples were calibrated 

against accurate thermometers at several points between -30 C and 100 C. 

Temperatures were then obtained fran the standard tables, corrected in 

accord with the calibration values. 

An inexpensive phototransistor (Fairchild FPT 100, ~ 1.20 each) 

proved useful in some experiments relate~ to the predissociation and 

f'lash studies. This device has fair sensitivity with a rise-time of 

~3 ~-ts, and it responds linearily to light when the emitter lead is left 

unconnected. Furthermore this amazing gadget requires no external power 

supply, serving as a self-contained, light-actuated current source in a 

simple resistor loop circuit. 

Finally, Plate 1 shows the author c mducting s orne unrelated experi-

ments; the results of these particular attempts were unpublishable. 
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Plate l. Unrelated research. 
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III. THE IODINE LAMP: ULTRAVIOLET ABSORPI'ION BY I AND I
2 

A. Radiation Relation:ships 

The important Einstein radiation relati rn Ships for dipole transitions 

are derived in most basic quantum mechanics texts and dealt with.at length 

in works such as the classic treatises by Condon anci. Shortle:y (1951), Mitchell 

and Zeemansky (1934), and Herzberg (1950). Einstein derived his expressions 

from considerations of thermodynamic equilibrium applied to emitting and 

absorbing particles. Identical results are obtained using the approach 

of.quantum electrodynamics. The important relationships will be summarized 

here for future reference. 

The transition probability for spontaneous emission or "A value" is 

perhaps the easiest quantity to work with, because of simplicity .of units 

( -1) time • For transitions between non-degenerate levels it is given by 

(1) 

where h is Planck's constant, v is the frequency in wave numbers, and 
... : 

Rab is called the riatrix element of the transition; for dipo+e transitions 

it is the vector of the dipole moment operator between the states involved. 

The power, or energy emitted by a source per second will be denoted the 

l 
flux or radiant flux <I> • 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 recommendatirn s of severe 1 
commissions, publis.hed in the Journal of the Optical_ Society of America, 
d1_, 854 (1967). Accordingly the radiant intensity I is defined as radiant 
flux leaving a point source per unit solid angle. Thus <I> for a point source 
will be 47TI. The term "intensity" will also be used in a qualitative sense, 
where units are of no concern. 
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he v N .A b 
a a (2) 

vmere 1\ is the population of the excited state a and c is the speed of light. 

In photochemical work it is often more convenient to deal with the quantum 

flux, which differs from Eq. (2) in the absence of the energy factor hcv; 

it will be denoted <P • q 

The probabilities for absorption and stimulated emission may be 

calculated using the Einstein "B· values~' which are related to the A 

value in a direct way but take a number of different forms, depending on 

the treatment of the radiation field. Consider:ing non-degenerate. levels 

only, the B value for absorption is equal to that for stimulated emission, 

and the transition rate in either direction is of the form 

dNb 
dt 

(3) 

where Nb is the number of particles in state b and p is descriptive of 
v 

the radiation field. In Einstein's original treatment (1917), p ·was in 
v 

units of energy density, giving 

B = 
1 

A (4) 

In photochemical work it is often convenient to express p ··as a quantum . v 

irrtensi ty. If p is in units of quantum flux per unit solid angle, per v 

unit surface area at normal incidence, we have 

B = 
1 

2 A 
8 7T. ·c v 

( 5) 

A more practicable quantity for describing the absorption process for 

excitation fran a beam is the absorptim coefficient, to be dealt with 

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

Appendix II. 

1. It should be noted that Pv is a distribution function of the frequency. 
Here the appropriate units are ergs/cm3 per unit wave number interval, or 
ergs/cm2. Se~ Appendix II for further illuminati m on this ,point. 
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The presence of' degeneracies in one or both levels introduces mild 

complications. If' gA and gB are the degeneracies, the total A value f'or 

transitions f'r:om level A to level B becorres 

= 
a,b 

where the sum is taken over all d~generate sublevels a and b. The expression 

analogous to (4) is 

BBA = 1 (7) 

and f'or the stimulated emission 

(8) 

One additional quantity descriptive of radiative processes deserves 

mention here. The "f'-value" or oscillator strength of a transition is 

a measure of' the degree to which the. strength of' the transiticn approaches 

that calculated f'or a classical oscillating electron. f'-value termino-

logy is used widely by some workers, particularly astrophysicists; it 

has descriptive merit in that strong allowed transitions generally possess 

an f-value of' the order of' unity. The absorption f'-value is related to 

the A value by 

f: 
me gA -2 

AAB (9) 
&r2 2 

v 
BA. gB e 

1.499 
gA -2 

AAB = --- v 
gB 

where m and e are the mass and charge 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 initia1 and f'inal levels. 
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2: 
b 

With these def~nitions (6) and (7) beconE 

64 1T 
4 v3 . S AB -----

3h gA 

2: 
a,b 

(lOa) 

(lOb) 

(lOc) 

(lla) 

(llb) 

From these expressions it is clear that in situations where the emitting 

or absorbing populations are proportional to the degeneracies, the line 

intensities will be proportional to the SAB's. This point becaries parti

cularly useful when we find that with certain assumptions about the nature 

of the coupling of the different angular momentum vectors in the atom or 

molecule, SAB can be further expanded into a product of a reduced matrix 

element and a::factor dependent on the angular momenta alone. For atoms 

obeying Russell-Saunders coupling, Condon and Shortley give (Chpt. 9) 

(12) 

Here the parameters S; L, and J are the convent ianal notations for spin; 

orbital, and total angular momenta, and X represents all other quantum 

variables, particularly the positioh coordinates. Clearly, all the transi-

tions in a given L, L' multiplet must have identical reduced matrix elements 

(XLlPIX'L' ), so the relative intensities are given by the s factors. 

Furthermore the sum of all the s factors for a given level equals the 

degeneracy 2J+l of that level, both for absorption and emission. 

Entirely analogous expressions exist for diatomi.c molecules. S becomes 

' ' 
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IRel2 ( l3a) 

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

with the internuclear distance, can be ~urther expanded to 

s -2 2 
s J Re I ( v' I v") I (l3b) 

Re is the average electronic transition moment for the vibronic transit ion 

(v' ,v"). (v' I v") is the overlap integral of the vibrational eigenfunctions 

in the upper and lower electronic states, and the absolute square of the 

overlap integral is the familiar Franck-Condon factor. s J is t re rota

tional line strength, for which expressions have been derived by H~nl and 

London and summarized by Herzberg (1950, Chpt. IV). Again the sum of the 

s J values for all transitions to a given rotational level equals the 
. .. -2 . . 2 • 

degeneracy 2J+l, and the quantity Re I (v' I v") I may be compared with 

the equivalent term for atoms, I (XLIPIX'L')I
2

• 

will also be referred to as I Rei~ 
Henceforth, the latter 

Transition strengths may be determined three ways: (a) Theoretical 

calculations; (b) Absorption and emission strength measurements; (c) 

Lifetime measurements. The first of these will not be discussed here. 

In any case, results in this field of endeavor have generally fallen 

somewhat short of smashing success. Absorption methods will be discussed 

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 (1934, Chpt III) and Chutjian (1965). 

However several important considerations should be mentioned here. 

The lifetime for excited state a ·is the reciprocal of the sum of 

all transition rates out of a. Symmetry arguments require that all 

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

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 fran A to 

several lower levels, so that 

l 
-r( A) ~ 

i 
= 3 

~ v. 
i 

~ 
(14) 

where the sum is over all lower levels B .• If all the lines in an atomic 
~ 

Russell-Saunders multiplet have approximately the same v., the sum over 
~ 

levels may be condensed to a sum over multiplets,, 

l 
-r(A). 

v 3 
m I 1

2 
ReAB. 

·m 

where v is the average frequency for the nrultiplet.· m 

(15) 

For diatomic molecules, the frequencies of the two or three rotational 

lines connecting with a given level (v' ,J) in a particular vibronic transi-

tion (v~v") are generally close enough to make the condensation analogous 

to (15) almost rigorous, and we have 

l 647T4 
~ v.3 l(v'lv.1!1)1

2 -2 (16) 
T (v'~JY 3h 

Re. 
i ~· ~ ~ 

647T4 
(Re2

) , ~ 
3 

l(v'lv.")l
2 

3h 
V. 

v i 
l l 

The summation is over all vibrational levels of the lower electronic state, 

and v. represents the average frequency of the rotational lines involved 
~ 

in each vibronic transition. (If transitions can occur to more than one 

lower electronic state, the summation must be extended accordingly·. Also, 

if electronic degeneracies exist, ( 16) must be altered as dicta ted by ( 6).) 

-2 
In the second expression the bracket denotes the average value of Re • 

This is expected to vary much slower than the other quanti ties, hence is 

often taken out of the summation.
1 

In general (Re
2

) will be found to var,y 

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

l. The validity of this and the earlier approximation which led to the 
definition of Re and the Franck-Condon factor have been que$tioned, tested, 
and in many cases found wanting, by a number of workers in recent years. See 
the study byGabelnick (1969) for a discussion of this topic• 

I 
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experimental· absorption strengths. 

So far the discussion of lifirt;ime has been restricted to purely radia-
·~.~ 

tive decay. It should be noted that any additional process which can 

depopulate the excited state will affect the lifetime T. First-order 

decay :inodes 'such as spontaneous predis.sociation and auto-ionization and 

second- order processes like collisional quenching ccntribute to make the 

lifetime shorter than would be the case if radiative processes were the 

only mode of decay. 

B. Line Shapes and Abso~tion Relationships 

The study of line shapes has received quite a bit of attention in 

recent years. The review by Breene in 1957 covers much of t'he work done 

in the field up to that time, and the literature is dotted with numerous 

investigations since then. However most of the important relationships ... 
governing absorption and emission of radiation in electronic transitions 

( spect.ral region ~1000 -lOOOOA)' had b.een derived by the end of the first 

decade after the advent of modern quantum mechanics. Many of the ex:p ress-

ions to be used here are given by Mitchell and Zemansky (1934). Although 

their work is directed toward the study of atomic transitions, most of 

the formulas they present are perfectly general. A more recent treatise 

in the field with emphasis on molecular applications is the book by 

Penner (1959). The author finds Penner's notation difficult to pene-

trate, so most of the nota.t ion used here will conform to th3.t in the 

work of Mitchell and Zemansky (hereafter referred to as J.VZ), except 

-1 
that here v is frequency in wave numbers instead of sec , so the 

expressions below will differ frcm those in MZ by appropriate factors of c. 
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1. Line Shapes 

The absorption coefficient k of a gas is defined by the equation 
v 

I(v) = I (v) 
0 

e -kJ' 1 (1) 

where I (v) is the incident light intensity and I(v) is the intensity trans
a 

mitted through the absorbing layer of thd:ckness £. Since the exponential 

is dimensio~less, k has dimensions (length)-
1

• For a single isolated v . 

absorption line, k will have a maximum value k and a full width ~v at half 
v .. 0 

maximum which will be called the half-width. The quantity k £ will be 
0 

referred to as the optical depth. 

The specific functional form for k will be determined by one or v 

several of the following: (a) Natural .broadening, (b) Doppler broadening, 

(c) External fields, (d) Collisions with other particles. This work is 

concerned primarily with the first two of these, as experiments were 

conducted under conditions of low pressures and only incidental external 

fields.· Under these conditions k will be a symmetrical function about v 

the center frequency v • 
0 

The form of the absorption coefficient for natural broadening or 

"resonance damping" . alone is 

= 

where the natural half-width is 

1 

1 + [ 

k 
0 (2) 

(3) 

-r is the lifetime of the excited state, where all modes of decay must be 

. 1 1 1nc uded. This result may be viewed as a direct consequence of the un-

certainty principle. Analogously a simplified view of collisional 

1. Strictly speaking, 1/-r should be replaced by (1/-r(A) + 1/-r(B)), 
where A and B are the upper and lower levels involved in the transition. 
The correction is negligible when B is the grcund level. 
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1 
27Tc -r 

c 

z (4) 
27Tc 

where Z is the collision rate and -r is the average time between collisions; 
c 

ky will again have the Lorentzian farm (2). Under conditions of moderate 

pressure ( :; l atm) of foreign gas, inert with respect to the absorbing 

·species, absorption coefficients are often found to exhibit a Lorentzian 

profile which conforms to (4); but higher pressures and stronger interactions 

produce shifts and distortions so that (4) is no' longer valid . 

. Doppler broadening is produced by the random thermal mot ions of the 

absorbing particles and may be described as tre result of a Maxwellian 

distribution of different frames of reference annng the particles. The 

form of ky 

with 

is Gaussian 

k ex:p 
0 

2(v -·v ) 
[ ( 

0 -· 
-~v--

D 

2 :J2R £n2 
c 

v 
0 

::; T/M 

(5) 

(6) 

In general Doppler and natural broadening will both contribute to 

the form of k . However, it is frequently the case that, in.the absence v 

of foreign gases, one of the two effects will dominate the other. M and 

Z define the natural damping ratio as 

~~N 
a = 

and point out that for electronic transitions, a is often about .01. 

(7) 

With a natural damping ratio of this magnitude kv will be determired 

almost entirely by the Doppler effect near the center of the line ( ±6vD) 

and by natural broadening in the wirgs of tre line ( l.6vl ? 3 6vD). The 

complete expression fdr kv is a convolution of the forms (2) and (5), 

an integral representation which will not be used in this work, but can 

be found in MZ ( p. 101) . 
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In the often encountered situation where I in (1) is approximately 
0 

constant in the region of absorption, and where spontaneous and stimulated 

emission are negligible, absorption lines have a simple profile. For low 

optical depth the shape is proportional to k l. In practice it my be 
v 

difficult to achieve the instrumental resolution necessary to observe the 

true form. However, absorption measurements are usually aimed at obtaining 

the integrated absorption coefficient Jk dv, which can often be acquired 
. v 

without concern for instrumental broadening. (This point is explicated 

below.) 

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

However, for a homogeneous source of low optical depth the radiation my 

be represented (MZ, p. lOS)
1 

= -kv' £' ) C(l -. e . (8) 

where C is· a scaling factor, k ' is the abs crption coefficient in the v 

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

depth (8) becanes 

C k r £I 
v (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 kv' the 

following relationship must hold when spontaneous and stimulated emission 

are negligible: 

(10) 

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

l. M and Z present this expression for the case of an "ideal resonance 
II • . 

lamp, but the same funct~onal form Sbould apply tb any homogeneous source 
where emission and absorption along the· optical path in the source are taken 
into account, but where diffusion of radiation rm.y be neglected. 

I e 
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k 
0 ( 

7T \1/2 

£n2J 
(11) 

When absorption ~easurements are carried out using a line source, 

it is convenient to define a 

Ab 

quantity Ab, 

f EV dV 

J Ev 

called the absorption and given by 

( 1-e-kiy £) dv 
----dv (12) 

Ev is the frequency distribution of the incident radiation. The absorp-

tion is simply the fraction of source radiation that is absorbed. With cer-

tain choices for E , Ab can be expressed as a power series expansion; for v 

some cases it must be calculated numerically. Exp<r'essions for Ab are given 

in Appendix I for several different E 's of the former type. For a Gaussian v 

source line having the same center frequency v as the absorption line, 
0 

the result is 

Ab 
00 

-.6 (1 + rry)-1/2 (13a) 
n=l 

with 

'Y = ~b.v j2 D,sou~ .. 
6~D,cell 

(13b) 

The general procedure for determining a lifetime from line-absorption 

measurements f- is to use a theoreticallJr plausible k . [such as (5)] and a . v 

form for E containing one or more adjustable parameters. The absorption v ·. 

is measured at a number of dif.ferent concentrations N, and the area under 

the absorption. coefficient is calculated for each point using (12) with 

fixed values for the parameters in E • The results for Jk. dY should yield y v 

a straight line when plotted against N. If they do not, the parameters in 

E are adjusted until they do. The A value is then calculated fran the v 

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) becomes 

1. Absorption measurements employing sharp-line sources will hereafter 
be called line-absorption measurements. 
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[' f Evi (1-e -kyj_ £ ). 

2: E . dv. 
i Vl l 

dv. 
l (14) 

This expression is still practicable as long as one has experimental or 

theoretical knowledge of the various E . a"nd k . . If the components over-
Vl Vl 

lap badly, the only valid procedure is to use (12) and do all the integra ... 

tions numerically. 

An alternate procedure for obtaining fk dV involves us.ing a continuous v 

source and scanning the absorption line with a monochromator.. Although 

the line profile will in general be broadened instrumentally, the area, 

EW (15) 

will remain the same, the only requirement being that the monochromator 

adequately isolate the absorption line fran other absorption features. 

This technique is called the equivalent width method (EW), as the integral 

in (15) is the width of an equivalent rectangular line that is lOa% 

absorbed. The key to success with this method is the use of the complete 

expression for kv' including all broadening phenomena, as measurements often 

fall in the region of optical depth where the simpler forms (2) and (5) 

cannot be applied. In many situations a moderate pressure of foreign gas 

can be used to broaden the lines and insure the suitability of the Lorent-

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

EW becomes (-k l)n co 

EW == -1.065 !:::.v 2: -' . 0 (16) 
D n== l n~Jn 

as is shown in Appendix I. 

C. Iodine ~ Output 

Spectral features of atomic and molecular iodine were observed in 

various types of discharge sources at least seventy years ago.
1 

Wood 

l. Wood and Kimura (1917) mention a study by Konen in Annalen der Physik, 
~ (?) 257, 1898. The author was unable to see the latter work. 
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and Kimura (1917) pioneered the study of tbe visible molecular bands and 

observed the Zeeman effect in several atomic lines, using a source with 

external electrodes. Tolansky (1935) ·and Schmidt (1939) used hollow cathode 

sources to study hyperfine structure in several visible atomic lines. More 

rec'ently Harteck and co-workers (1964) reported the development of a powerful 

iodine lamp, useful as a photochemical source at 2062 A. The present work 

utilized low-power electrodeless discharge lamps operated by a 2450-megacycle 

microwave power supply. The nature of the experiments called for a fairly 

detailed characterization of the lamps in both tbe ultraviolet and visible 

spectral regions. 

1. Ultraviolet Radiation 

The ultraviolet output of the iodine electrodeless discharge was 

investigated photographically and photoelectrically. The equipment used 

has been described in Section II. Although the strengths of the ooserved 

lines varied radically with changes in the discharge corrl.itions, the 

same lines could be detected at all times. No molecular bands were seen 

in the region 1600-2200 A; however, same members of Verma's (i96o) mole-

cular resonance fluorescence series were barely discernable in sevexal films 

exposed with the discharge operating at an iodine pressure of ~30 mtorr. 

The atomic transitions can be described in terms of the energy level 

1 
diagram, Fig. 8. All lines shown were seen. In addition two lines 

at 1657 and 191>0 A were detected but could not be readily assigned to 

e1 ther 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. (1964). 
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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 wavelengths shorter than 

1783 A seemed to be relatively insensitive to variations in the lamp's 

iodine pressure, the six lines at longer wavelengths -- A.A. 1783, 1799, 1830 

1844, 1876, 2062-- varied substantially in strength as the cold-finger 

temperature was decreased f'rom 20 C to -196 C. The relative as well as the· 

absolute intensities changed, as can be seen in Table 1. 1 This behaVior 

is a familiar :rmnif'estation of radiation entrapment phenomena, which results 

in a redistribution of' tbe energy out of tbe resonance lines and into tre 

excited-excited state transitions. In addition the strong molecular 

absorption of the 1783-1876 lines undoubtedly plays an important role • 

(See III-D.) Note that the <Pql
783

-:<.Pq3)
62 

ratio goes fran .l to 10 in the 

extreme cases. The latter value was measured in a very law-concentration 

source of short length, where the observed strengths should approach the 

theoretical values. From the tables given by Condon and Shortly (1951, 

p. 241) for LS coupling, the relative line strengths for 
2i?

3
/ 2 H 

2P
3
/ 2 

and 
2

P
3

/ 2 ~ 
2

P
1

/ 2 are 5 and 1, ·respectively. Including the v3 depen

dence gives a ratio 7.7/l in good agreement with the observed value; 

The stability of the lamps was difficult to control, which is under~ 

standable when one realizes that at the low cold-fir~er temperatures 

( ~80°) a change of- one degree represents a 15-20% change in the I
2 

pressure. 

Drifts of' 10-15% in a minute were commonly encountered but could be minimized 

by applying considerable effort tuward maintaining a constant cold bath and 

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

l. Here intensities are given relative to that at 1830 A,· as detennined 
by scanning the spectrum_ using the sodium salicylate detection s~tup. Values 
in parentheses are for the lamp on the predissociat ion cell. The actual 
intensities may differ slightly fran trese reported numbers because of snail 
wavelength de·pendences in the grating function and the transmission of tre 
quartz windows. The sodium salicylate screen is, however, reported to be a 
linear quantum detector, as was noted in Section II. 
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TABLE 1. Relative quantum intensities of ultraviolet iodine lines. 

Wavelength (A) Cold-Finger Temperature 
20 c 0 c -80 c -196 c 

1782.8 2.0 .4o -35 (.60) .25 (.80) 

1799.1 .8 .15 .06 ( .10) .05(.10) 

1830.4 1.0 1.00 1.00 1.00 

1844.5 1.4 .20 .06 .04 

1876.4 1.4 .15 .01 .01 

2062.3 20.0 2.20 .04 ( -35) .25 ( .08) 
~---
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The temperature of one discharge tube was measured in a rough way 

by attaching an iron-constantan thermocouple to the source with asbestos 

tape. The temperature varied from about 90° at low power and low iodine 

pressure to around 150 C with high microwave power and an iodine pressure 

of ~200'mtorr. As long as the thermal gradients in the source are not 

very steep (which should be the case for these low-pressure lamps), the 

jacket temperature will be descriptive of the plasma temperature. Then the 

Doppler profile of the lines is fixed by (B-6), and with T = 4oo K, .6vD = 

-1 
.07 em Of course the electron temperature in such a source is probably 

one to two orders of magnitude greater than the gas temperatur~ so that 

excited state populations are likely determined by degeneracies (Herzberg, 

1944, p. 159) and electron impact cross sections, a subject which will 

not be dealt with here. 

Natural iodine is lOa% r 127• Sine~ the iodine-127 atom has a nuclear 

spin of 5/2, all of the, lines in the diagram, Fig. 8, must display hyper-

fine structure. From the general rules for adding angular momenta, .we can 

2 2 
see immediately that the P

1
; 2 levels have two hyperfine levels; the P

312
, 

. . . 4 
four; and the P

512
., six. This means~ for example, that the prominent lines 

at ~~ 1783, 1830, and 2062 must have ten, twelve, and six hyperfine components, 

respectively. Although the hyperfine splitting has not been studied in these 

lines, it m s been· worked out for several lines in tre visible, s orne of 

4 
which connect with the 6s P

5
/ 2 level, the upper level in tbe 1830 A 

4 
transition. With Schmidt's (1939) results for P

5
/ 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 

i. The intensities are drawn as they would be for simple coupling of 
the angular momenta (Y = ? +I) 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 III-D for further discussion. 
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Fig. 9. Hyperfine structure diagram for the 1830.4 A 
resonance line of atomic iodine. 



-48-

The splitting of the 6s
2

P
3

/ 2 level has not been worked out, so it is not 

possible to calculate accurately the structure in the 1783 -A resona.nce 

line. 

2. Visible Radiation 

Since the B state of r
2 

absorbs stro:r:g ly in the region 48oo-6ooo A, 

it is necessary to have some knowledge of the iodine lamp's visible output. 

~ cursory investigation was made of the emission from 4250 A to 64oo A 

under various corrlitions of the discharge. For this purpose the Spex 

instrument was used both as a spectrograph and as a monochromator. 

At iodine pressures below -10 mtorr the spectrum consisted almost 

entirely of I and Ar atomic lines. The former increased in strength 

gradually as the iodine pressure was raised, until at a pressure of -200 

mtorr several lines around 5000 A bee arne very strong, and the dis charge 

assumed a bluish hue. The molecule J3--+ X emission seemed strong arcund 

P(I2 ) = 10-50 mtorr, but weakened again (relatively) as the pressure and 

temperature were raised. This relative weakening is consistent with the 

known large cross section for collisional self-quenching in r
2
(:83lb+) 

(Chutjian, et al., 1967). 

Nearly all the lines recorded on Polaroid film were readily assigned 

to Ar or I, indicating the sources were essentially free of atomic impurities. 

However some very weak molecular features persisted in the discharge even 

at lowest iodine concentr.ations. The majority of these occurred in the 

green, and were eventually assigned to c
2

• 

The possibility of strong absorption of the visible atomic lines by 

I 2 was checked by recording Polaroid spectra of the source on the cell in 

Fig. 2 through various concentrations of r
2 

in the cell. _None of the lines 

exhibited noticeable attenuation, although some must certainly Show at 

least small absorption by the dense B ~ molecular system. 
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At very low cold-finger temperatures the visible output of the lamp 

was quite weak, and it changed much more slowly with temperature than the 

lN output. For example, a monochranator scan of the 5060-A region shewed 

about 5Cf'/o increase in intensity as the cold -finger temperature was raised 

from -196 to -80 C; similar scans in the ultraviolet showed a three- or four-

fold increase. (This! behavior is expected, since the lN output was almost 

entirely atomic iodine emi·ssion, where the visible output far trese cmditions 

was dominated by Ar spectra. The Ar emission should not vary much as the 

cold-finger temperature is changed fran -196 to -80 C.) 

D. Ultraviolet Absorption Experiments 

The iodine lamp provides a convenient source for ultraviolet line-

absorption experiments. The discharge is of the low-pressure type, 

where line shape is generally determined by Doppler broadening. 
1 

The 

nature of the discharge may be varied drastically by simply altering the 

cold-finger temperature and hence the I
2 

pressure in the source, so in 

principle absorption measurements can be made for different source con:li-

tions and extrapolated to an "ideal" limit of zero concentration •. Further-

inore, line intensities are high enough that measurements can be obtained 

easily for even the lowest practical iodine concentrations (LN-cooled 

cold finger). • The hyperfine structure in the atomic lines is both an asset 

and a liability. It effectively broadens the lines to -.5 cm-1, 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 4oo K. With a lifetime of 
3.6 nsec for the 6s2P~;2 state (Lawrence, 1967), (B-3) gives LwN 1783 = .0015 
cm-1; .6vt'l" 1830 is nru.ch narrower. The collision rate of I atans ~ithAr atoms 
for P(Ar)'= 2 torr is -10~ per second for a collision cross section of 100 A2 

(about 10 times the gas-kinetic value), so .6vc from (B-4) is less than .6v N• 
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of the source_ 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 interest for the predissociation experiments 

(Section IV) the absorption by air was determined. 

1. Measurements for I 2 

It has been known for a number of years that I 2 has a stroqs absorp

tion band system in the region 1700-2000 A, but the analysis of this 

system or systems has not yet been worked out conclusively (Nobs and Wie-

land, 1966; Wieland, private canmunications). Oldenberg (1923) noted that 

several iodine atomic lines excite I 2 fluorescence lines; and Kinura and 

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 series produced by the 1830 line 

in a microwave discharge; according to his analysis all observed features 

were ascribed to 1830 excitation. It appears that no one has studied the 

line absorption quantitatively, although several disparate value:; for the 

molar extinction coefficient have been reported. The present study indicates 

that all five atomic lines, 1783 through 1876 A, are absorbed to a canpar-

able degree by I
2

, so Verma's results imply tmt his discharge was 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 abscrption cell (Fig. 3) and 

the Jarrell-Ash monochromator described earlier; the Jatter was fitted 

with the sodium salicylate fluorescent screen and IP2l photomultiplier. 
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Slits were opened to .4 mm. Signals were recorded on the Varian chart 

recorder; The procedure for collecting the data was as follows. 

First the r
2 

in the absorption cell was frozen out in the cold finger 

using LN, until the grating angle could be optimized and a fairly con-

stant lamp output was observed. Then the cell's cold finger was immersed 

in a thermal bath contained in a dewar, and the bath was stirred until the 
1 

i signal leveled off at the new reading, at which time the bath temperature 

was recorded and the cold finger was re-cooled with LN. The procedure 

was repeated for 10-15 different bath temperatures between -30 and +20 C; 

ethanol and water were used as baths and were cooled as necessary with 

dry ice and LN. . As long as the lamp remained stable, points could be 

recorded at the rate of one every four or five minutes. 

Data were obtained for all six I lines, 1783-2062 A, with the source 

cold finger cooled in ice water a~d the micravave power 20-2ry/o of eapacity. 

In addition a complete run was made at 1830 A with tbe lamp cold finger at 

~-50 C in an ethylene glycol-water bath. For the latter "cool".source a 

few points were checked at the other wavelengths and found to agree with 

those recorded with the "hot" lamp. 

I 2 vapor pres~~res were calculated from tbe free-energy functions 

given by Shirley and Giaugue (1959) for solid I 2 and the JANAF Tables 

(1961) for r2 vapor .. The required free-energy function interpolations 

were done with a canputer rcutine using a four-point Newton interpolation 

formula. A table of vap.or pressures between -80 C and 30 C at .1 degree 

intervals was prepared for convenient reference in this and other experiments. 

Figure 10 is exempla;y of the data recorded for· all lines. It is 

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

used. The curvature is typical of line-absorption; a straight line would 

l. Approaching the va.por pressure equilibrium from above and below 
gave equivalent results. 
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Fig. 10. r2 absorption of 1830-A atomic line. 
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result if the absorption were by a continuum or a semi-continuum of over

lapped rotational lines.
1 

It seems strange that only the 1830 absorption exhibited separate curves 

for the two source conditions. If at.omic self-reversal occurs, it should 

affect the 1783 line more than the 1830 line. 
2 

Of ccurse tbe actual absorp-

tion must be very complicated, involving,, at each wavelength, several I 2 

rotational lines overlapping to various degrees one or more partially con-

current hyperfine carrponents of each atomic line. In the "hot1' source the 

r2 pressure was about 30 mtorr, so the atomic source lines should be dis

torted by molecular self-reversal. One would expect under these circum-

stances that the absorption curves at all wavelengths might display even 

greater dependence on source conditions than that shown at 1830 A. 

The approximately equal absorption of the five lines· from 

1783 to 1876 A is sUrprising, but not unbelievable when we realize that 

the I 2 spectrul!l i;:; pa:M;icularly dense in this region. Since the hyper-

-1 fine structure spreads the source lines to an effective width of -.5 em , 

it would be unreasonable not to find I
2 

absorption of all atomic lines. 

The absorption data for the sevetal source lines could be made to 

give approximate straight line dependences of jk
11

dv on concentra-tion/ by 

using (B-13) and adjusting T , which, with Tcell = 300 K,' determines source 

the relative line-width parameter ~· However, the resulting values for 

l. For continuum absorption of a Gaussian line, ~ in (B-13) becomes 
o, and we can apply Beef's Law in the simple form uSlally encountered in 
quant ita ti ve analysis textbooks. 

2. The 1783 traruiition has an oscillator strength -15 times that of 
the 1830 line. See Part 3. 



T varied fran 300 to 700 K (corresponding to different degrees of 
source 

curvature in the log plots). In view of the .complicated nature of the 

absorption it is doubtful that these numbers have any real significance. 

For all results except those at 1830 A, a simple presentation of the 

transmittances is probably as useful as any quantity computed from the 

line-absorption. · Relative to the "hot" source 1830 abs ar-ption, the trans-

mittances for P(I2 ) = 30 mtorr at 1783, 1799, 1844, and 1876 were 1.02, 

0.95, 0.;88, and 1.07, in order. The 2062 line displayed only 10% attenua-

tion at r
2 

pressures greater than 200 mtorr. 

We can use the results at 1830 A along with Verma's analysis of the 

excitation process to calculate an approximate value for the lifetime of 

the upper state •. Fran Eqs. (B-6, 13) we have 

X 

M 
c 

M 
s 

(1) 

where T and T are the source and cell temperatures, and M and M are 
s c s c 

the molecular weights of the emitting and absorbing gases. For our case, 

taking T s to be 4oo K and T c 300 K, ~ = 2.67. We use (B~l3) to calculate 

the optical depth k £ for each measured point. The integrated absorption 
0 

coefficient Jk~dv ·is given by (E-ll) for this case, and we need the value 

of £ = 101 mm to calculate fkvdY . for each point. From (B-10) we see that 

the slope of a plot of jk vdv versus N contains the desired A value. Taking 

gA = gB for the large J values of the rotational lines involved, we obtain 

from the "cool" source data measured at r2 pressures lower than· -15 mt orr. 

A app 
4 

3.0 X 10 /sec (2) 

where A indicates the apparent A value, calculated assuming all the r2 app 

molecules participate in the absorption~ (i.e. N was taken as the total 

r2 concentration.). 

.• 
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To convert A to an actual A value we need to know the fraction of 
app 

iodine molecules capable of absorbing the 1830 radiation. Verma assigned 

the absorption to J" = 23, 24, 47, 48, and 86 from v" = 0 to three upper 

vibrational levels v' = n, n+l, n+4. The fraction fr of the total I 2 

population in the five given rotational levels is 

fr l 

withl 
kT 

qr hcB 

l 
~ = 

1 -hcv/kT -e 

l 
q . 

v 

T 
er 

i=l 
(2J.+l) 

l 

l 

l - e Bv/T 

-EJi/kT e 
(3) 

(4) 

(5) 

qr is the rotational partition function (without symmetry number), and 

q is the vibrational partition function with zero-point energy removed. 
v 

B is the rotatioml constant and v is the vibrational frequency (taken 

from the energy difference for the lowest vibrational levels, G" (l) - G"(o)). 

e and e are called characteristic temperatures for rotation and vibration. 
r v 

Hill (1960, p. 1?3) has tabulated values of these parameters for a few 

diatomic molecules including r2 , from which we obtain q = 5-55 X 103 , r . 

qv = 1.55. Equation (3) then yields fr = 0.030, or 3.CP/o of the total r2 

molecules participate in the absorption. The corrected A value is 

A = A /fr = 
~r:;, app 

6 
1.0 X 10 /sec (6) 

~·· ~ 
Now we can manipulate{~qs. (A..:11a, l3b) to calculate a value for I Rei 

and then compute a value =\Or -r using (A-16). Of course we don't knew the 

Franck-Condon factors, since the upper state hasn't been analyzed; but 

we can make some reasonable guesses. From completeness relationships for 

l. Actually, since I2 is homonuclear with atomic spin 5/2, the even 
and odd rota tio r:al levels have different nuclear spin degeneracies. As a 
result, for::·the grrund state of I2, NJ must be multiplied by 5/6 for even 
levels and 7/6 for odd. ThePVerall correction here was a negligible 3%. 
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orthonormal sets of functions we have the sum rules 

L: 
v" 

= L: l(v'lv")l
2 

v' 
1 (7). 

so the sum of all F-C factors for transitions out of v" = 0 is unity. In 

. '. '2 
the I 2 visible (B-X) sys-teni, max'iinuin F-C factor I (v' I 0) I occurs for 

v', = 30 and is only .03141, because the absorption out of v" = 0. is 

spread oqt broadly over v' levels -15-50. In the ultraviolet system the 

2 . 
absorption appears to be distributed at least as much, perhaps more, with 

the maximum falling near 1850 A. Consequently a good guess for the average 

F-C factor involved in the absorption might be .025. There appears to be 

no Q-branch in this system, so sJ/gA is roughly 1/2 for all absorption lines, 

givin~ a value for J Rel
2 

of -1.6 ( debye)
2

• The fluorescence out of the 

upper states was observed by Verma right out to the dissociation limit of 

the ground state, with a few transitions missing or very weak because of 

low F-C factors. Therefore a reasonable estimate for tre average value 

of v3 in (A-16) might be (48ooo cm-
1

)3 • This number yields 

= 5. 4 X 10 7/ sec (8) 

1.8 
-8 

X 10 sec 

The above results may easily be off by a factor of 3 or 4 because 

of the crude approximations that were made. However these were taken in 

such a way that the 18-ns.ec value should serve as an upper limit to the 

true radiative lifetime. The estimates for the absorption F-C factor and 

v3 
should be wit.hin 5Cf/o and lef/o, respecti -yely of the true values. The 

most error-prone part of the calculation was probably 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 trans it ions 
(r=2.67 A). In both the B state anQ. the 1N sta~e, transitions are to the 
"left hand" branch of the potential curve. ' 
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Doppler-profile source line, and overlapping rot at ionai abs arption lines 

of the same frequency. Actually the different rotational lines m~ be 

excited by different tiyperfine components of the source line; some or 

all may fall at frequencies as much as !::ND/2 off the center of the source 

line (or lines). Any detailed consideration of these possibilities must 

give an upward correction to the A. value; as a result~ T is more likely 

10±5 nsec. 
. 2 2 

The corrected value of 3 (Debye) for IRel may be compared with the 

value -1.0 measured by Chutjian and James (1969) for the B-X transit ion. 
. 3 

Evidently, because of the v dependence the lifetime of the UV state is 

rrore thari an order of magnitude smaller than that for the B state. 

A comparison of these results with those calculated fran broad-band 

absorption measurements is rather disappointing: the latter give life-

times an order of magnitude lower than the 10-nsec value. Unfortunately 

there appears to be nc:i reliable value for the molar extinction coefficient 

of r
2 

in this system. The maxirrru.m occurs about 1850 A and is 1.0x1o
4 

(liter mole-l cm-1) according to Huebert and Martin (1968), 2.4xlo
4 

from Julien and Person (1968), or l.OX105 if we accept the results 

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

ship 
f == (9a) 

from Eqs. (A-9) and (B-10) by using the ccnversion 

N ( 2. 3~1o3'Ev ) 
0 

== (9b) 

where N :Ls again~~ particle density, N
0 

is Avagadro's number, and Ev 

is the decadic molar extinction coefficient. The f-values calculated fran 

(9a) and reported in the sec md a rrl third references above are .43 and 

2.29. 
. . -1 

Assuming an average fluorescence energy of 48oOO em , we can 

calculate fran (A-9) approximate lifetimes of 3 .5, 1.5 and 0.3 nsec. 
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The source of the great disagreement among the several works is not 

clear.· In this st:udy the assumed vaille of .025 for the F-Cfactoc could 

be drastically wrong if the abso:qJtion maximum occurred near or above the 

dis~ociation limit
1 ; however, 1850 A appears to be well within the banded 

region of the transition so (7) 2 
shci.lld hold, as it does in the B-X syst an. 

Another possibility is that the absorption consists of two or more over-

lapping systems:; however, the electronic absorption band profile has tre 

~appearance expected for a single system. Curve-of-growth problems are 

often encountered in medium-pressure absorption measurements, but such 

effects are in the wrong direction to explain the dispar.ities here. Perhaps 

with the inevitable proliferation of ri:ew.measurements of € in the rear fu-.. v 

ture (as.·dnuble-bearil scanning vacuum spe.ctrophotometErs becorre standard 

Jab oratory equipment), and the eventual analysis of the spectrum, tre dis-

crepancies can be explained. 

2. ~Absorption by Air 

The Schumann-Runge system of o2 occurs at wavelengths shorter tban 

-1900 A, delimiting "vacuum ultraviolet" spectroscopy from "air" spectra-

scopy. Since the 1830 and 1783 I resonance lines fall on or near strong 

(9,0; 13,0·) bandheads of this system, 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) I!Rlst be extended to include continuum 
transitions, with the continuum wave functions normalized in sorre convenient 
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 
sys tein of 02 • 

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 < .1 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 accordiJ:€lY. 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 easier to measure the line-absorption directly than to carry out the 

calculations necessary to use the published data. With some additional 

conputat ional effort the results obtained here can perhaps be compared with 

those given by Halmann (1966); but that will not be done at the present time. 
! 

The procedure was simple. The predissociation cell (Fig. 2) -was 

employed· in the same monochromator setup used in the r
2 

absorption work. 

Upon establishment of a steady lamp output, air was admitted to the 

cell via an LN trap, included to minimize absorption by organic inpurities 

in the vacuum pystem (mechanical pump, no diffusion pump). The.pressure 

was read fran a mercury manometer and the cell was re-evacuated, establishing 

the reference level between points. 

Logarithmic plots of the transmittance versus pressure gave reason-

ably straight lines. This may be understood qualitatively in tenns of 

the law "j ,value, which from Eq. (D-1) is .34 for the light 02 molecule. 

Observations at greater optical depths wohldprobably reveal curvature of 

fue type shown by the I 2 data. The absorption coefficients for air, from 

-1 -1 
the linear semi-log plots were .021, .0096, .0086, and .0036 torr meter 

for the 1783, 1799, 1830, and 1844 lines,.- in order. Values at 1876 and 

2062 A were much lower .0009 and .0005, respectively. 

The aboorption by air was weak enough to justify use of "law-vacuum" 

techniques in the predissociat ion and at an recombination experiments, to 

be discussed in Section IV and V. However, before inclusion of the 

:}~' 
LN - trap, incidentaF"qpncentrations of organic vapors (and possibly I 2 ) 

were seen to absorb strongly (especially at 1783 A), indicati~g the im-

portance of ma.iil.ta:ining "clean", preferably short gaps between cells and 

photomultipliers. 
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3. Atomic Absorption 

Lawrence (1967) has reported the results of phase-shift determinations 
. 2 . 4. 

for the lifetirres of the 6s P
3

/ 2 and 6s P
5
/ 2 states of atomic iodine. He 

.. 2 . . 
measured 3.6 nsec (± 13%) for P

3
/ 2 ~nd 90±30 nsec for 4P

512
• (The uncer-

tainty in the latter value was high because of cascading ·cotq)licat :ions). He 

I 

also calculated relative line strengths for the intennediate coupling case 

(Condon and Shortl:ey,_ Chpt". 11) and used the above lifetime values to scale 

his relative strengths to absolute values. His calulated A values yield 

resultant lifetimes of 3.66 nsec and 63 nsec. Furttermore, they in:iicate 

that the 1783 line is ~100 times stronger than the 2062 line, which is an 

order o~ magnitude in disagreement with the relative intensities in the 

iodine lamp reported in III-C. Absorption measurements on the resonance 

lines should provide independent A values for comparison with Lawrence's 

results. 

·Two methods were used to measure atomic absorption. The first 

involved dissociating I 2 thermally; the second used photolytic production 

of atoms in a steady-state situation. In the first case atanic concen-

trations were knavn accurately fran thermodynamic data •. The second method 

yielded only relative absorption strengths for the two resonance lines. 

a. Thermal Dissociation Method 

For the method of thermal production of atom, the experimental setup 

and procedures were essentially the same as tbose used in the I 2 work. 

The one important difference was the inc lllsion of a heating element 

necessary to achieve temperatures high enough to give workable concen- · 

trations of I atans. Since I 2 absorbs strongly at pressures greater than 

1 mtorr, it was necessary to work at very low I 2 concentrations and 

correspondingly high cell temperatures of 300-450 C. At these tempera-



tures small thermal gradients in the cell can give large uncertainties 

in the dissociation constant, so good insulation was essential. Best 

result were achieved with a two piece aluminum tube about 6 mm thick, 

which could be clamped together snugly around the absorption cell. Three 

chromel-alumel thermocouples, insulated by asbestos, were implanted in the 

aluminum tube in such a way that the junctions lay in contact with the cell 

at points near both ends and the middle. Then the tube was wrapped with 

electrical heating tape and asbestos cloth. With this design temperatures 

at three points agreed with 4-10 degrees at the highest cell temperatures 

1 
employed. 

Measurements on both resonance lines were coniucted using a "cool" 

source with cold finger immersed in a slush of ethylene glycol and water 

at ~-50 C. 
1 

Cell temperatures were read to the nearest degree. An ethanol 

bath was used to cool the cell's cold finger to temperatures of -30 to -Soc, 
2 

which were read to the nearest rl degree with an iron-constantan thermocouple. 

The resulting low r2 pressures were required for two reasons: to minimize 

absorption by r2, mentioned above; and to insure that the r2 pressure in 

the heated cell was related to that in the cold finger by the transpiration 

equation3 

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 somewhat 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 t rermo
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=l mtorr, T=300 K. 
r2 has a mean free path of ~4o mm, substantially greater than the stem 
diameter for the cell. 
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( 10) 

Measurements were recorded as in the I 2 work. The lOCP/o transmittance 

level was established between points by freezing the I
2 

out with LN; the 

baseline was zeroed by closing the exit slit. 

' Iodine atom concentrations were calculated fran the I 2 vapor pressure 

tables prepared earlier, the relationship ( 10), and the dis soc :iat ion . 

constant K • Required values for the latter were calculated from the . p 

f~e~~ene~gy functions tabulated in the JANAF Tables using the same inter-

polation routine utilized in the I2 vapor pressure carrputat ions. The 

iodine atom concentration NI is 

(Kp .P )l/2 I 
NI 

.. 2 
(ll) = kT 

It was hoped that the data would be good enough to allow the use of 

Eq. (8) in App. I, with two variable parameters for the source line shape, 

in calculating the optical depths k f. fran the measured absorptions. How
a 

ever, E::arly calcuations using the one-parameter expression ( B-13} indicated 

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

the measured absorption did not keep pace with the increasing atom concen-

tration. Worse still, identical concentrations at cell temperatures 100 0 

apart differed in absorption by factors of two or more. SUch behavior is 

difficult to account for in tenns of the absorption line shape but was finally 

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

thernally fran the hot absorption cell (Fig. 3), as the juncti en was located 

inside the heated aluminum tube several em fran the end. Althcugh the discharge 

appeared to operate properly within $he Al tube, hERting undoubtedly produced a 

higher concentration of atoms near the junction. Under these con:litions the 

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

the parametemT and k ' change with T in a complicated manner. The 
s 0 c 

effect is to produce a broader and flatter source line at the higher cell 
,'' • ' , ' • • I , ' ,.' ' 



temperatures, resulting in an apparent decrease in the absorption.
1 

Figures 

ll and 12 illustrate this behavior. Here all points were calculated assum-

ing a Doppler-prof'ile source line of' T = 4oo K. Curiously the 1830 
. s 

results at dif'f'erent T values seem to f'all on roughly parallel straight 
c 

lines, while the 1783 results show some curvature at all but tbe lowest 

temperature. There is also some evidence that the lamp behavior at 1783 A 

chl.nged in a gross manner :fran Run 1 to Run 2. The c:nly ready explanation 

for the parallel lines at 1830 A is the possibility that absorption by I 2 

or same impurity sets in Sfrongiy at the higher temperatures.
2 

The points recorded at the lower cell temperatures should nat suf'fer 
I . 

f'rom the above problems, because the I 2 concentrations in the ·source were 

too low to allow for appreciable atomic concentrations f'rom thernal dissocia

tion) However, at lower cell temperatures higher I2 concentrations were·

needed to get measureable absorption. Without a wide range of' absorption 

values, the source parameter adjustment method (SPAM) cannot be utilized, 

so the law"':'Tc points in Figs. ll.and 12 were used directly (in the naive 

assumption of a Doppler source line having T = 4oo K) to calculate approx.i-
s 

mate A values. The straight lines illustrated are the results of' linear f'its 

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

2. The impurity hypothesis was tentatively ruled out when the same 
behavior resulted af'ter the cell was baked out and charged with I2 a second 
t:ime, and d.n a slightly dif'ferent way. From the I2 absorption results, the 
molecular absorption here should have been no more than 1-2!1/o, unless the 
higher temperatures led to an increased population or a more favorable 
overlap f'or an otherwise weak rotational line absorption. 

3. On the other hand the electron attachment dissociation 
I

2 
+ e--+I- + I 

is known to be quite ef'f'icient (Dose, 1968; Truby, 1968). This prreess 
may account f'or most of' the atomic concentration at law I2 pressures. 

\ 
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Fig. 11. Iodine atomic absorption of 1783-A resonance 
line. 
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J k dy v . == const. X NI. From the slopes of tl~se lines one calculates 

. 6' l 7; 1 
1. 74xl0 /sec and A

1783 
== 4~01Xl0 sec. In obtaining these values, 

we have neglected one very· imr·ortant aspect of the absorption -- the exis-

tence of hyperfine structure. A h:'f'lJerfine correction factor will be derived 

belov;. Anticipating the form of the correction we may write 

= 

4.01 X 10 
7
jsec X CHf, l 783 

1. 74 X 10
6
jsec X CHf, 1830 

b. Line Strength Comparison - Photodissociat ion Method 

(12a) 

(12b) 

It viaS easy to observe atomic absorption of both resor.ance lines 

:in the predissociation cell (Fig. 2), using the "sun-gun" to photolyze 

the r
2 

in the cell. Where such abs arption was barely detectable in the 

cbsorption cell, it was substantial in the predissociat ion ce U, with 

its "poisoned" walls, even at I
2 

pressures as low as 1 mtorr. The calcu

lation of atomic concentrations in this steady-state photodissociation is 

:rather complicated, but r~lative absorption strengths for the t w linm 

can be measured quite readily. 

The procedure used here involved recording the absorption of both 

lines under identical conditions of p:::essure and.irradiance, for several 

different I
2 

pressures and differa~t sun-gun powers. Steady-state euqilibrium 

obtained in the cell almost as rapidly as tre sun-gun could be turned on 

with the Variac, so problems arising from heatir~ by this visible scurce 

were minimal.. The iodine lamp was cooled in the -50° bat'h used previously. 

The optical depth k l for each measured point was again calculated 
0 

on t:b..e assumption of a Doppler source line at T == 4oo K. If, as expected, 
s 

the absorption by I
2 

interferes with the mEe.surements, an extrapolation of 

the relative k
0

l values to P~ == 0 should elc_mi:late the problem. T'hen we 

1. Both data sets gave gCJod. straight lines with re1a~ive ste>.r::lar<i 
<ieviations of -l,.i. The fits resulted fran nine poi::1 ts at T =345 and 4ooc c 
for A. 1830, ten ~~ints at 295 C for A. 1783. ChM_,ging the assumed source 
temperature by lOu altered the results by only.6%. · 



can see from (B-6, 10 and 11) that 

(ko£)1830 

(koP) 1783 
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X X 
CHf 217§2_ 

CHf, 1830 

(13) 

where we have again included the hyperfine correction factor introduced 

above. 

The results ·are illustrated in Figs. 13a and b. There appears to be 

no specific dependence on the r2 pressure, which my be reasonable in view 

of the nearly equal absorption of both lines by r2 . The two points at great

est k
0

£ 'seemed in disagreement with tre others, probably because the absorp

tion at 1783 A for these points was quite large (~9ff{o), where tre deviations 

from the assumed Doppler source line become important. The experimental 

value for the ratio on the left-hand side of (13) was taken from the plot 

of (k
0
1)

1830 
vs (k

0
1)

1783 
in Fig. 13b. The least-squares slope obtained 

from the seven lower points was .0591 :t .0018. 

c. Correction for HtPerfine~ Structure •.' ... 

The existence of byperfine structure leads to an apparent weakening 

of the line absorption since it spreads the absorption out over the seveml 

components of the line. For example, if there are n equa4 separate 

components and we calculate k 1 assuming a single line, our corresponding 
0 

values for f kvd~ and A will be a factor of n too low. In general the 

correction will not be this simple, because the components may have 
" 

different strengths. and may overlap; but with a few approximatirns we may 

derive an expression for the correction whiCh should be good enough for 

rur purposes . 

The equation relating the measured absorption to the {k . Ev.} when 
--, l.' l. 

two or more separate components are involved in the emission-absorption 
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process has already been given: 

Ab = 
2: . J E . ( 1 - e -kvi1) dvl. 

Vl ( B-14) 

The populations of the different hyperfine levels·. in both upper and lower 

states should be praportiohal to their degeneracies, so from (A-ll, i2) the 

intensities of the several components in emission and absorption will be 

1 proportional to the line strengths. Therefore, 

2 -o:' (v-v.) 

for Doppler source lines 

E . ex: k . 
Vl Ol 

e l (14) 

and 

k . ex: s. 
Ol l 

(15) 

If the hyperfine levels are not perturbed severely,. the line strengths 

may be calculated assuming Russell-Saunders type coupling, in which case 

the s. values can be taken fran the tables given by Condon and ;Shortley 
l 

(1951) by rmking the following identities: r.~s, J+-+ L, F ~J, where I 

is the nuclear spin (5/2 for I
127

) and F is the total angular momentum, 

., - ~ 
l'' = J +I. 

Now if we 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 absorption or a "linear curve-of-growth") in the express-

ion (App. I-5), and we obtain 

Ab 1 
= 

.Jl+)' 

z (k l)~ 
0 l (16) 

2: (k l). 
0 l 

Evidently we must also modify Eq. (B-11), so that we have 

= 
(17) 

1. We will ignore. the possibility of anisotropies introduced by the 
nature of the discharge, the orientation of the microwave antenna, etc., 
which could selectively populate some magnetic subl.evels and give polarized 
source radiation. 

·' 
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Then expressing (k L). in terms of the maximum value (k L) 
o l o m 

where 

we can see that 

(kL). = s (kL) 
o l i o m 

s. 
l 

1, i = m 

< 1, i I m 

Ab 

(k l) o m 

. (k l) 
o m 

.Jl + 'Y 

s. 
l 

= 

2 
L: s. 

l 

L: s. 
l 

1 
2 

81rcv 
Al 

(18) 

(19) 

(20) 

(21) 

Recognizing that Ab .Ji+-y is the ~rent optical depth, calculated assuming 

a single Doppler line, we see that the hyperfine 
2 

correction factor is 

(L: s.) 
l 

2 
L: s. 

l 

(22) 

Strictly speaking, this correction factor is valid only in the limn·- of 

lew absorption and "separate" components. However, cHf· does not chan15e 

as rapidly as the deviation fran the linear growth curve; so as long as 

we used the full expression (App. I-7) instead of the linear appraxin:ation 

Ab .Jl+-y in calculating the apparent optical depths from our measurements, 

the results should be usable, even thoqgh Ab may be as high as .6 or .7. 

Partially overlapping components present a problem which can only be 

- -k L · 
solved properly by integrating Ev and Ev (1 - e v ) numerically over all 

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

overlapping lines by considering·:the two cases, total separation ani 

total convergence of the canponents involved. 

Clearly Eq. (22) gives the expected results in the simple-limiting 

cases. If there is only one line, CHf = l. Similarly if there are n 

j, 
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components alLat the same frequency, CHf 
1 

l. And for n fully separated, 

equal components CHf = n. Any overlap or variation in relative strengths 

must yield a value for CHf between 1 and n. 

From the line-strength tables tre maximum possible CHf value for the 

1783 line with ten separate components is 6.75. If sane of these coincide, 

CHf will be smaller, but since we don't know the hyperfine structure of 

this line we cannot evaluate this contingency. For CHf, 1830 we calculate 

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

. . 1" 70 -l g1ven ear 1er as ;,0 em . From Fig.· 9 we can see that two strong campo-

nents -- (4, 4) and (3, 2) and three or four weak ones -- (1,2), (1,1), 

(2,3), and (3,4) --will grossly - overlap their neighbors. If we recal

culate cHf, 1830 on the assumption of coincidence of the (4,4) and (3,2) 

components we get 5.68. Allowing in addition the (1, 1) (2,3) and (3, 4) 

components to converge reduces CHf, 1830 to 5.58. Since all the other 

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

overlap, the value 

(23) 

should be within lo% of the true value descriptive of the absorption 

uncanny agreement with Lawrence's result, considering the lack of refine-

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

the 1783 and 2062 lines has been given earlier as 7.7:1 (including 

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

2 . 2 
s i = ( sk + s :r} . 

[il 

3 v 

colJ!)onents. 
in the sum is 



dependence). In that case we would have 

= .886/(3.6 nsec) 
8 

2.46 X 10 /sec (24) 

if we accept Lawrence's value for the 
2

P
3

/
2 

lifetime. Then a comparison 

with (12a) yields 

6.1 (25) 

This value seems more realistic than 6. 75, in view of the likelihood of 

having several of the ten components partially coincide•. In addition (24) 

is consistent with the relative intensities noted in subsection C. In 

eithe; case, the comparison experiment yields, from (13), A
1830 

= 7.4 X 10
6
/sec. 

The two detenninations are essentially independent, and it is felt that 

the values 
4 

-r( P I ) 5 2 
125 nsec (-±20%) (26a) 

(26b) 

are representative of the precision of this study. 

4 
The value for the lifetime of the P

5
; 2 state is in fair agreement 

with Iawrence' s measured result (90 ± 30 nsec), but differs markedly from 

his calculated value (63 nsec). From the 125-nsec lifetime and the ~10:1 

emission-intensity ratio observed for the 1783 and 2062 lines it appears 

that the coupling in the 5s
2

5p 
4
6s configuration of the iodine atom is much 

closer to the Hq.ssell -Saunders case than Lawrence concluded. 
1 

. 

By redesigning the absorption cell to include an eva-cuated "dead" 

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

effectively isolate the source from the heated.cell and avoid tbe camplica-

1. Donovan and Husain and coworkers (1965-1968) have carried out an ex
tensive series qf experiments on reactions of 2p1; 2 I atoms produce by 
flash-photolyzing CF3I. They have observed all 6 atomic lines 1783 - 2062 in 
abso:rption. 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 1783 and 1799 absorption, which is in qualita-
tive agreement with the present findings. · 
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tions encountered in the thennal dissociation experiments. Then good 

data for a wide range of Ab values could enable one to calculate A
1830 

using numerical integration over the entire line shape. The results might 
I . . 

provide. detailed information about Ev that could be used to judge the 

validity of the approximations made here. Such knowledge is of interest 

to analytical chemists, who increasingly are employing electrodeless dis-

charge lamps to deter.mine atom concentrations by atomic absorption and 

fluorescence techniques. 
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IV. SPONTANEOUS PREDISSOCIATION IN I
2 

( ~TI0 +) 

A. Detection of Resonance Fluorescence 

The methods and results of Section III may be employed to determine 

iodine atom concentrations in photolysis reactions, using either absorption 

or fluorescence techniques.. Absorption methods involve a straightforward 

application of the relationships developed previously .. However, because 

of improved signa+-to-noise ratios, we prefer a fluorescence method. 

In that case we must derive additional expressions that relate the observed 

signals to atomic concentrations. 

Winefordner and Vickers (1964) have given equations for the depen

dence of fluorescent intensity on concentration in a flame. Their efforts 

were directed toward producing calibration curves in analytical work. It 

seems~hwhile to derive similar expressions for the situation commonly 

encountered in photochemical studies, where a cell (often cylindrical) is 

irradiated at one end and fluorescence is observed at right angles some 

distance away from the entering light. These equations wi 11 of course 

apply to the detection of I-atom fluorescence in the prediss <X!iation cell 

of Fig. 2. 

Consider the arrangement depicted in Fig. 14. The detector sees 

light emitted from the shaded region. The frequency distribution of the 

emitted radiation is given by (III-B-8). If the detector is incapable of 

resolving the line or lines (as is the case for a photomultiplier), it will 

respond to the total flux of emitted photons, which will in turn be simply 

proportional to the absorption in the shaded area. · The proportionality 

factor will be a function ofthe'geometry, 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 
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XBL 6910-5809 

Fig. 14. Schematic pf a fluorescence cell. 
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of the concentration of emitting particles.
1 

The appropriate modification, 

when required, is obvious • Then 

Sig(N) = canst X (absorption in shaded region) (1) 

When (~b) is small, Eq. (III-B-1) says that the absorption will be pro

portional to (k.y b), which is in turn proportional to the concentration. 

Recognizing that the incident radiation E must traverse a distance ~(1 + b/2) 
' v 

of the cell before it is absorbed, we have 

Sig(N) = const x J E
11 

e-kv(l + b/2 )(k
11

b) dv 

Or, considering the effect of the fmite depth b, we obtain the rrore 

accurate representation 

Sig(N) = canst X J E
11 

e -kyl (1 - e -kvb) dv 

Expressions for (2) and (3) are given in Appendix I for a Gaussian E
11 

and for an E of the form (III-B-8). v 

(2) 

(3) 

From these equations we see that the signal will depend linearly on 

the particle density at low concentrations. As N increases, the exciting 

light reaching the shaded region is progressively attenuated; the signal 

attains a maximum value and decreases with any further increase 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 corrections 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 grcund state via orily 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 n:anner not observable by the detector. Thus 
diffusion of 1783-A radiation through atomic iodine will result in an 
increased yield of 2062-A radiation at the detector. 
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A further canplication results when a cell of the type sham in 

Fig. 14 is used: There will be a scattered-light ccntribution to the 

total signal. The scattered-light signal will have some constant value 

at N = 0 and will decrease (neglecting gas-phase molecular scattering) as 

N is increased, so that the total signal reaching the detector is roughly 

· s· (N) · t J E e-kyl (1 - e-kvb) dv . lg = cons 1 v (4) 

+ const2 f Ev 
-k11 ( l+a) 

e dV 

In the second term it is assumed that all the scattered light absorbed 

is lost to the detector. The ratio const
1
/const2 will depend on the 

particular experimental setup. The scattered light can, with proper 

cell design, be largely eliminated. In some cases, on the other hand, 

it is desirable to have a scattered-light background. The present work 

falls in the latter category. 

The.behavior of Eq. (4) is displayed in Fig. 15. These curves were 

calculated from the expressions in Appendix I for a Doppler source line 

and Doppler absorption coefficient. s is the relative line strength, so 

that k is ,proportioml to s X N; "Y is the relative line-width parameter 
0 - . 

introduced in Section III-B. The values of the scaling constants in (4) 

were chosen to correspond roughly to experimental observations when the 

predissociation cell was irradiated by visible light at r2 pressures below 

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

know that the maximum signal falls at (k !) = 1.12 when 7= 1, b/1 = .2. 
0 

(Without the scattered-light term the maxinrum shifts to (k l) = 1.22~) 
0 

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

aJmost imperceptibly different from those calculated with the more canplete 

expression (3). 
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Fig. 15. Fluorescence fUnction plots. -y is the relative 
line-width parameter for the Doppler-broadened 
emission and absorption lines. s is the relative 
absorption strength, i.e. k = s N. Concentrations 
are in arbitrary units, such

0
that N = k £ when 

s = 1. Intensities are scaled to a rel~tive 5/1 
fluorescence-to-background ratio. 
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Figure 15 illustrates the importance of having a thorough understand-

ing of the nature of the source and absorption lines in quantitative 

molecular fluorescence investigations. For example, in a heavy molecule 
·, 

like I 2 a broad source line may excite several partially overlapping 

rotational lines with different absorption strengths. At high pressures the 

strong lines will be totally absorbed and the experimental observations 

will be descriptive of the weaker lines, which may give different and 

erroneous results, particularly if the property being measured is a func-

tion of the rotational quantum number. At the very: least, a co'rrection 

for non-linearity should generally be applied in such studies; preferably 

the data should be taken at several different 1 values and extrapolated 

1 
to £ = 0. 

Curves of the type shown in Fig. 15 could be observed for I 2 as well· 

as for I-atoms. The maximum signal occurred at P - 55 mtorr. For 'Y = 3, 

( ) 4 6 4 -1 -1 k 1 at the maximum is approximately l. . This gives k = • em torr , 
0 •. . 0 . 

in good agreement with the value -7~5 fran the absorption measurements. 

The relative I 2 fluorescence signal at the maximum was only -2.6, since 

a large fraction of the molecular fluorescence falls in a region where 

the photomultiplier is insensitive. 

The absorption by r2 complicates any quantitative application of 

the characteristic fluorescence function (4) in calculation I-atom con-

. 2 centrat1ons. At low r
2 

pressures the problem should not be severe, 

and we can calculate frc:m the absorption results, k0, 17a3 Ccm-
1

) = 

2. 7 X 10 -l3 N for T = 300 K, so that the maximum fluorescence signa 1 

12 3 
corresponds to an atomic concentration of 1.0 x 10 per em . All 

l. These points have been emphasized repeatedly by Prof. Leo Brewer 
in private and public communications. 

2. At any rate the simple expression (4) will not properly account 
for the multi-component nature of the :f .at()pl.:i~ r:eiJ~~~~ iiJ}efi. 
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the measurements were carried out With signals less than 2Cf/o of the maximum 

11/ 3 1 where NI -< 1.0 X 10 em • If we compare this to the lowest I 2 concentra-

. ( . 13/ 3 . 
tions encountered in the experiments -5 X 10 em ), we see that this 

photolysis process is indeed a small perturbation on the system. 

B. Kinetics of I-Atom Production 

l. Proposed Mechanisms 

There is on record ample evidence in support of the existence of a 

spontaneous predissociatd.on decay mode for the B err
0 

+) state of I 2 

(Chutjian, et al., 1967; Wassermann, et al., 1968; Chutjian and James, 

1969). What is ·stnl lacking is a quantitative evaluation of this process 

throughout the region of visible absorption, 5000-6000 A. We shall pro-

ceed to derive some expressions for such a quantitative study, which will 

utilize a comparison technique similar in principle to that employed by 

Rabinowitch and Wood (1963b) in their definitive work on the quantum 

yield of quenching in foreign gases. 

For excitation in the l:anded region (f.. > 4995 A) of the B ...,.. X system 

we must consider the following processes: 

a <P (v) 
* I + heY v g . 

I2 (la) .. 
2 

* ~ It (lb) I2 2 + etc'~ 

* 
k 

I2 
p • 2 I (lc) 

* 
k 

I t I2 + I2 9. -- 2 I + (ld) 
2 

* ~ Mt (le) -I +M 2 I + 2 
k 

I w 
I wall (lf) . 

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
nmltiplier signal is from 1783-A fluorescence. 
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In ( la) <X> q ( v) is the photon flux at frequency v and cxv is the 

absorption .coefficient in appropriate units. 1 AT in ( lb) represents the 

total radiative decay rate to all lower levels. In (lc) k is the rate 
p 

for spontaneous predissociation. kq and ~ are the constants for 

quenching by I
2 

and by foreign gases, respectively. "Daggers" are included 

at seVeral points to indicate the possibility of energy transfer in the 

relevant processes. k is a rate constant for wall recombination, the 
w 

specific mechanism ft;r which will be rrient ioned below and dealt with in 

detail in Section V. The rates for the other processes can be represented 

in the conventional :rranner, i.e. (ld) implies 

d[I
2
*] 

dt 

where the brackets indicate concentrations. 

Equatj,on (la) contains an implicit assumption which is unfortunately 

often incorrect in photochemical studies: namely, that the absorption 

is small enough so that only the first tenn in the expansion of (1-e-a:V[I~]) 

need be considered. The observation of less than lo% total absorption is 

often taken as the criterion far safely applying the linear absorption 

assumption. This criterion can be disastrously in error for low-pressure 

gas-phase work, where the absorption occurs in a number of sharp lines. 

In that case even 1% total absorption of continuous source radiation may 

imply optical depths of unity or more at the centers of t te strong abssrp-

tion lines, and the assumption of linearity becomes an outright blunder. 

Later, in the discussion of results, it will be shaN!l that assumption of 

(la) introduces an error of several per cent:. in the predissociation work, 

even at pressures as low as 10 mtorr. For the present we will acc~pt (la) 

1. This a;, is related to the ky used previously by ky· = a,_,N; here CXv 
is treated as a bread-band parameter, so it is directly related to the 
measured decadic molar extinction coefficient €v• (See Eq. (III-D-9b).) 

·, ..... 



as valid. 

* Equations (lb-le) predict an e~onential decay of the I2 population. 

* However, as it will turn out in these experiments, the symbol I 2 will 
\ 

have to represent a total E-state population which is distributed over 

several v' levels and all thermally accessible rotational a~vels. If the 

decay rates vary with v' and J, the observed decay will no longer be exponen-

tial, but rather some sort of weighted average of the individual decay 

curves. In that case the value measured may be explicitly dependent on the 

method of measurement. For example eunningham ( 1968) obtained different 

. * lifetimes for the decay of I 2 in the vicinity of v' = 25 when he used 

different modulation frequencies in a phase-shift determination. Radiation 

entrapment can also give deviations from the exponential decay, but such 

problems are inconsequential in the present situation. 
1 

Brown, Steinfeld 

and Klemperer (1964, 1965, 1966) have shown that collisional energy transfer 

* in I 2 is of a magnitude comparable to the quenching for most collision 
. * 

partners. (I2 - r2 collisions are the noted except,ion·.) . Such processes 

need not be considered in our mechanism; because in the low-pressure limit 

they do not occur, and in the high-pressure limit lOa% quenching is effected, 

2 regardless of. how much energy transfer precedes it. 

* Equations (ld) and (le) correctly represent the quenching of I2 , but 

the indicated products of the quenching are somewhat speculative. Although 

atoms are known to be produced in the quenching process, the yield of atoi'!E 

* may be something less than two per quenched I 2 if long-lived intermediates 

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. 



. 1 
such as I

3 
and MI2 can exist. 

For the sake of thoroughness we should include mechanisms for vibrational 
I 

and rotational relaxation and perhaps ortho-para conversion for the ground-

state molecules. In the steady-state situation there must be a vibrational 

cascading occurring for recombining atoms and for the I 2 produced in (lb) 

and (ld). * In view of the very small steady-state concentrations of I 2 

and I, it is unlikely that the ground-state population can be perturbed 

by more than l-'2ofo, ·if we adopt nominal rates for the relaxation processes. 

Furthermore the experiment offers a qualitative handle on such effects. 

The r2 ultraviolet absorption and fluorescence might be expected to de-

crease or increase if an appreciable fraction of the iodine molecules 
·,·. 

are in high v" levels, where the Franck-Condon factors could change the 

absorption. At no time in the course of these predissociat ion experiments 

was such an effect observed. Anyway· as·· sliown below the comparison nature 

of the experiment will partially cancel out complicat~ons of this type. 

Therefore the above mentioned processes will be ignored, and [I2 ] will be 

assumed constant with respect to the visible irradiance. 

N0W we come to the all-important Eq. (lf), the only process given to 

account for the removal of I-atoms. At the law pressures employed in these 

studies we expect heterogeneous recombination to predominate over homogeneous 

(Rabinawitch 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 Rabinawitch and Wood (193~) indicated tmt the 
quench~g of I2* was accounted for by (le) and not by the radiationless pro
cess I2 + M ~ I2 + M. However, t~e yield of atoms was determined indirectly, 
from the decrease in [I2 ]. This Unfortunately says nothing abcut 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 discussed in Section V. 



order removal, and a moderate (-.1) sticking efficiency will give a first-

order disappearance. The former prevailed in the experiments of Wassermann 

and co-workers (1968); the latter appears to obtain in the present study. 

In either case the recombination rate may be expressed 

d[I] 
dt 

:::: 

k [I]X 
w · (2a) 

The terms in the denominator are included to account for the diftusion of 

I-atoms to the walls of the cell. (The form (1 + a•M) will be verified 

in Section V. Here it is unimportant, because it will be eliminated in 

the expressions derived below.) When both 1st- and 2nd- order reG anbim tion 

occur 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 

d[I] == 
dt 

k [I] (l + b [I]) 
w (2b) 

l + aM+ a' [I2] 

In these experiments the deviation fran lst ·order -was small enough that 

(2a) and (2b) gave essentially the same results. 

In the stationary state we have 

d [I2-!fJ 
dt 

:::: 0 (3a) 

d [I] 
0 (3b) :::: 

dt 

Equations (l) and~(3) give, with (2a) 
2a k +k [I2] +v 

[I]* v <r> (y) l2 g [I2 LF( [I2 ],M) :::: 
k w q A.:r + k + k [I ] +kM 

p q 2 m ( 4) 

where M represents the c cncerrtration of foreign ga.s anC' F([I;),M) is 

the denominator in (2). The expression 

,0. 



R 
A_ + k + k [I ] + k M -or p q 2 -"M 

(5) 

containgrJ the information we desire. It is simply the fraction of excited 

molecules that predissociate. In the limit of high pressure R is unity; 

the low-pressure limit is k /(A_ + k ) or k -r, where T is the unimolecular 
P -or P P 

lifetime~ When x = 1, and kq[I2 ] << kp' (4) predicts that [I] will be p~opor-

tiona1 to <Pq(v) • [I
2
]. Such a dependence has been noted by Mayo (1964), 

and was observed early. in this investigat.ion~ 

Equation (4) does not lend .itself to easy evaluation of the quantum yield 

for predissociat ion kp T. Its use requires accurate knowledge of F( [I2 ],M) 

and the characteristic fluorescence function. We can eliminate this 

problem by comparing [I]x fran (4) with the I-atom concentration produced 

by excitation above the dissociation limit of the B state. In this case 

we have:, 
l 

for wavelengths shorter than 4990 A 
a t<I> Cvn 

I + hcv v q ~ 2 ---, (6a) 

(Qb) 

and the same removal mecmnism (lf). ~in (6b) represents all quenching 

processes for relaxation of the metastable I-atoms, plus radiative decay, 

2 
and we assume there are no reactions specific to I( P1; 2 ) atoms of the 

form 

I(
2

P
1

/
2

) + M ---7 MI. 

2 
I( P

1
; 2 ) +AM --~ MI + A 

(7a) 

('Tb) 

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 (lf). 

l. The B +-X continuum actually extenda some distance into the "banded" 
region. This point will be discussed more fully below. 



Then 

Dividing (4) by ( 8) gives 

:::: 
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a cp (v) . 
'V q 

a , <I> (v') v q 

(8) 

AT + kP + kq Gr2 J + k~ 

(9) 

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

interference filters and tungsten lamp described :earlier to achieve the 

excitation. Then we have 

~i • 
a 

c 

(19>) 

. . ' 

where (abi/ac) is the ratio. of quanta absorbed by r2 with "banded" filter 

i to quanta absorbed using a standard "continuum" filter c. (For a given 

filter cl>q(v) is to be the same in all experiments, so that (ab./a ) is indeed 
. l c 

a constant for banded-region filter i.) Values for (ab./a ) may be cal~ 
l c 

culated, or they may be determined experimentally when R = 1.0. 

To more properly describe the excitation into the banded region of the 

I 2 visible absorption, we should include a term to cover the possibility 

of direct dissociation via an underlying continuum. The ~l)_u repulsive 

. state, which is presumably responsible for the spontaneous predissociat ion, 

has been predicted (Mulliken, l94o) to contribute about lef/o of the overall 

absorption. In addition the continuum of the A(3rr
1
u) ~x transition seems 

to oil!erlap the B +-X system at the red end of th= latter (Ham, 1954; 

Mathieson and Rees, 1956).
1 

The necessary modification of (10) is simple 

l. On the basis of the work by Ham (1954), Mulliken has upped his 
l94o est:imate of the 1IT1u +-X strength to the value given here. 

The present treatment implies that the absorptions, 1J1u ~X and B +-X, 
and the spontaneous predissociation B-+ 1rrlu are essentially independent 
processes. This picture is valid for cases where the coupling between the. 
upper states is relatively weak, but it may be ~estionable when the mixing 
becomes strong. 



and direct: 

.(

[I]bi )x. 
[I] 

c 

= 

... 
a bi 

a c 

a .... 
+ __£.:!:. 

a 
c 

(ll) 

where (~i + aci) replaces abi in the discussion of the previous para-

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 

Then the quantum yield for unimolecular production of atoms is 

QY Y{.9,o) Y1 R(o,o) + y2 
= 

yl + y2 
= 

yl + y2 

yl kpT + y2 Y. 
m1n 

= 
yl + y2 y 

max 

Clearly the fractional absorption by the underlying 
y2 

continuum is 

fr = .. c 

and that by the "discrete" state ·is 

fr = b 

-yl + y2 

y + y 
l 2 

(12) 

(13) 

(l4a) 

(l4b) 

(We must remember that Y, Y1, Y2 and R are all functions of the particular 

filter used for banded-region absorption. The subscript i has been dropped 

to simpljfy the notation.) 

If we consider t;he. behavio:r of Y at l~w [I2 ] with no foreign gas M 

present, we can shCM that 

(15) 

2 
which is a line with intercept Y . and slope (Y

1
k 't' A_). We can express m1n q -~ 

this slope differently, 

b. • k 't' 
q 

(16) 



where 

1i = Y A T 
1 T (17) 

~ is simply the difference Y 
max 

- y .• 
:glln 

Similarly at high pressures of 

foreign gas, the following ·relationship will be usefUl: 

y = ( 1 + c1/M ) 
1 + c

2
/M + y2 (18) 

where 

(19a) 

(19b) 

Having derived the relationships we will need, we noW' return to the 

2 
prob~ involving I( P1; 2 ) atoms. 

2. Relaxation of Metastable Iodine Atoms 

The above derivation required the supposition that processes (6b) 

are rapid and that reactions (7) ·do not occur. If either of these 

assumptions fails to hold, the comparison procedure will give erroneous 

results, because the detection method "sees" only ground-state I~at;cms. 

Donovan, Husain, and co-workers (1965-1968) have published a series 

of papers on :i::(52
P1; 2 ) reactions with various gases. They used a method 

of time~resolved kinetic spectroscopy which allowed them to detect the 

presence of both grourid-state (
2
P

3
; 2 ) and metastable (

2
P1; 2 ) I-atoms 

through their absorption lines at 1783, 1799, and 2062 A. ~flash~ 

photolyzing CH
3

I and CF
3
I, they were able to produce exclusively ~1/2 

atoms. 

Abstraction reactions of the type (7b) were found to occur in the 

cases, M = Cl2, Br2, ICI, and IBr. In all other cases collision-induced 

2 
spin-orbit relaxation dominated the removal of P1; 2 atcms, as demonstrated 

by the simultaneous increase in t( 2P
3

; 2 ). (At long time delay, the· latter 



disappeared and the ultraviolet absorption of I 2 was observed.) In the 

noble gases, decay was limited by diffusion to the walls; in molecuJar gases 

it occurred in homogeneous collision processes. Deactivation probabilities 

on collision were quoted for more than a dozen quenching gases. For N2, 02 , 

-6 6 -2 -'2 ( and I 2 ,values of 3.0 X 10 , 5. X 10 , and 7.1 X 10 were given. r 2 

was the most efficient quencher found.) 

Although the evidence against reactions of the type (7) is strong 

(except for the four cases mentioned earlier), it is difficult to exclude 

2 2 
the possibility entirely, as concentrations of I( P1; 2 ) and I( P

3
; 2 ) 

were not determined absolutely by the above authors. On the other hand 

the constancy in relative concentrations with different quenchers makes 

it seem likely that anyceffects of the type (7) were unmeasureable in 

their experiments. This would place an upper limit of -?% ~n the fraction 
2 .. 

of I( P1; 2 ) atoms removed by attachment or abstraction reactions in, for 

example, N2, o2, and I 2 • Meyer. (1968) found that 
2

P1/ 2 I-atoms abstract 

I from C~I and noted that other workers had produced I~ and I02 in processes 

of the type (7). In addition there were some indications of the occurrence 

of (7) in this lab when M was o2 •
1 

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 
2 . 

for I( P1; 2 ) r~laxation and for overall recombination 6f I-atans. The 

results to be; discussed in Section V give a lowest mean recombination· 

l. Use of air as a quencher in tre predissociation cell led to permanent 
changes in the "poisoned'.' surfaces, including fogging by a white deposit. These 
changes could have involved I( 2P1; 2 ), o

3 
or a number of other possible species. 



lifetime T (=1/k ) of ~3 msec for an untreated cell. The rate has not 
r w 

yet been measured in a "poisoned" cell, 

an order of magnitude greater. With T 
r 

but qualitatively T seemed to be 
r 

i=_ 30 msec, at P(I2 ) = 1 mtorr 

(lower than any pressure actually used), the I-atoms undergo ~150 colli

sions before recombining; the concentration of I(
2

P1; 2 ) would be practically 

negligible after ~50 collisions with r2 • This calculation may be entirely 

academic though, as we note that the mean free pa:th is ~50 mm at P(I2 ) = 

1 mtorr, so that the average iodine atom collides with the cell walls about 

as often as with I 2 molecules. Donovan and Husain (1966) point out that 

the efficiency for.relaxation ;f I(
2

P
1

; 2 ) in wall collisions is fairly high. 

In that case we should reopen the quest ion ~f reactions ( 7) occurring on 

the acid-treated surfaces of the cell. The author was unable to locate 

any studies of such processes, but fortunately the experimental data give 

some estimate of this possibility. The results indicate it can affect the 

accuracy of the measured quantum yields by at most lo%, probably much less. 

It was possible to check for absorption by t( 2
P

1
; 2) experimentally 

using the procedures outlined in (III-D). The 1799, 1844, and 2062 lines 

all go..ve detactable absorption in both treated and untreated cells. Al-

though the resonance-line absorption increased ten-fold in the treated cell, 

the 
2

P
1

/ 2 absorption remained constant within the precision of the measure

ments, indicating the acid poisoner had no effect on the decay of the ~1/2 
atoms. However, this comparison was made at a pressure of ~30 mtorr, where 

homogeneous quenching might have obscured aey changes in the wall relaxation 

processes. The lowest I 2 pressure for which both lf783 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 

)%, but the uncertainty was high because of law signal/noise ratio.) 



According to Lawrence (1967) and Donovan and Husain (1968), the absorption 

strengths of the 1799 and 1783 lines are approximately equal.
1 

In that 

case the above mea~urements indicate the I(
2

P
3

; 2 ) c~ncentration is about 

80 tnnes that of I(~1;2 ). If we assume the broad continuum source pro

duces atoms in the r~tio NI(
2

P3; 2): NI(
2

P1; 2) = 5:1, all but 7fo of t re 
I 

metastable atoms have relailred to the· ground state in the steadyrstate 

situation:~· 

From this discuss ion the· complications ir:rvolved in comparing the 

concentrations of I-atoms produced in banded-region excitation with the 

concentrations of initially non-identical atoms from continuum excitation 

are minor, and we my proceed to meaSure the low-pressure quantum yield 

of iodine atoms using our comparison technique• 

C. Collection arrl Trmtment of Data 

l. Procedures 

The experimental approach to the problem is already obvious fran tre 

relationships derived in Subsection B. Equation (B-15) predicts a linear 

dependence of t be yield function on [ I
2

] in the limit of low iodine pressures • 

Fran the quenching data of Chutjian, et al. (1967), we can est :llnate that 

the deviation from (B-15) at P(I2) = 20 mtorr is about 1~, so a plot of 

Y vs. P(I
2

) should be reasonably linear forpressures lower than this. In 

the high-pressure limit Y goes to Y , but there are complications in-
max 

herent in reaching this limit using I 2 alone to produce the quenching. 

The ultraviolet absorption by I 2 is so strong that at pressures greater 

than -75 mtorr the fluorescence signal actually decreases when the visible 

source is turned on; and visible light fran the iodine lamp can develop 

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

l. 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 determination of the r~lative 1799 and 2062 absorp
tion strengths. Qualitatively the results supported the findings of Section 
III. 



gas such as Ar or N2 to predissociate I 2*(B) and trereby obtain values for 

the ~oreigr-gas quenching constant ~ as well as the desired Ymax at each 

wavelength. (B-18) is the appropriate relationship. 

The experiments were carried out over a period of two months, using 

the arrangement of Fig. 6. In a given run, one or two points were recorded 

for each of the twelve interference filters at constant foreign-gas and r2 

pressures. Before each low-pressure (no foreign gas) run, the cell was 

freshly evacuated in the manner described in Section II; afterwards (~4 

hours) the cell was checked for possible leakage. In the foreign-gas runs 

l 
cylinder-grade N2 was used as the quencher. With the I2 frozen out, the 

vacuum line and cell were flushed several times before the cell was filled 

with the desired amount of N2 ; the pressure was determined to ±.03 torr 

with the aid of an oil manometer. 

In the low-pressure work, the I 2 pressure ranged fran L5 to 16.5 

mtorr, corresponding to cold-finger temperatures between -27 and -6 C. 

The iodine vapor pressures were taken fran· the tables mentioned in Section 

III-D. In the foreign-gas runs, N2 pressures of • 75-ll torr proved suitable, 

and the I 2 pressure was held at 1~6 mtorr by cooling the cOld finger to 

-26 C in a slush of o-xylene. At the higher N2 pressures it was necessary 

to wait as much as 1/2 to l hour to establish a constant iodine concentration. 

With no foreign gas present the I 2 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 

d.;cy" ice at ~-80 C. Under trese conditions the UV output 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 ultraviolet 

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

· }-· I2*(B) is so efficiently quenched by most molecules that any possible 
impurities should give a negligible error in the results for ~ • 

2 
I 



. , 

background signal of scattered light and I 2 fluorescence. During the 

run the lamp generally weakened with time, but it displayed no problenatic 

instabilitY as long as the bath temperature was kept constant. 

Each recorded data point was an average of 3-5 measurements for the 

4919-A continuum filter and 3-10 measurements for the particular banded? 

region filter. For each measurement the tungsten strip lamp was turned 

on for 10,.12 seconds, long enough to establish the steady· state. (With N2 

present the points required slightly longer, ~15 secorrls.) The signals 

were recorded in a "sandwiching" fashion, illustrated in Fig. 16, in order 

to compensate for possible drifts in I-lamp power and r 2 pressure. They 

were subsequently normalized to a constant background before being converted 

to an experimental signal ratio (Sigb/Sigc). A correction for non-linearity, 

discussed below, was applied to produce each value of Y. For •every banded-

region filter a total of 9-12 points were obtained for the determination 

of each of the desired limits. 

2. Non-linearity Correction 

Earlier we aa:umed for simplicity tmt 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 recombination. We can determine the unknown cmstant x 

in (B-2a) frcm the slope of a plot of ln <I> vs. ln [I], as is clear from 
q 

(B-4). Alternatively we can determine a vailue for b in (B-2b) fran a 

plot of ~q vs [I] • 

[I] (1 + b [I]) (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 



Fig. 16. Sample data ~rom predissociation experiment. Here 
P(N2) = 0.96 torr, P(J2) = 1.6 mtorr. Wavelengths 
~or the ~ilters were recorded in nanometers. An 
average baseline was ~illed in, and the measured 
signals were recorded in millivolts. 



characteristic fluorescence function derived in Part A. Ratter than do 

this we can simply lump the non-linearities of recanbim tion and signal. 

detection together and obtain 

y (2a) 

or 

---- = y (2b) 
Sig (l + b' Sig ) 

c c 

Then we obtain the value of x' or b' as above, from the appropr:ia te 

relationship between the signal (Sig) and the relative intensity of 

exciting light. 

Preliminary work indicated the values of x' and b' in (2} were 

functions of the r2 pressure and the total magnitude of the signals 

involved. The logarithmic plots gave, under various conditions, values 

of x' from 1.04 to 1.14, a range ten times the individual standard 

deviations. The foreign-gas data generally gave val~es around 1.06; 

the low-pressure data averaged -1.10. Furthermore the logarithmic plots 

generally exhibited slight positive curvature. The curvature would be 

expected for a mixed order of recombimtian, and the variation of 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 correction. Although b' behaved in a similarly dissatisfying manner, 

fitting the data to (2b) gave statistically slig9,tly better results than 
··~"\,, 

for (2a). Figures 17 and 18 illustrate the typical behavior. 

Since values for b' seemed to vary with experimental conditions, 

it was felt desirable. to determine the correction independently for 

each data run. To minimize dependence on the magnitude of the fluorescence 
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signal, carab.oa:rd diaphragms were used 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 characteristic fluorescence 

function. Data of ~he type shown in Figs. 17 and 18 were recorded 

using the calibrated neutral density filters in combination with the 
. 1 

interference filter having peak transmission at 5462 A. Points were 

acquiredgoirig from low to high density and back again, to compensate 

for possible temporal changes (assumed to be "linear") in the lamp 

output and iodine .concentration; each point here represented a single 

on-off operation of the tungsten lamp. 

Despite the esthetically unpleasing aspects of this non-linearity 

treatment, the net effect on the measured quantum yields was small. 

It was greatest when the high- and low-pressure limits of Y were farthest 

apart, where it amounted to -4%. 

D. Results and Discussions 

1. Unimolecular Quantum Yield of Iodine Atoms 

a. Yield function plots 

Results for tbe twelve banded-region interference filters are dis-

pJayed in Figs. 19-30. The upper plots show the performance of Y in the 

high-pressure limit. The solid curves are the least-squares best fits of 

the points to a modified form of 

y = (1) 

which amounts to· ignoring· the continuum 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-

.. .;_ ...... . 

l.The 5462-A filter was chosen because it gave the largest signals. For 
comparison several runs were made with tbe continuum filter peaked at 4919 A; 
no significant difference was observed. Unfortunately this result does ~ot 
prove the recombination is equivalent in the two regions. For example, P1; 2 
atoms could have a much higher sticking probability and never be seen by 
the detector. 
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bution is not small, (1) remains a useful form for Obtaining the intercept 

Ymax = Y
1 

+ Y
2

; but c
1 

and c
2 

no longer have the significance indicated 
. ·. 1 

in Eqs. (B~l9). The calculated curves have the expected form, except for 

the results at 5277 A (and possibly at 5594 A), where the abrupt upswing 

near l/P(N2 ) = 0 appears to be a mathematical artifact rather than a physical 

reality. Hence, the intercept in the 5277 plot was adjusted downward from 

2.30 to 2.15, still within the standard deviation (which was unusually 

high for this particular set of points). The fit routine understandably 

failed to converge for the data at 5010 A, so the intercept was taken fran 

a linear fit in this case. 

The low-pressure results are illustrated in the lower plots. A good 

linear dependence is found for each filter. However, some of the slopes 

are anomalously low, with negative values occurring at ~~5462, 5594, and 

6239. It is clear from (B-15) that negative slopes cannot arise fr.an our 
..... 

proposed mechanism, so some unforeseen process or complication must be 

occurring. Several possibilities are discussed in Part 2 of this subsection. 

The quenching results will be dealt with in Part 4. However, we note for 

the sake of comparison that the greatest values for the self-quenching 

2 2 
crosS··section are found at 5091 and 6037 A, where d ~ 50 A , substantially 

lower than Chutjian's values, 66 and 74 A
2

, respectively. 

2 
The results of the least-sqw.res fits are summarized in Table 2. 

Table 3 gives the quantum yields for unimolecular dissociative processes, 

obtained fram the ratio Y . /Y • (The values in parenthese for 5277 A 
m~n max 

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· Ymax' cl' and c2 were treated as independent variables and 
determined by an iterative procedure from initial guesses. The results were 
used only to obtain the Ymax values; quenching constants for N2 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 
results. The rejections were based on statistical and experimental grounds. 

II 
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Table 2 

PRE OJ SSOCJATIO~ EX PER JHE~T 

LOW PRESSURE RnULTS 

WAVELE~GTH IAI ~o. POJ~TS INT.ERCEPT ST, DEY. SlOPE ST. oev. 

51":10 8 .615 .ou ,(,0167 eC.ClZ.l 
5J91 10 • 645 .OIC .00524 ,t,vu9r 
5166 I~ 1o1H .008 .0111>0 .0~1188 
5271 9 1o417 .022 .00251 ·"""262 
5462 11 1.593 .0~9 -.011569 oliO 124 
5594 10 1.361 .014 -.00264 ·""149 
569f\ I'' lo301 .016 .U0220 .~JI98 
5896 9 • 318 .tl2 .0063-ft oUJ136 
5922 9 .412 ,OU9 .u0729 .00094 

•6(137 8 .517 .C07 .00343 o0l.:U72 
6129 9 .339 .JC6 .00006 .ouu63 
6239 10 .255 .COlt -.00183 .00048 

FOREJG~ GAS 1~21 RESULTS 

IOATA FIT TO FUNCTION y • CI1+A/PI/Il+8/PI 

WAVELENGTH IAI NOo POI~TS INTERCEPT IC l S T • oEv. SDA SOB 

5'J 1n 9 • 664 .o~e o. o • o. c~ 
5tHH 11 .924 ,')43 2. 59 5.32 2e87 5.90 
5166 13 lo837 .~52 2.11 1.89 2.48 2.20 
5277 I~ 2. 3r 2(2.15) • 143 4.48 2.47 boll 3.62 
5462 ll 2.202 .048 leC4 .54 1. 50 .n 
5594 9 z.~4n .,75 2.36 .99 3.40 1.44 
5690 11! 2.201 .IOC .60 .72 1.08 1.02 
5896 11 .957 .021 .37 .43 .71 .57 
5922 ll 1.1911 .023 .72 .52 1,09 .67 
M37 9 .963 .n9 .23 o69 o45 .86 
6129 9 .503 .o 31 1.02 1.67 1.H 2.16 
6239 ll .29"- .017 1.27 3. 34 1.53 3e84 



WAVELENGTH '(A) 

5011'\ 
51) 91 
5166 
5277 
5462 
5594 
569': 
5896 
5922 
6037 
6129 
6239 
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Table 3 

PREDISSOCIATION STUDY 

QUANTUM YIELD ~ESULTS 

ATOMIC QUANTUM ~IELD 

.926 

.698 

.623 

.616 {.66) 

.723 

.667 
• 591 
.332 
• 346 
.537 
.673 
.878 

ST. DEV. 

.02~ 

.~34 

.('118 

.(\)9 

.rt16 
•'"25 
.G28 
• t. 14 
.n1n 
.1118 
.(143 
.!153 
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are the adjusted results, mentioned above.) We can see fran Table 3 and 

Fig. 31 that the yield increases at both ends of the banded spectrum of I 2 , 

with possibly an additional maximum at -5450 A and a minimum at -5900 A. 

The total quantum yield will be fUrther analyzed in terms of contributions 

from direct dissociation and spontaneous predissociation in Part 3. 

The quantum yield results in Table 3 are in excellent agreement with 

the findings of Chutjian and James (1969), whose work indicated 67% spontane

ous predissociation at 5450 A and 33% at 5900 A. When the effects of under

lying continuum absorption are considered below, the agreement will 

diminish only slightly. ·wassermann and co-workers (1968a,b) observed 

"parallel" production of at .. ams in continuum and banded-region exci taticn 

down to pressures even lower than those employed in this study. Their 

results were presented in a log-log display, which obscures the detailed 

pressure dependence; however, interpreted in terms of the mechanism given 

in this work, their rsrallel behavior indicates lOa% predissociat ion and 

CJ'/o fluorescence. As was noted in Section II, acid-treated quartz continues 

to · d.ega·s slowly for weeks or months; if the ceUs used by Wassermann, 

et al. were not freshly evacuated before their experiments, quenching by 

impurities could have produced their high yields. Interestingly enough, 

their earlier results (FacH:oner and Wassermann, 1966) from a study of the 

photosensitized isomerization of cis-butene-2 indicated a low-pres'fmre atomic 

yield of 77% for 546o 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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work, but r-centroids and v" distributions are lacking. In addition, 

several of the filters used here were not used in their work. Therefore 

a computer routine was written to calculate the desired information 

for the new filters and was used to recalculate the distributions for the 

old. 

From formulas given in Section III we knew that the absorption by 

a given rotational line will be proportional to the rotational line 

strength (divided by the degeneracy (2J" +l) '),the Franck-Condon £:actor, 

the frequency of the transition, and the popud..ation of the absorbing state. 

The last of these is governed by the rotational degeneracy and Boltzmann 

factor. To calculate the total abs ar-ption for a given filter, we must· 

sum all the contributing lines. 

Absorption <X 'V i (vI! I v'' >I 2 (2) 

where FA is the wavelength distribution of quanta for source and filter, 

and the sum is carried out over all rotational lines in the region of 

transmission for the particular filter. Here the wave number v for the 

transitions is treated as a constant for a given filter, in whi~ case 

it will have no effect en· the (v' ,v"} distributions,. later, in cbmparing 

the total excitation for different filters, v will be included. 

The calucations were carried out assuming the source quantal distri-

butior: was constant over the transmission band of the filter and taking 

FA to be a Gaussian function of A.
1 

For this case sJ was (J+l) for tle 

R branch and J for the P branch, and the 5:7 intensity alternation due to 

nuclear spin degeneracy was ignored. 
2 

The Franck-Condon factors used 

2 
were those calculated by Cunningpam to v' = 47, all for rotationless RKR 

l. The Gaussian form seemed to represent the transmission of tle filters 
fairly well over the region F., > lo% F.,: ..•. 

'"' /\.'max. 
2. See footnotes, Section III-D. 
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potential curves. The frequencies of the lines were calculated from the 

constants of Steinfeld, etal. (1969) for the B state and Verma's 

1 
results for the iX: state, and were converted to standard-air wavelengths· 

with the help of Edlen's (1953) formula. The computation included lines 

of both R and P branches up to J = 300 (well over 99% of the total 

rotational population), for all bands with v" = 0-5 having origins within 

2-3 filter half-widths on the red side and 3-4 half-widths on the blue 

side of the filter transmission maximum. 

The results are summarized in Table 4. The distributions for the 

5010 and 5091 filters are guesses based on the conclusions of Steinfeld 

2 
and co-workers (1969). All other tabulated values resulted fran the compu-

tation procedure outlined above, except that sane "guessed" F-C factors 

were used in the calculation for the 5166-A filter. It is interesting 

to note how difficult it is to absorb into low v' levels at the red end 

of the spectrum. For the 6037, 6129, and 6239 filters the v' population 

distribution changes only slightly, while the v" distribution shifts to 

higher levels, as the abs:IDrption "climbs" up the right-hand wall of the 

X-state potential curve. The average r-centroids descriptive of the 

absorption process· change· only slightly -- fran 2. 701 A at 11.5462 to 

2.806 A at 11.6239. 

l. The value of Steinfeld, et al. for CI€Ye' appears to be missing a 
minus sign. With this change, the caaculated energies are in agreement 
with earlier results of Steinfeld, Zare, Jones, Lesk, and Kiemperer (1965). 
Verma's ·~G values were used to produce the constants (l,)e = 214.577, m Xe = 
.6524, WeYe = .005974, for~;the first six vibrational levels of the gfound 
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' ~ 6o should 
be sui table 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 diffeza.. 
ing revalues. Therefore only levels to v' = 47 were obtained. 



Table l.f. Filter characteristics and 12 B ~x excitation distributions 

Wavelength Maximum Half-width 
. ~A} Transmittance ~A~ . v' levels , v" levels 

4919 .60 66 (continuum) · 0 ( 5% ) '1 (40% ) '2 ( 4 5% ) 
5010 ·59 30 75-95 0 (20%),1 (40%),2(35%) 

5091 • 73 28 55-75 o ( 45%) ,1 C:JJ%) ,2 (2C/fo) 

5166 • 78 47 40 (5%),41.; (9%),42 (11%) 0 (67%),1 (25%),2 (8%) 
43 (11%),44 (9%),45 (7%) 
46 (5%) 

5277 .77 50 33 (12%),34 (20%),35 (21%) 0 (93%),1 (2%),2 (4%) 
36 (15%) ,37 (9%)' 38 (5%) 

5462 .77 51 24 {9%) ,25 (24%) ,26 (25%) 0 (81%),1 (13%):,2 (5%) 
27 (16%),28 (lo%),29 (5%) I 

f-' 

5594 . 56 19 ( 6%) ,20 (19%) ,21 (21%) 0 (56% ) '1 ( 4:0% ) '2 ( 1% ) 
f-' 

• 73 OJ 

22· (20%),23 (17%),24 (8%) 3 (3%) 
I 

5690 .45 138 16 (6%),17 (11%),18 (16%) 0 (39%),1 (53%),2 (5%) 
19 (18%),20 (17%),21 (12%) 3 (3%) . 
22 (8%) 

·5896 • 78 58 12 (9%),13 (21%),14 (20%) 0 ( 8%)' 1 ( 44% ) '2 ( 42% ) 
15 (24%),16 (14%) ' 3 ( 2% ) ' 4 ( 3% ) 

5922 • 72 85 11 (6%),12 (14%),13 (21%) 0 (6%),1 (41%),2 (45%) 
14 (21%) ,15 (19%) ,16 (10%) 3 ( 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 (2%} 

'. 
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Table 4 (continued) 

Wavelength Maximum Half-width 
(A) Transmittance (A) 

= 6129 .54 84 -

6239 .37 96' 

v' levels· 

8 (9%),9 (18%),10 (24%) 
11 (24%),12 (14%),13 (5%) 

6 (5%),7 (13%),8 (22%) 
9 (26%),10 (20%),11 (lo%) 

01 -,, 

v 11 levels . 

0 (0%),1 (8%),2 (39%) 
3 (45%);4 (6%),5 (2%) 

0 (0%),1 (2%),2 (19%} 
3 (50%),4 (28%),5 (1%) 

a 
t::· 
"' • 

-··· ---------- ----------
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According to Kronig's (1928) results the predissociation rate for 

the transition 0+ ~ 1 should be proportional to J(J+l). In that case 
u u 

the "effective" v' distributions might more properly be calculated by 

including this J dependence in the sum (2}. The effect would be to shift 

the distributions to slight Jy lower v' levels, with perhaps 6v' = -1. 

In the present study spectral resolution was too low to allow for a 

meaningful analysis of k in terms of individual rates k (v' ), so 
p p 

this modification was not felt to be worthwhile. A method for observing 

the predicted -'J
2 

dependence will be described below. 

~. Possible Systematic Errors 

a. Geometrical, Thermal, andAssociated Complications 

Previously we noted the anomalous behavior of the yield function 

at low P(I
2
). There ~re a number of.'possible complications which could 

account for the small slopes in the low-pressure data plots. Fortunately 

we can dismiss most of them forthwith~,. 

It is doubtful that 11 geometrical" errors could have been introduced 

into the procedures in other than random ways, in which case they would 

detract fram the precision of the results but would not affect the 

accuracy. The focusing of the tungsten lamp, the masking of the con-

densing lenses, and the positioning of the cell at the outset of each run 

were all operations which could conceivably introduce wavelength-dependent 

differences. A more serious problem was 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 checked for the possi-

bility of atom production outside the visible region. Absolutely no 

signal was observed for excitation in the UV and IR spectral regions. 

In the arrangement used in these experiments (Fig. 6) the image 

of the tungsten filament was focused rougply in front of the fluorescence 

window in the predissociation cell, diverging only slightly at both ends 

of the cell. This arrangement insured that virtually a~l atoms were 

* produced in a region removed from the cell walls, since the I 2 (B) 

molecule can travel less than 1 mm during its lifetime •• On exiting, the 

light beam was directed through the iodine atc:rnic source. This had no 

apparent effect on the lamp as indicated by the constancy of the scattered-

light background signal on irradiation by the unfiltered tungsten lamp 

with the r2 frozen aut of the cell. 

The presence of r,esidual concentrations of at ans, produced by 

visible absorption from the iodine lamp, could lead to concentration-

dependent errors. If the recombination of the I-atams is not strictly 

linear, the relation between the yield function and the incremental 

atanic concentrations will be different at high and low P(I2 ) values, 

because the background atomic concentration increases with P(I2 ). Of 

course the signal vs. [I] dependence changes even more radically, as 

the background included fluorescence from r2 and the residual I-a tams. 

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 quadratic form used for the correction. 

(To check on this, a few points were measured at P(I2 ) = 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 fran negative values to 
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values near the anticipated results in the low-pressure yield function. 

plots. 

All thermal complications in the ex-periments were negligible. 

Heating by microwaves and by the discharge lamp increased 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 impossible for the low exciting-light levels used. A rough 

calculation shows that at most one in 200 I 2 molecules absorbs a photon 

(energy ~75-100 kT) in each second. At the low pressures of these 
. .· 2 4 

experiments, each I 2 molecules collides with tbe walls 10 to 10 times 

per second. Furthermore most ( ~6o-8oc%.) of the absorbed energy is dissi-

pated in recombination at the walls, so the temperature gradient in the 

cell must be exceedingly small. As with the other problems, thermal effects 

can not possibly explain the variety of slopes observed in the low-pressu:r'e 

data plots. 

Dissociation of r2 by microwaves was considered by Wassermann, et 

al. (1968b) and found not to occur. A quantitative estimate of this 

possibility could not be obtained from the present work, but no changes 

were observed when the cell was shielded with metal foil. 

b. Non-linear Absorption 

Non~linear absorption is a likely cause of the variation in slope 

. . [I J 
f'or the low-pressure data. The second term in the expansion of (1 - e -<:xy 2 ) 

has a negative sign, which would tend to decrease the slopes. The effect 

would be more pronounced in regions where the absorption cones from a few 

very strong lines and would be nominal in r~ion s where many weak lines 

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

at 4919 A can be assumed linear for all iodine concentrations used here. 
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We can estimate the magnitude of the effect using the line absorp-

tion results of Chutjian and James (1969). From the relationships in 

(III-A), we calculate an A value of 2.1 X 10
4
/sec for an individual rotational 

line in the (25,0) band at -5460 A. The corresponding k value for a 
0 

Doppler absorption coefficient is k
0

(cm-1) = 5.6 X lo-15 N. At room 

temperature the fraction of I 2 molecules in, for example, the J" = 30 

level of v" = 0 is .0050; and k P. = .20 for the prediss6ciation cell at 
0 

P(I2 ) = 20 mtorr. From Eq. (III-B-16) we see that the deviation from 

linear absorption is 6-7% for this particular line (R or P) under these 

conditions. 

We may broaden this approach to include all the rotational lines 

in the band. Then the total band absorption, assuming no overlapped 

rotational lines, is proportional to 

and 

so that 

B.A. 

Band Absorption o: 2: [ (k
0

P.) J -
J=O 

6 -14 
.5 X 10 NJ,v" O 

0: 
[NJ, v" = 0 

(3) 

( 4) 

2 
NJ v" =0 + • • •] 

' 
( 5) 

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

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

2: 
NJ,v" = 0 

NT 
(6a) = ---

1.55 

N2 ( :~55r 1 2: 
2 -2{8r/I' )J(J+l) 

2: 
J,v~= 0 = -2- (2J+l) e 

qr (6b) 

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

case approximately 



so that 

( N )2 
-1.~5 

Therefore the desired ratio is 

2nd term 

lst term 
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1 
2 q 

r 

= 
·~ 
(l+'T) 

J7f7i:: . 
(1 +,T) 

(7) 

(8) 

(9) 

With an iodine pressure of 20-mtorr, the deviation fran linear absorption 

is accordingly 8% for the (25,0) band.
1 

This value was calculated assuming 

I Rel
2 

= .837 debye
2

• Mulliken
2 

has est ina ted a value of 1.34 for lR~I 2 , 

which would increase the non-linearity to ~12%. Allowance for overlapping 

lines could raise the deviation considerably. For example, when the 

rotational constants fulfill the relationship (Bv)Bv") = 2~ for 

integer values of n, the lines R( J) and P( J -n) will coincide exactly 

when the terms in ~(J+l) 2 
are negligible; and the deviation fran linearity 

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

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

thcugh, the probabilities for coincidences of strong lines will be small, . 

so that overlapping lines should raise the deviation only 2-3% (absolute). 

From Fig. 23 the yield function for 5462-A excitation is 7{o lower 

at 20 mtorr than at P(I2 ) = 0. The calculated increase from quenching, 

t[king T = 6.7 X 10-7 sec and k = 1.53 x·lo
4
/(sec mtorr), is 7.5%. The 

q 

1. The inclusion of additional terms in the equivalent width relation
ship will decrease this value a bit. For instance when (k0 L) is .jo, the 
2nd term is 10.8% of the lst in absolute value, and the 3rd is .87%. 

2. See the discussion below on continuum contributi-ons to the total 
absorption. The value 1.34 is calculated from Mulliken's ~evised dipole 
strength of 582 X lo-20 cm2. The latter is obtained from the extinction 
curve, but it is not clear which curve was used. 



non-linearity in the absorption would give a net change of - -4% in Y 

at 20 mtorr, in fair agreement with the observations. The behavior of 

Y at 5091 and 5166 A, and in the 5900'A region is :ln ·near agreement 

with predictions from Chutjian's (1966) results; and we note that in these 

regions the absorption is spread out among a larger number of weaker lines, 

so the total absorption is expected to be more linear. The results at 

6129 and 6239 A should likewise display little deviation from linear absorp-

tion; unfortunately they do differ markedly fran expected behavior. Con-

sequently the non-linear absorption effect must be accepted as only partial 

explanation for the anomalies. 

The values for the zero-pressure intercepts cannot possibly suffer 

from non-inear absorption complications, because points were measured at 

pressures down to 1.5 mtorr, where deviations are entirely negligible 

for all wavelengths. Similarly the high-pressure intercepts should be 

free of such effects, though such phenomena as collision-sensitized 

absorption could lead to errors. Such a possibility seems remote, parti-

cularly for the low N2 pressures employed here. 

Several authors have discussed the phenomenon of pressure-narrowing 

of rotational :Lines in electronic spectra of some diatbmic molecules 

(Breene, 1957; Bird, 1963). If this phenomenon occurs in I 2, it must 

of course· ii:ncreas e the deviation fran linear absorption and lead to 

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

the magnitude for such an effect can be given by this writer at present. 

c. Metastable Iodine Atoms and 13 
Earlier we discussed the relaxation of I(

2
P1; 2) atans in a semi

quantitative way and argued that any errors from these complications 

should be small, though possibly not negligible. Quantitatively we 

II 



~126-

2 2 
can show that the ratio of P1; 2 atoms to P

3
/ 2 atoms produced in steady-

state excitation into the continuum is 

k ' w 
k ' + 2k w Q 

( 10) 

where kQ represents the total rate for relaxation to the ground state by 

all processes. k ' is the wall-recombination rate, ass'UI!led to be the sa;me 
w' 

for both types of atoms; it is a function of P(I2 ) and P(N2). From the 

results of Donovan and Husain, we calculate the constant kQ to be 

(8 + 67 + 260)/sec = 335/sec when P(N2 ) = 10 torr and P(I2 ) = 1.6 mtorr. 

The three terms in the sum represent radiative decay, quenching by N2, and 

quenching by r2 , respectively. From the earlier discussion k 1 is guessed 
w 

to be less than 30/sec, giving a ratio of -.045 in (10), for an error 

of less than 3% in Y max 

A comparison of the observed values for Ymax with those calculated 

from the extinction coefficient of Rabinowitch and Wood reveals a dis-

crepancy of -25% as indicated in Table 5. The calculated Y values max 

were taken from the product of extinction c c:efficient, filter area, and 

the black-body quantum flux. (including emissivity correction) at each 

peak transmis_sion wavelength, all relative to the excitation at 4919 A. 

The 25% disparity ma.y be indicative of an incorrect value for the extinction 

coefficient Ev at -4900 A. In this regard, it may be noted that Rabino

witch and Wood (l936b) 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 limit and calculated the relative absorption, 

in the three regions they investigated, fran their own extinction coeffi-

c ient measurements. On the other hand extinct ion 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 Y values with those max . 
calculated from extinction curve of Rabinowitch 
and Wood 

y 
Wavelength y (obs) y (calc) max 

(A) max max Y (calc) max 

4919 1.00 1.00 1.00 
5010 .66 .59 1.13 
5091 .92 . 76 1.21 
5166 1.84 l. 50 1.23 
5277 2.15 1.69 1.27 
5462 2.20 1.64 1.34 

5594 2.04 1.52 l. 34 

5690 2.20 1.91 1.15 
5896 .96 . 76 1.26 

5922 1.19 ·95 1.25 
6037 .96 . 74 1.30 
6129 . 50 
6239 .29 

II 
. •t' 



. . . 
gases they used. In that case one would still expect the values to be 

good in regioris of' weak absorption by many lines, and the observed/ calcu

lated ratio in Table 5 should decrease to ~1.0 f'or these regiaris. 

By allowing f'or the possibility of' a very high sticking probability 

2 
f'or P1; 2 atoms in wall collisions, we might increase the explainable 

disparity hetween observed arid calculated Y values to 10-15%, certainly max 

no more. Thus it seems likely that reactions of' the type (B-7) may be 

non-ignorable. 

I (
2

p
1

/
2

) + M -+ IM 

I (~1/2 ) +AM -+ IM + A (B-7b) 

When spectroscopic~grade argon was used as a quencher, the results were 

in good agr,eement with those measured using N
2

, so the latter seems a 

poor candidate f'or M in (B-7)l" I
3 

is thought to be a fairly stable com

plex by some kineticists, but its existence has never been proven by direct 

methods. If' I 2 can react preferentially with 
2

P
1

/ 2 I atoms and tie up 

an appreciable fraction of' the latter in the I
3 

compiex, experimental values 

of' Ymax will be too large. This hypothesis:m.J;ld predict yields !~ 

than unity in the work of' Rabinowitch and Wood (unless I
3 

absorbs strongly 

in the region of' the I 2 B-X system), because their I-atom concentrations 

were determined f'rom the decrease in the I 2 visible absorption. The results 

of' both studies are consistent with the following mechanismt · 

I (2P3/2) + I2 

I (2Pl/2) + I2 

Iy~ 

k2 
)' 

) I3 (lla) 

I3 (llb) 

1. Results at six wavelengths using P(Ar) = 10 torr were all. lower 
than the fitted curves for N2 in Figs. 19-30. The average discrepancy was 
-3.1%, in keeping with the lower efficiency of Ar as a quencher of' I2*(B) 
(Berg, 1933) . 



I3 +I ~-4 2 I
2 

(llc) 

k4 2 I + M > I2 +M+ I ( p3/2) 3 
(lld) 

~ must be much greater than k
1

, because the overall recombination is 

predominantly heterogeneous; and k3 must be large enough to keep the 

stationary-state I
3 

concentration low. Furthermore (llc) must be signif'i

cant relative to (lld), or the net reaction is simply the quenching of' 
2 .. 

I( pl/2)' 

At low pressures we should consider, in addition tq (ll), the reactions 

2 2 
of' P1; 2 atoms with the walls. If P1; 2 atoms are removed f'ran the reac-

tion;·vessel with probability unity per wall collision, the values of 

Y . walid be too large by nearly a f'actor of' 2. The error would decrease 
m1n 

with P(I
2

), as an incrmsing f'ra.ction of' the (l/2) atoms relax to (3/2) 

bef'ore reaching the cell walls. The "well-behaved" data at 5091, 5166, 

and 5900 .A show that such ef'f'ects must be small. Furthermore if'.' such an 

error were large, we might expect to f'ind same Y values measured at low 

P(N2 ) lower than ~he measureg. Ymin: None of' the data plots exhibits such 

a behavior. 

high. 

We conclude~.:that the results for Y . are at most lef/o too. mln 

One additional process involving I
3 

should be mentioned: 

I + I 
3 

(12) 

If' the quenching proceeds in this manner, with (llc) accounting f'or the 

removal of' I3' the net slope in the low-pressure yield function would· 

be. halved .. Also, the ef'f'iciency of' (12) cruld vary with v'. There is 

no reliable way of' evaluating this possibility in these experiments, 

though the results f'or k at 5091 and 5900 A indicate that the quenching 
q 



in those regions follows the conventional mechanism, (B-ld). 

In conclusion it is felt that most the deviations fran the predicted 

behavior for Y in the low-pressure plots can be attributed to effects of 

non-linear absorption, with a possible error of + 10% in Y . because of mln 

wall reactions involving 
2

P1; 2 atoms.
1 

If the error in the relative extinc: 

• • • 011_ 2 t tion coefflclents lS lJp, he measured values of Y may be in error by max 

+ lOr{o, 
. . 2 . 

due to small steady-state concentrations of P1; 2 atoms·and reactlons 

of the type (11). The possible systematic errors in Y . and Y are both . mln max 

in the same direction, so that the error in the quantum yield is felt to 

be less than lor{o from all processes considered here. 

3. Continuum Absorption in the Banded Region 

a. Calculations and Comparisons 

The results in Table 3 say nothing abcut the relative contributions 

of direct dissociation and spontaneous predissociat ion to the total first

order dissociative yield. Mulliken has predicted that the lulu ~tate 
should contribute lor{o of the total absorption strength in the visible 

. 3 
bands of I 2 • The present total yields compare favorably with the results 

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

1. The abnormally low slopes for wavelengths 6129 and 6239 remain 
somewhat puzzling. None of the hypotheses is couplet ely satisfying, 
though the anomalies are probably due to wall reactions of 2F1 ;2 atoms 
and slight errors in the non-linearity calibration procedure, ~hich are 
nagnified at these low Y values. 

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

2 3. Mulliken's revised dipole strengths are 8.8, 33.6, and 582 X lo-
4 

A for the A+- X, lrr1u +- x, and B +-X systems, respectively. The relative 
absorption strengths must include a factor of 2 for the doubly-degenerate 
Jn1u state. 
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which tends to support Mulliken's assessment. On the other hand C and J's 

results for absorption between rotational line~ indicate the lulu ~ X 

contribution may be as nru.ch as 25%. In that case the apparent agreement 

between total yield and predissociative yield may be fortuitous. 

We may approach the question of t lE underlying continuum in a 

different way. C and J give ·values for I Rel
2 

for the discrete transitions 

B ~X. We cari calculate from these a low-re·solution extinction coefficient 

and compare it with the measured €v. Any disparity might be attributable 

to additional transitions falling in the same spectral region. 

Most of the work for such a computation has already been done in 

assigning the (v',v") distributions for the absorption process. If we 

consider the absorption coefficient .~ to be a low-resolution parameter 

for the band absorption, we can write 

J k 
v 

F v dV = l v. -2 
A. F . N. 

l l Vl l 
(13) 8rrc 

based on the expressions in Section III. Fv is a sort of resolution 

parameter, in this case the interference filter transmission profile. 

The calculation could equally well be done for a rectangular "slit" of 

arbitrary breadth. However if the breadth is made too narrow, the 

result fork may show vibrational structure. The sum is carried out over v 

all rotational lines of significance for the "filter" F v. 

slowly with respect to Fv' we have 

= kv fFvdv 

arr3 N 
= ---3hc qr qv 

• ! 

If k varies 
v 

(14) 

I 
I I 
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When v. is averaged and removed from under the summations :ign, the remain
l 

ing sum is precisely the result from the earlier calculations; Eq. (D-2). 

For JF dv we take the area under the filter in Angstroms and c orrvert it v 

to em-\ for this calculation the error introduced by this rough conversion 

in negligible. The r:artit ion functions q and q have been given earlier 
r v 

as 5.55 X 103 and 1.55, respectively. (€. is again the energy above the 
l 

lowest level.) The value found for IRel
2 

by C and J for the (25,0) band 

2 
was .837 debye . For the 5462-A filter. 

-1 fF dv = 41.8 A or 140 em . 
v 

The value for the sum (with v removed) in (14) was found to be 353, and 

. 1 . 1"' v is taken to be 18,300 em- . The resulting value for kv(cm- ) is 

8 
-18 

1. 7 X 10 N. Using (III-D-9b) we obtain a value of 490 liter mole -l 

em -l for the decadic molar extinction coefficient. 1 

The number 490 compares rather poorly with the value -675 taken 

from the curve of Rabinowitch and Wood. Similarly the calculated (using 

!Rel
2 

= 1.14) extinction coefficient at 5896 A is 167, ~r 1'5fo lower than 

Rand W's value of 200. However, from C and J's data. for absorption 

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 ~ 

respectively, which brings their results into excellent agreement with 

Rand W's extinction curves. These values represent 2ryjo of the total r2 

extinction at their respective wavelengths; this indicates that the lnlu ~ X 

absorption 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 Ev is exactly the same as that given by Eq. (14~ 



The matter of the effect of preisure and path length on the _absorp-

tion spectrum of r2 has an interesting history, having gone through two 

' complete cycles in the literature already. The first apparent measure-

ment of the gas-phase extinction coefficient was reported by Vogt and 

Koenigsberger (1923). They used saturated r2 vapor at several temperatures 

from 48 to 4oo C; their results varied radically with both temperature 
. . 

ani pressure. Loomis and Fuller (1932) noted the; appearance of increased 

absorption for v' > 12 when oxygen was added to their absorption cell; they 

ascribed the effect to an increased transition probability due to a 

collision-induced predissoc iation. Kondratjew ahd Polak (1933) carried 

this line further. They located three apparent maxima (at v' = 22, 29, 39) 

in the absorption of r2 in the presence of N2, o2 and HCl, which they 

attributed to increased absorption strengths due to crossings of the B-
. . + . . . 1 

state potential curve by one (o g) and two (1 ) states. Unfortunately u . 

they failed to consider the dependence of the effect on path length and 

r2 concentration, which would have been crucially important in their 3 -meter 

cell at thei~I2 pressure of .188 torr. In 1936 Rabinawitch and Wood 

remeasured the extinction coefficient, using various pressures of air, He, 

and Ar to broaden the absorption lines. At low :t:oreign-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 all three gases. Since further increases in 

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

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

length and dismissed the not ion of strengthened absorption from induced 

predissociat ion. 

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

!il 

!!j ,, 



The "limiting" curve of R and W has been the accepted extinction 

curve for r2 up to the present decade. In 1964 Goy and Pritchard re

opened the investigation, rejecting Rand W's conclusions to propose the 

existence of weak foreign gas-I2 complexes. Ogryzlo and Thomas (1965) 

then demonstrated conclusively that R and W' s interpretation was, in fact 

correct. They varied independently the path length and correntrations and 

even studied the line-broadening directly; their results leave no doubt 

that the irregularities in the absorption spectrum of r2 are a function 

of t be detailed nature of the discrete line absorption. 

Although the apparent anomalies in the spectrum have been attributed 

to path-length problems, there may still be a weak, "smooth" contribution 

to the overall absorption strength fram foreign gas-I2 interactions. For 

example the several reported extinction coefficients differ even in the 

region of continuous absorption, where path length problems disappear 

(for moderate instrumental resolution). Furthermore, the pressure-broadened 

extinction curve of R and W is still 15-20% below tl:e absorption in inert 

solvent. Mulliken feels the limiting curve of R and W is not sufficiently 

pressurized and that it shculd agree more nearly with the extinction in 

. 1 
inert solvent. Evidently the obvious experiment -- a measurement of Ev 

.at very low total absorption, for pure r2 and various admixtu~s of foreign 

gas-- has not been carried out. Sulzer and Wieland (1952) did measure 

the extinction coefficient of pure r2 vapor at temperatures 600 to 1050 c, 

using three different concentrations and three separate path lengths. 

Although these authors iniicate tmt some s art of t:!heck on the validity 

1. Mulliken has so indicated in a letter to H. 0. Pritchard. 



of Beer's Law Wai made, they fail to note whether an extrapolation was 

necessary. In any case their I 2 concentrations were high enoUgh that 

extrapolations might not have accurately eliminated the possible pressure 

effects, even if they did demonstrate adherance to Beer's Law. Their 

integrated extinction coefficient J E'V dY/v was 1ry/o lower than that calcu

Ja ted from R and w I s curve (Brewer' et al.' 1963) . 

From the earlier evaluation of the absorption non-linearity, the 

measured value for Ev should be within 5% of the true value when the total 

absorption is less than 1'/o. Such small differences can be reasured accurate'ly 

with the proper equipment, and an extrapolation to zero absorption should 

give E values free of path iength complications. Although the author 
v 

was not prepared to carry out such an experiment with any degree of thorough~ 

ness, a cursory check on the extinction yielded values of €~5277 = 680 liter 

1 -l -l d 410 b th 1 th · R and W' s 1· · t · . 1' 2 
mo e em an €~-.4919 = , o ower an 11n1 1ng curve. 

The ratio €~5277/€~4919 = 1. 67 is in fair agreement with the experimental 

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

ing extinction curve of R and W may be in error, particularly in the 

region of continuous absorption~ More precise measurements are rEeded to 

provide a definite answer to this question. 

1. In a 13.7-cm absorption cell a pressure of 30.5 mtorr ~ gave an 
average of 2.9'/o absorption with 12'/o standard deviation at 5277 A. This gives 
an apparent absorption coefficjent Ey = 574, but the non-linearity at 3% _1 _1 absorption should be about 20'/o, giving a corrected value of 68o liter mole em • 

At 4919 A,. .J_61 torr I 2 gave 10.~ (±.6%) absorption for an extinction 
coefficient of 4o8. No correction is warranted here, because the absorption 
is suppooed to be continuous. The value 4o8 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. 
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b. Experimental Observations 

It was difficult to assess by experimental methods the contribution 

of direct dissociation to the total atomic yield in these experiments. 

Inserting an I 2 "filter" into the path of the exciting light demonstrated 

that a sizeable fraction of the atans ~were caning fran discrete line 

absorption, as expected. A 5-cm cell containing I 2 at room temperature 

decreased the signal by 2r:Y/o at 4919 A, 46% at 5462 A, and 31% at 5900 A; 

the measured law-resolution attenuation by the I 2 filter at these wave

lengths was 25%, 25% and 21%, and a blank gave a 13% decrease. From pre-

vious calculations we would expect the useful narrow-line exciting radiation 

to be even more canpletely eliminated by the filter than indicated by the 

46% decrease at 5462 A. Therefore the continuum contribution appears to be 

appreciable. 

In the calculation of the (v' ,v") distributions we obtained values 

for the summed excitation given in Eq. (D-2). If we divide the observed 

Y values ( correc·ted fo; the relative black-body distribution of the tung-max 

sten lamp) by the summed excitation (includirg v dependence), and plot 

these values versus v'' the resulting curve should be nearly linear, with 

deviations from the horizontal indicative of the variation in !Rel
2 

for 

the absorption. If continuous absorption contributes to Y , the curve 
max 

may be less well-behaved. 

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

Clearly something intersting is happening at v' = 12 and below. It is 

unlike~ that !Rel
2 

is changing so suddenly over this narrow range of v', 

so the sharp upswing undoubtedly represents the onset of another transition, 

probably involving the continuum of the A(3n1u) 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 Ham (1954), except that Fig. 32 shrns 

the A +-X continuum extending further toward shorter wave lengths than has 

l 
generally been supposed. At 6240 A, the A +-X ccntinuum amounts to at 

least 45% of the total absorption. Unfortunately data were not recorded 

at longer wavelengths. 

The apparent extension of the A +-X absorption to shorter wavelengths 

is consistent with the possible 2'5'f; contribution of tre lulu+- X absorp-

tion to the total visible band strength. Mulliken's calculations (1934, 1940) 

relate absorption strength for the 
1rr1u +-X transition to the positions 

and relative strengths of the A +-X and B +-X systems. A shift to shocter 

wavelengths for tre maximum of the A+- X absorption.corresponds to increased 

strength for the lulu +-X absorption. The latter is, not manifested in 
! 

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

where a parallel absorption is indicated. This behavior is also ccnsis

tant with tbe presumed location of tbe 
1rr

1
u state (shown in Fig. 34). 

The trend in the points for v' > 12 in Fig. 32 demonstrates that 

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

relative change in IRe!
2 

with v' is in close agreement with the findings 

of C and J. In the limit of large internuclear distances the value of 

'Rel 2 
t d mus ecrease 

. 2 2 
and approach the value for the weak P1; 2 - P

3
/ 2 atomic 

l. Locating the maximum and assessing the relative strength of the 
A +-X absorption requires resolving tbe visible and infrared spectrum into 

. two peaks. ·The outcome of such a resOlution, carri e:l: out in an "eyeball" 
manner, may reflect the designs of the investigator.: When the Franck
Condon factors can be calculated accurately (as is the case for 12 B-X), the 
resolution can be carried out unambiguously, as was ~one here. 

2. Recall that, for absorption from low v" levels, the r-centroids 
decrease with incre:~.sing A. and v'. Values given earlier were 2.806 A and 
2.701 A for 6239 and 5462 A excitation, respectively. 



-l;g ... 

transition. Therefore I Rel
2 

must possess a maximum value which falls 

in the neighborhood or r = 3.0-3.4 A. The decr•ase for r < 3~0 A is an 

unexpected result; it may, hbwever, indicate the a.pproach to case (a) 

coupling, where the 3rru - lzg + transition bscanes ~in-prchibited. 

In assessing the relat'ive contributions of continuum absorption 

and spontaneous predissociation to the total dissociative quantum yield, 

1 
we must ~rbitrarily assign the contribution fran the parallel TI1u +-X 

absorption. The value 2o% is reasonabfl.y consistent with both Mulliken's 

predictions and C and J's results. Equations (B-14, 17) can be used to 

achieve the desired resolution. 

The resulting analysis is given in Table 6. The tabulated lifetime 

values represent rough averages of the results of Chutjian (1966), Wolff 

(1967), Cunningham (1968), and Grimes, 
1 

summarized in Table 7. All values 

in parentheses ar'e based on ~ values obtained fran a smooth interpolation 

of the points in Fig. 33, where the resolved total radiative decay rates 

are plotted versus v' . Four po~nts calculated by C and J fran absorption 

measurements are included for comparison. 

The results are very encouraging. We see that the radiative decay 

rate varies smoothly with v', as would be expected fran the behavior of 

the average v3 and r-centroid va Jues; and the irregul.ari ties in the total 

decay rates reported by Chutj ian and co-workers ( 1967) are in general 

accounted for in terms of the competing spontaneous predissociation, 

which fluctuates in magnitude with v'. Chutjian (1969) has demorntra.ted 

that such fluctuations are expected for predissociation to a repulsive 

state Jying just to the left of the E-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 r2 visible absorption and B-state 
decay processes . 

Abso;sEtion ~*(B) Decay 

Wavelength Fraction Fraction Fraction Fraction l~-r A · k T p 
~A} Continuum Banded Fluorescence Predissociation ~10 bee) {lo5[sec~ ~lo5[sec) 

5010 .80 .20 -37 • 63 6.7 2.5 4.2 

5091 • 40 .60 .50 • 50 6.2 3.1 3.1 

5166 .2§) -75 .50 ·50 4.7 2.4 2.3 

5277 .20 . 80 .42 . 58 . 9·7 4.1 5.6 

5462 .20 . 80 .34 .66 14.9 5.1 9.8 

5594 .20 .8o .42 • 58 15.8 6.6 9.2 I 
I-' 
+="" 

5690 .20 .80 • 51 • 49 (13.7) (7.0) (6.7) 0 
I 

5896 .20 .80 . 83 .17 9.4 7.8 1.6 

5922 .20 • 80 .82 .18 (10.1) (8.3) (l. 8) 

6037 .30 • 70 .66 .34 13.7 9.0 4.7 

6129 • 45 • 55 .59 • 41 ( 15.3) (9. 0) ( 6.3) 

6239 • 55 .45 .27 . 73 (35) (9.4) (25) 

( ) - based on "smooth" interpolation of ~ values from experimentally measured -r values. 
<!, 
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· Table 7. Summary of measured lifetime values 

Wavelength Chutjian 
(A) . (Phase-shift) 

5011 1 17.5 ± 1.5 

5087 42.2 ± 6 

5168' 24~1 ± 3 

5277 9.66± ·5 

5461 7.69± .3 

5592 6.89± ··33 

5895 11.4 ± .6 

6040 6.79± • 33 

.'.r (lo-7 sec) 

Wolff 
(Direct Decay) 

(9. 99) ' 

11.3 ± .'8 

(10.8) 

( 8. 4o) 

6.28::± .. 40 

(6.74) 

8.02± -55 

(7.16) 

( ) -
inexhaustive 
measurements 

* 1 MHz modulation frequency 
t 360 kHz modulation frequency 

Grimes Cunningham 
(Direct Decay) . (Phase-Shift) 

9.8 ± 4 

16.8 ±l 

18.9 ± 4 

6.42± .3 

5.78± .3 

13.1 ± l.l 

8.3 ± 3-5 

* 19.7 ± 2.0t 
20.6 ± 3.0. 

* 5.66 ± .6t 
7.4 ± .4 
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and "out of step" with each other. It is interesting to note that k 
p 

is predicted to be ..:.25 X 105/sec at 6039 A (based on the smooth extrap-

olation of the A.r values in Fig. 33). As a result the B-state lifet:ime 

for excitation at this VJa.velength should be -3 X 10-7 sec, much snaller 

than any heretofore measured value. 

There is one apparent inconsistency in Fig. 33: C and J's calculated 

radiative decay rates fall noticeably below the experimental points for 

v' < 20. In view of the uncertainties involved in both works, the dis-

crepancy is not terribly alarming. For example C and J assume a constant 

I Rel
2 

value of 1.03 debye
2 

in calculating their total transition rates. 

Since IRel
2 

apparently attains a maximum value greater than -1.15 at 

some internuclear distance beyond 3 .o A, these calculated rates could 

easily be too low. An increase to an average value ofiRJF = 1.30 for 

I 

emission from v' = 12 would give respectable agreement between the two 

studies. 

From Fig. 33 the lifetime value at 5166 A would appear to be too 

great. The value used here was an average of the numbers obtained by 

Grimes and Chutjian; Wolff's sketchy results are in better areement with 

the measured atomic yields. Ezekiel and Weiss (1968) measured an even 

longer lifetime of 30 ± 5 X 10-7 sec in this region. They used 5145 A 

excitation from an argon-ion laser, so they were exciting low J va Jues in 

the (43,0) band, .whose origin falls 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) dependence in k . 
p 

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 increase at short 

wavelengths is based on a semi-quantitative resolution of B ~X absorption 
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into a "contimium" peak and a "banded" peak, recognizing that the maximum 

in the former may actually lie to the red of the dissociation limit at 

4985 A. These appears to be widespread neglect of this point in the 

literature.~' ;2 At room temperature, .only 65% of the r2 molecules are in 

the lowest vibrational level. For v" = 1,2,3 the dissociation limit falls 

at 5038, 5093, and 5148 A, respectively. 3 Furthermore the Franck-Condon 

principle favors absorption by excited v" levels over the groond level 

for radiation in the 5000 A region. 
2 

Thus the dissociation c mtinuum 

of the B +-X system extends a considerable distance into the 11discrete" 

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

4. 

a. 

* Collisional Quenching of r2~ 

Review 

The quenching by foreign gases of tre visible fluoresence fran the 

B state of r2 has been the subject of numerous investigations in the last 

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

that the apparent reddening of the fJuoresence light indicated the effect 

l. A good example is the study by Callan and Wilson (1967) of t re 
reactions of 2pl/2 I-atams with propane. They attributed same 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 discussion here. 

2. Steinfeld and co-workers (1969) suggested that, because of the rela
tive paucity of rotational structure near the (v"io) dissociation limit, more 
than one continuum may be involved in the absorption. They point out that-:· ,, 
the Franck-Condon factors for transitions(v',O) are very small for v' levels 
near the dissociation limit; ·by the same token the continuum absorption 
from v" = 0 must be practically negligible. The F-C factors are more favor
able for absorption out of excited v" levels, so that most of the absor}?tion 
in this region is probably still B +-X, though present indications are that 
lTI1u +- x-n:ay contribute ~2ryfo. (The latter transition could contribute more 
than 2ry/o if the two absorptions are not quite parallel, i.e. if the lnlu 
potential curve crosses the E-state curve as shown in Fig. 34.) 

3. For J" levels of appreciable population (30-6o) these limits lie 
10-20 A farther to the red. Thus the often quoted 4995-A convergence limit 
represents a "practical" limit. 

····;""· 



was stronger in the green bands. Berg (1933) obtained a quantitative mea

sure of the quenching by r
2

, N2, o2 andAr; his results for Ar in three 

different spectral regions supported the previous observations. Turner 

(1928, 1931, 1932), by detecting atomic resonance-line absorption, demon-

strated convincingly that grcund-state I-atans were being produced in the 

quenching process. He further suggested tbat this collisional predi ssocia-

tion might be due to enhancement of a weak spontaneous predissociation. 

The work of Rabinowitch and Wood (l936b) further confirmed the predissocia

tive mechanism. The absorption studies of·Loomis and Fuller (1932), 

Kandra tjew and Polak ( 1933), and Goy and Pritchard ( 1964) were interpreted 

in terms of collisional predissociation but were later shown to be in 

error. (See the discussion above.) 

Eliashevitch (1932),. and R~ssler (1935) observed that vibrational 

energy transfer was about as probable as collisional quenching for a 

number of fore~g~ gases, and that both mechanisms had rates exceeding 

the gas-kinetic collision rates. The works of Arnot and McDowell (1958) 

and Polanyi (1958) supported these findings, but a more realistic esti

mate of the unimolecular I 2* (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 

for the great effie iency of r2 as a qu:encher, Polanyi suggested that the 

mechanism in this case might involve a sensitized predissociation; in 

.which I 2 * transfers it energy to its collision partner and the latter 

·dissociates, leaving the originally excited molecule in a vibra tionally 

excited level of the grcund electronic stat e. 

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

hensive experiments on collisional quenching and energy transfer (1964-

1966). Some of their rates may be as much as 30-5C1fo too h:igh fran failure 
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to properly take into consideration the nature of the fluorescence function 

discussed in (IV-A). However, even with such corrections their results 

display a v' dependence. On the other hand the definitive work by Chutjian, . 

et al. (1967) showed clearly that the I 2 self-quenching cross sections 

vary only ~lo% with excitation from 5000 to 6000 A. Their results have 

been supported by other direct lifetime measurements (Wolff, 1967; 

Cunningham, 1968; Grimes and Davis, 1968), and by an independent fluore

scence quenching measurement (Kummler and McCarty, 1967). If the results 

of Klemperer and co-workers be further corrected in accord with the fluctu

ating nature of the I
2
* unimolecular lifetime, it is likely that the 

apparent v' dependence for quenching by molecules other than I 2 will 

1 
disappear also. It is still possible, however, that I

2 
is such an 

efficient quencher that it "swamps" any detailed v' dependence that might 

be revealed in the quenching by other gases. No adequate theoretical 

explanation of the quenching in I2 *(B) is yet at hand; and the detailed 

nature of the process, including the states respons"iole for it, are still 

matters of speculation.
2 

b. Experimental Results 

Some quenching data can be gleaned fran the results of the predisso-

.ciation experiments. These experiments are less than ideal for such pur-

poses, because all the information is cmtained in the difference b.= Y max 

Y . • If the fluorescence fraction at zero pressure is small, systematic 
m1n 

errors in Y and Y . may negate the results. max m1n 

l. The "unquenchability" for v' < 8, DCJted by Steinfeld (1966) may 
be.~lid. Direct observations of lifetimes in this region would be useful. 
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. 



The expression for the r2 self-quenching rate has been given in Eq. (B-16) · 

as k = q 
slope 
An 

For the foreign-gas quenching we have, from (B-18) 

b. k [I2 ] 
[ Y - Y · - ( 1 + 9 

1/'r ) ] 
max 

(15) 

(16) 

Strictly speaking, Ymax and ~ are not independent variables in these 

eXperiments; but Y is statistically so precise relative to~-, that max -"M 

for practical purposes we may treat the two independently. The second 

·term in the brackets in (16) was ~1, as the r
2 

pressure was very low. 

The constan~k9T and ~T were obtained in the units (mtorr-
1) and 

(torr-
1), respective~y. The corresponding rates (kP) may be converted to 

concentration rates and thence to react ion cross sections, 

kP = ( 8kT) 1/2 
. 7TIJ. N (17) 

iJ. is the reduced mass for the collision partners, and d
2 

is the customarily 

reported collision cross sect,ion. In our case, for T = 300 K, 

2 
dr ·-r 

2 2 
:::: 

1.97 X 10-
6 ·~ 

4.42 X 10-3 kq 

(18a) 

(18b) 

The results are given in Table 8. (The necessary lifetime values 

were taken from Table 6.:} The unphysical negative values of d
2 

for r2 

self-quenching are omitted, but we can see that they lie in the region 

of strong absorption from v" = o, in line with the non-linear absorption 

explanation. (Slopes at 6129 and 6239 A were anomalously low, but were· 

also highly uncertain.) The vallles at 5900 A and nEB.r 5100 A are roughly 

2/3 those measured by Chutjian • 
..' 

The cross sections for N
2 
quenc~ing appEB.r to be smaller than 

gas-kinetic values, contrary to most previous results. In general the ~ 

·' ' 



Table 8. Collisional quenching results 

.. 
N2 quenching I2 self-quenching 

f.. (A) k t(torr-1 ) 
M: 

l(A2 ) % St. Dev. k T(mtorr-~10-2 ) 
q l(A2 ) % St. Dev. 

5011 - - - 3.4 101 73 

5091 l. 1.2 80 1.9 51 17 
" . 

5166 1.4 1.3 55 1.7 35 8 

5277 ·7 1.4 30 .35 15 100 

_9462 ·5 1.4 25 - - - I 
t-t 

5594 
··~ 

·35 1.1 20 - - - ()) 
I 

5690 .65 1.7 35 .25 15 90 

5896 2.1 3.8 25 1.0 41 22 

5922 2.2 4.3 35 .95 42 13 

6037 1.7 4.5 35 • 75 47 21 

6129 .6 1.7 50 

6239 .1 .9 160 

·; 



values agree with those obtained by Berg ( 1933) and Brown and Klemperer 

(1964), except that there appears to be a decrease in the green region, 

in disagreement with all prior studies. This apparent decrease is felt 

to be a manifestation of the previously suggested systematic error in Y 
max 

For example, if Y is lry/o high, the apparent quenching rat~s will be max 

about one third the true values for the green filters, where only 3CP/o of : 

the r2*(B) molecules fluoresce at zero pressure. For the yellow filters 

(5900 A), where the fluorescence fraction is 65%, the error in Y is max 

less important • 

Despite the problems, the results in Table 8 are reasonably consistent 

with the proposed mechanism (B-1). A method of at an detection cannot be 

expected to provide accurate collisional predissociation data when the 

fluorescence fraction is very small. However, for a molecule with lOCf/o 

fluorescence yield at zero pressure, the method is in principle at least 

as good as direct observation of fluorescence, perhaps better, in that pro-

blems involving the fluorescence function are circumvented. Direct life-

time measurements have, of course, the same advantage. 

c. Quenching Mechanism 

The absence of pronounced v' dependence in r2 self-quenching lends 

support to the suggestions of Turner (1931) ani Cunnirgham (1968), that 

the collisional predissociation is simply an ehanced spontanecus predisso-

ciation. As a third body a·pproaches an r2 molecule the potential curves 

in Fig. 34 shift about. It is conceivable that this shifting could "trigger" 

the spontaneous predissociation by improving the Franck-Condon overlap between 

the 1rr1~ and :B'. states. ·In that ~case t1le -.collisional quenching might be 

expected t0 retain some of the- j(J+l) 'dependence predicted for the span-

taneous predissociation • 

. I 
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A preliminary investigation of the emission spectrum of r2 at 

various concentrations failed to show any J deper.dence in the quenching 

(Gee and Tellinghuisen, 1969). Fluorescence and emission bands have a 

·profile which is characteristic of the temperature of the system. If the 

quenching is strongly J-dependent, the emission bands should progressively 

"cool off" as the r
2 

pressure is increased. Densitometer tracings of weak 

emission spectra from a Tesla-coil-excited discharge of r 2 at pressures of 

20 mtorr and 200 mtorr were qualitatively identical, indicating no pronounced 

J dependence in the quenching. 

Conventional ("no selection rules") collisional predissociat ion can 

occur via any one of half a dozen predicted repulsive states, to be 

rrentioned in the next topic. The author is not prepared to predict which 

of these, if any, should display a strong J dependence. The lack of 

specific v' dependence may indicate that the repulsive state or states 

responsible for the quenching cross the E-state curve near the minimum 

or on the inner branch. 

5. ~ Potential Diagram 

The possible electronic states for r2 have been derived and discussed 

in detail by Mulliken (1934, 1940) and Mathieson and Rees (1956). A 

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. 

There are ten states arising from 
2

P3; 2 + 
2

P
3

/ 2 atoms, ten from 

2p + 2p . "d thr . . 2 + 2p . 
1; 2 3; 2 , an ee.from P1; 2 ·.. 1; 2 • These are conveniently 

enumerated in a table given by Mathieson and Rees. Of the 23 states only 

three (X, A, B) have been observed and accepted by general consensus. 

These three plus the now strongly evident 
1rr

1
u state are shown in Fig. 34. 



The X and B curves are from RKR calculations; the A curve is a Morse 

fUnction based on Brown's data (1931); the lulu curve is the one used by 

Chutjian (1969) to calculate sample predissociation rates. The results 

bf this, study indicate tbg.t the repulsive branch of the A state may lie 

a bit nearer to the B curve than shown here. Similarly the lu ma.y be 

closer to the B state at law v' levels than indicated by Chutjian'·s 

.. -12 
.adopted r form for

4
this repulsive state. 

Of the seven remaining states which correlate with ground-state 

iodine atoms, two are predicted to be stable -- the 0- and 2 (both 3n). 
u u 

Degenkolb and co-workers (1969) have attributed the magnetic quenching of 

the B state to a Ou state, but they fail to note that there are two 

0~ states which lie in this region. The magnetic quenching is presumably 

caused by the 0~ ( 3L:+) state, which should lie above the C~ ( 3IT); so the 

latter remains unseen. The 2u state has been tentatively identified as 

the lower state involved in the famous emission system at -3450 A (Wieland 

and Tellinghuisen, 1969). It appears to have an appreciable dissocia

-1 
tion energy of 2000 ~ 2500 em and a vibration frequency greater than 

. ~ . .. . + .· ., 
100 em . The remaining states -- 3ng (0 , 1, 2) and 3~u (3) -- are all 

pr~dicted to be repulsive by Mulliken. ·The collisional·quenching likely 

involves·some or all of these. 

Aside from the B state, none of the states which correlate with 

2 2 
( P,1/ 2 + P

3
; 2 } has been seen. Degenkolb et al. located the 0- state 

u 

crossing the inner branch of the B curve, in which case the 2700-A 

continuum absorption may involve a state with these atomic products. 

Such a pictuFe is compatible with the feelings of Mulliken, but contrary 

to the interpretation of Mathieson and Rees. This region of the state 

d:iagram is in need of additional theoretical and experimental work. 
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6. Future Work 

The results for Y suggested possible errors in the extinction 
max 

curve of Rabinowitch and Wood. It was pointed out that accurate measure-

ments of €v in the limit of zero absorption should finally settle the 

question of the effects of foreign gases and solvents on the absorption 

spectrum of I
2

. Such measurements, carried out with the filters used in 

these experiments, could be used to assess more realistically the magnitude 

of the errors in Y With a measurement of the iodine atom heterogeneous max 

recombination rate in N2, reactions (ll) might be more quantitatively 

evaluated. An accurate determination of the extinction by pure I
2

, 

extended to the infrared region, could permit a complete resolution of 

the A +-X, B +-X, and l +-X contributions to the total absorption, us mg 
u 

the method present here. In addition the variation of the B-X transition 

moment could be observed for a greater range of r-centroid values; €v 

values for higher temperatures would be useful here. 

The question of v' dependence in the quenching 6f I2~( B) by foreign 

gases could be answered by direct lifetime methods. The region of low v' 

values ( <lO) seems of particular interest. Direct lifetime measurements 

·using line sources might also enable one to verify the predicted J(J+l) 

dependence of k • Alternatively a quantitative comparison of the fluore
p 

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 apparent 

temperature all in the same spectrum; the "cooler" bands would then 

correlate with greater k (v') values. 
p 

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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There is one important question not treated in this study: Why 

is the pred{ssociation in r2 so weak (-lo
6
jsec) when allowed predissocia-

10 12 tions generally have rates of' 10 - 10 /sec? Chutjian's computations 

( 1969) demonstrate that the overlap integrals between the bound and conti-

nuum state change little as the l state is made to cross the inner branch 
u 

of' the B-state curve, so the answer is not simply a matter of' crossing 

or not crossing. According to Chutjian's numbers and certain sum rules, the 

8 maximum possible rate would be -5 X 10 /sec. · Two'thcughts come to mind: 

(a) The 11 strong" predissociations are not really so strong after all. 

(b) The law rate for r
2 

may be characteristic of this particular relative 

orientation of' the bound and continuum states, i.e., the former embe~ded 

in the latter. In this case is seems plausible that an intersection on 

the right branch of' the bound state could give much better overlap, 

because the cancellation which occurs across the domaih of the bound state 

for the r2 case would not be present for ~ right-branch intersection. 

Calculations of' the type done by Chutjian should be extended to cover a 

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 RECOMBJNATION OF IODINE ATOMS 

A. Introduction 

The homogeneous recombination of iodine ~toms 

I+I+M 
kr 

--•~ + M (l) 

has served as a topic for numerous experimental and theoretical investiga-

tions. Equation (l) is by now perhaps the most thoroughly studied reaction 

of this type; in many kinetics texts it is presented as the classic example 

of a ter.molecular reaction •. The book by Johnston (1966, Chpt. 14) includes 

a fine summary of the work in this area. 

The. recombination of iodine atoms was first examined experimentally 

by Rabinowitch and Wood (l936c), 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 pressures 

greater than -100 torr, the recombination proceeded according to 

d[ I] 

d't (2) 

At lower pressures wall reactions played an important role in the net re-

combination. For the homogeneous process the_ constant kr varied by as 

much as an order of magnitude for the foreign gases used, with recombina-

tion occurring in one in 530 I-I collisions in one atmosphere of He and one 

in 50 in one atmosphere of co2 • With the development of flash photolysis 

techniques by Norrish and Porter (1949), it became possible to study process 

(l) dynamically. In the first few years of work in this field, different 

labs recorded discordant values for k , at which time it was realized that 
r 

thermal complications associated with the intense flashes were causing 

large errors. By eliminating or correcting for these effects, the various 

workers have been able to obtain generally consistent results for most 



foreign gases M. The outstanding exception is M = ~' where the estimates 

still range over a factor of four (Christie, 1962). 

Much of the theoretical interest in I-atom recombination is aimed 

toward evaluating the relative contributions of two proposed mechanisms 

;for the reaction.: 

I+ I ·* ~ (3a) 

:S+M 

I+M (3b) 

IM +I __ _..,.·.··.~•+ M 

Eq. (3a) is known.as the energy-transfer mechanism, and Eq. (3b) is usually 

called the bound-complex mechanism. Calculations indicate that the latter 

is the dominant process for all but the simplest 3rd body M (Johnston, 

1966). Experimentally the two cases are practically indistinguishable, 

. . * because both I2 and the proposed complexes IM are generally not very 

stable. However, for the case of a stable complex IM, mechanism (b) pre-

diets that tl:E removal of iodine atoms will be first order in [I], even 

though the overall recombination (l) remains second order. The case 

M = 12 is suspected to be of this type, as I
3 

has been predicted to be 

stable by about 5 kcal/mole (Bunker and Davidson, 1958). Unfortunately 

it has not been possible to detect I
3 

either directly or indirectly (from 

1st-order removal of I) in any of the existing kinetic studies. 

One feature common to all the experimental studies mentioned above 

was the indirect observation of I atoms via 12 visible absorption. Be

cause of signal precision problems it has been necessary to use high-



.-

·157-

power arcs or violent flashes of 1000 joules or more total energy, which 

introduced the thermal problems noted above. The latter were found to 

diminish as the pressure of the diluent gas was increased; but. it has 

remained impossible to observe directly the recombination of I atoms in 

pure 12· vapor. The method of atomic fluorescence spectroscopy utilized 

in Section rv of this work could serve as a powerful new tool in inves-

tigating reactions of I atoms; in particular it might provide some answers 

to the questions about I
3 

in mechanism (3b). 

B. Kinetics 

l. General Cons ide rations 

We can predict on intuitive grounds what sort of 9ehavior the I-atom 

recombination wiil exhfbit in a cell containing low pressures of 12· 
From the work of Rabinowitch and Wood (1936c) the rate-deter;mining reac-

tion is diffusion-controlled wall recombination for foreign-gas pressures 

lower than 50-100 torr. In pure 12 vapor homogeneous recombination may 

prevail at pressures much lower than this, because of the great efficiency 

of the 12 molecule as a third body. Howeyer, we expect wall recombination 

to predominate at pressures lower than - 0.5 torr, though the net re-

combination may include an appreciable contribution from homogeneous 

processes. 

At very low 12 concentrations (- 1 mtorr), where the I-atom mean 

free path is greater than the dimensions of the cell, the I-atom removal 

should become independent of the 12 pressure. In the limit of zero pres

sure it should approach a constant rate deter;mined solely by the nature 

of the surfaces and the dimensions of the cell. The mechanism may be 

summarized as follows: 



I 

I + I -:11: wa · 

:S,wall 

(la) 

~,wall (lb) 

(lc) 

If we assume that (lc) is reasonably rapid, so that the presence of :S 

molecules on the surface has no effect on the removal of I atoms; we can 

apply the steady-state approximation to Iwall and get 

d [I] I ~ [I] I 
- dt = 2 kl[IJ k_

1 
+ k

2 
tiJ (2) 

In deriving (2) we assumed the number of.available sites on the surface 

was essentially infinite, which may be a poor approximationo We can use 

the adsorption-isotherm approach to obtain a more complete expression. If 

e is the fraction of available sites that are occupied, the adporption is 

proportional to ( 1~e), and desorption and reaction (b) are both proportional 

to e. If the surface concentration is in equilibrium with the gas-phase 

concentrations at all times, analogous to the steady-state approximation 

made above, we have 

d[ I] 
-crt = 2 kl [I] I ~[I]. 

(3) 

Both (2) and (3) predict that the I-atom removal will be a process 

of mixed order with respect to [I], as was postulated in Section IV. 

However, the form of the total removal rate is seen here to differ from 

the simple expression C[ I] (l + b[ IT) used earlier. When k _1<< (k1 + ~)[I], 

(3) predicts an exponential decline of [I] from some initial value [+]0• 



There is one qualif'ication to this statement: If' the "sticking" ef'f'iciency 

is very high ( -1), the removal time f'or a given atom will be a function 

of' its distance f'rom the wa.lls of' the cell; in that case the net decline 

will be non-exponential. 

As we increase the 12 pressure the I-atom removal rate should de

crease, as.the atoms must dif'fUse through the 12 vapor to reach the walls. 

Until the homogeneous recombination sets in, the rate shquld go as [ ~r1 •. 

In terms of' this mechanism the removal of' the I atoms can be expressed as 
2 

d[I] q (I] 

( 1 + C ' [ I] ) ( 1 + a[ ~] ) 
(4). -Cit = 

It is interesting to note that (3) and ( 4) predict that the deviation 

f'rom 1st-order kinetics in [I] should decrease as [I]· increases. The 

dependence of' signal on irradiance in the predissociation work seemed to 

indicate just the opposite behavior. This suggests that an additional 

process of' the f'orm 

I+ I wall 
S,wall ~ S,vapor (5) 

may be operative. Of' course the homogeneous recombination must occur 

along with the surf'ace reactions, though we do not expect it to predomi-

nate at S pressures below "' 1 torr. We can write 

kl 
(6a) I+ I2 I3 

k_l 

I + I ~ 2 I2 (6b) 
3 

as one of' the many possible mechanisms involving the I
3 

complex. If' I
3 

is relatively stable, the bulk removal of' iodine atoms under transient 

conditions will be essentially f'irst-order in both [I] and [12], and we 

might observe a deviation f':rom the (.1 + a[ 12] )-l dependence in Eq. (4 ). 

; . 
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2. DiffUsion Kinetics 

A proper treatment of the diffUsion equation indicates that (4) does 

not give the exact ~-pressure dependence for the recombination rate. 

Kovacs and co~workers (1968) have investigated diffUsion and wall de-
·, 

excitation of vibrationally excited co2 in cylindrical cells. Their situa-; 

tion was entirely analogous to the present one, and we may use their 

mathematica~ relationships to describe the wall reactions of I atoms. 
1 

The decay of the atom concentration is determined by the diffusion 

equation 

oN _2 dt = D V N + r' N (7) 

where D is the diffUsion constant and r' represents the volume removal 

rate, which will be assumed to follow 1st-order kinetics. The boundary 

conditions on the solutions are fixed by the continuity equation 

fltbc • dS = f 
. volume 

dN 
dt dv (8) 

-If we let ~ represent the wall reflection probability and v, the mean 

speed of the I atoms, the outward flux at the wall is 

(9) 

The solution for N is a sum of Bessel functions of various orders; ac-

cording to Kovacs, et _al_. 1 the nonzero-order terms decay rapidly, leaving 

N ex: 
-rt 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. 

.• . 



where 

r (ll) 

J
0 

is the zero-order Bessel function and li"
0 

·is the cell radius; X: is ;::the. 

solution to. (8)' which appears in the form 

· ·. v r 0 (~) 
x Jl (x) - 2!)" 1~ ·: Jo. (x) 

At low pressures r approaches a constant value 

r = 
0 (i:) 

(12) 

(13) 

For intermediate I
2 

concentrations the _pressure ~ependence of: r is' com

plex, but at high pressures X approaches a constant, SO that r - r' 

displays an. L12] ~1 behavior. Thus the overall pressure dependence is 

approximately that given in the earlier discussion, Eq. (B-4) when the 

homogeneous removal rate r' is negligible. 

c. Results and Discussion 

The data were obtained using the flash photolysis arrangement de-

scribed in Section II. The cell used here was the same one used in the 

predissociation work. Prior to the~:;e experiments it had been flamed out 

under vacuum, charged with distilled, resublimed 12' and sealed off. 

Oscilloscope tracings were recorded for [I] decay curves at total 12. 
pressures ranging from 4 to 160 mtorr. 

Typical tracings are illustrated in Plate 2. Photo (d) exhibits 

effects of non-linearity in the fluorescence function, discussed in Sec-

tion IV-A. To avoid complications of this sort, the flash was attenuated 

with neutral density filters, so that the maximum observed signal was less 

than- 2~ of the maximum in the,characteristic fluorescence function~ 1 

1. From the discussion in Sec. r:f-A we see that the flash is dis
sociating less tha.n .1;, of the ~ in the cell, so the, pe!r:turbatiop ~n the 

' ' ';'·: .. ·• .,1 •' .. .,.\ '·'·' ', .. 

system is negligible.· · 

I . 



( a) P ( r2 ) = 8 • 5 mtorr 
l msec/div. 

(b) P(I2 ) = 56 mtorr 
2 msec/ div. 

(d) P(I2 ) = 129 mtorr 
5 msec/div. 

(c) P(I2 ) = 156 mtorr 
2msec/div. 

XBB 6910-6803 

Plate 2 .. Oscilloscope tracings of fluorescence signals from 
iodine atoms produced with a mild (~20 Joule) flash 
discharge. 



Further attenuation demonstrated that the systematic error at this level 

was much smaller than the p:Iiecisioncof :the·.d'ata. - .• 

The tracings were enlarged:with an opaque projector and reproduced 

on graph paper. Plots of log (Signal) versus time were generally linear, 

although curves recorded at ~ pressures below -25 mtorr seemed to 

display slight deviation from first-order decay at low iodine-atom con-
' 

centrations. Figure 35 shows the semi-log plots for (a) and (b) in 

Plate 2. The deviation from linearity is clear in 35a; this behavior 

rilay indicate the onset of second-order I-atom removal as prediced by 

Eq. (B-3). 

The data from the tracings were treated in terms of weighted and 

unweighted linear logarithmic fits and variable baseline (y = a + b e -ex) 

fits. The total dependence 

d[ I] 
- ~ r[rJ = - dt (1) 

l +a [~] 

was verified for each treatment. Although the results for a single photo 

varied somewhat for the three methods of analysis, the constants k and w 

a were essentially the same in all cases. 

The results from the weighted semi-log fits are illustrated in 

Figure 36, where 1/f' is plotted versus P( ~). These points were recorded 

on two days a week apart; they are in good agreement with the results 

from similar experiments carried out six months earlier. statistically 

the linear behavior described by (l) is borne out by the data,
1 

with 

1/k = 3.01 ± 0.13 and a/k = 0.0486 ± 0.017 msec/mtorr. A closer w w 

examination of Figure 36 reveals a short "plateau" at low P(~) and slight 

negative deviation from the calculated linear dependence at high P(~) 

l. Application of an F test (Barratt, 1961, p. 134) indicated the 
first-order fit was superior to a quadratic fit. 

\ 
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Fig. 35. Logarithmic plots of data from tracings in 
Plate 2. Upper plot is for curve (a), 
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values. Both of' these appear to be real rather than random phenomena. 

The plateau may be a result of' the slight deviation f'rom f'irst-order 

decay at low [I]; extrapolated slopes f'rom the linear region in the semi-

log plots f'or these points would reduce the intercept to - 2 msec. On 

the other hand this leveling of'f' could indicate that the sticking ef'f'i-

ciency is a f'unction of' the ~ vapor pressure; adsorbed ~ might ex

pedite the removal of' I atoms at higher pressures. Similarly the devia-

tion f'rom linearity at high P(~) may be due to ef'f'ects of adsorbed I 2 ; 

or it could represent the contribution of homogeneous recombination ac-

cording to (B-6). On the latter assumption an approximate rate for the 

f'ormation of' I
3 

will be calculated below. 

Equation (B-13) gives a value of 0.049 for the sticking probability 

(1 - ~). If' the true intercept is taken as 2 msec, (1 - ~) increases to 

0.075. The relationship between the measured rate r and the diffusion 

constant D in (B-11,12) is not simple. However, it turns out f'or this 
2 

X case that the dependence of ~ D on pressure is for all practical 
ro 

purposes described by the relationship (C-1) above. A f'ew points calcu-

lated with the values ~ = 0.951 and D = 9 cm
2
/(sec Pt (I2 ) ) gave good orr 

agreement with the observed data at low P(~), but were - lo% below the 

measured rates r at 150 mtorr ~· With~ = 0.925, the best value of.D 

was 8; in this case the data at 150 mtorr were about 15% low in Fig •. 36. 

From (B-11) we can estimate that r' is - 10/sec at 150 mtorr I2• 

For simplicity we have assumed that 

(2) 

kl 
for the process I + ~ I

3
• The collision rate between I and ~ at 

this pressure is 6. 4 x 105 /sec (for a collision diameter of' 3.9 A). 

Theref'ore ohly one in 64,000 I - ~ collisions leads to the formation of' 

f ' 

,, 



I
3

, if this interpretation is valid. If the increase in the measured 

rate at these ·~ pressures is due to a higher wall sticking probability, 

the volume removal rate will be even lower, so that the value 

k = 2 X lo-15 cm3/sec represents a rough upper limit on the rate constant 

for this process. This rate, though small, is still several orders of 

magnitude greater than the estimated three-body removal rate for I atoms 

in the conc.entrations encountered here. 1 

As pointed out above, D is relatively insensitive to variations in 

(1 - ~). Hence the value 

2 em 
sec • p 

~,torr 

2 
should accurately represent the rate for diffusion of I( P

3
; 2 ) atoms 

(3) 

through I2 • This value of D may be· related to a cross section for dif

fusion through the .,simple expression 

D = v L/3 (4) 

where v and L are the mean velocity and mean .free path of the iodine 

atoms. A rigorous treatment of the diffusion problem gives, for a hard-

sphere model (Hiishfelder, et al.•, 1954, p. 14) 

3 ( 8 kT )l/2 _1_ 
Dl2 = 32 · 7T ll 2 

Nd 
(5) 

where ll is the reduced mass for the collision partners. From (5) the 

collision cross section is 89 A2 , which is about five times the hard-

sphere cross section. Thus we see that the I-~ interactions are strong, 

but not strong enough to produce appreciable concentrations of I
3 

for ~ 

pressures lower than 1 torr. 

1. Johnston (1966) quotes a value of 6.5 X lo-30 cm
6
/sec for krin 

Eqs. (A-1,2), so the termolecular half-life of the I-atom concentratwn 
is more than 100· seconds under these conditions. 
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The flash-photolysis atomic-fluorescence technique used in this 

work should be widely applicable in studies of reactions of atoms. The 

advantage of simplicity is obvious; but more important is the extreme 

sensitivity of the detection method, which allows one to employ small 

perturbative flashes instead of cat~clysmic ones. Tb the author's knowl

edge a technique of this sort has been reported in the literature only 

once, that being the work by Braun and Lenzi (1967), in which reactions 

of atomic hydrogen with olefins were followed by measuring absorption 

and fluorescence of Lyman~ radiation. 
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APPENDIX I. Absorption and Fluorescence Formulas 

Tb facilitate the use of Eq. (III-B-12) 

-k £ 
J E (1-e v ) dv 

Ab = v 
] E dv v 

(III-B-12) 

i;t is desirable to have at hand expressions for the absorption for several . 
I ' I c
1
ommonly occ~r:ring ~:forms of Ev. Perhaps the most frequently encoimtered 

slituation is. abe iri which k can be approximated as a Doppler-broadened 
v 

absorption coefficient. We can rewrite (III-B-5) in a simpler way for the 

purpose of computations: 

2 -am k k0e v '! . (1) 

where 
·\ 

4 ln2 ex -· 2 
(L:wD) 

ill = v-v0 

Consider first the case where the source line is also Gaussian 

(corresponding to Eq. (III-B-9)1 with the same center frequency v
0

• 

E v 

(2) 

(3) 

(Primes will be used throughout this section to represent source quanti-

ties.) Technically the integrals in Eq. (III-B-12) have limits 0 and oo, 

but the lower limit may be extended to -oo without introducing any 

discernable change. Then the denominator is simply 

(4) 

.1 i 

• I 
I 
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The numerator cannot be evaluated so directly. Fortunately, however, .the 

integrand may be represented as a uniformly convergent power series, 

suitable· for term-by-term integration. 

-k £ 

v . E (1-e v ) =IC 

-k £ 
J Ev(l-e v ) dv 

-a'aP 
e 

1f = aja' 

Hence for thd.s case 
00 

Ab = 2: 
. n=l 

[-~ 
n=l 

n : 
e -rcif.J}] (5) 

(6) 

(7) 

If the source radiation is produced by the same atom or molecule whose 
I 

absorption is being investigated, ry will be simply the ratio of tempera-

tures in the source and absorption cells; -y = T'/T. 

A second commonly occurring case is that for which E is given by 
v 

.( III-B-8 ). Here both numerator and denominator must be integrated term 

by term. . .. ., 

-k I£ I -k £ 

Ab = ..:...f~-.,.;;C~( 1_-_e ___ v_...t..,)~( 1,_-,..;.e_v_ . ...L)_d.;;;.;...v 
-k' £ t 

(8) 

J C(l-e v ) dv 

oo oo (-k'P.')n (-koP.)m .. 
-2: 2: _...,..o__ m.~ (n+my)--l/2 
m=l n=l n: 

= ---------oo-------(~-~k~'~P.~'~)~n~-----------
2: . 0 

n=l n: .fn 

Knowing Ab one may solve for (k
0

£) using (7) or (8). ry and (k0£') 

are the adjustable parameters mentioned in Section III-B. Working the 
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results out by brute manpower is a formidable job best accomplished by 

calculating a few points Ab(k0£,, ~,[k0 £']) and interpolating graphically. 

However, it is a simple matter to solve (7) or (8) with a computer, using 

Newton's approximation method. 1 Two function routines, ODNEWT and ODNEWT2, 

have been programmed to calculate the roots for (7) and (8), respectively; 

the listing are included in Appendix III. 

A third interesting case involving Doppler coefficients occurs when 

the source and absorption lines have slightly different center frequencies 

v0 and v
0 • Setting 

ru' =v-v' 
0 (9) 

6v = v '-v 0 . 0 

we obtain 

Ab = - . .l:. (10) 
··n=l 

A comparison of (7) with (10) shows the two differ by the exponential 

factor under 'the summation sign, which is quite strongly dependent on the 

frequency difference 6v. 

Finally the equivalent width (III-B-15) can be taken over directly 

from the calculation of the expression for the denominator in (8). 

-k £ 
EW = J (1-~ v ) dv 

(11) 
( -kof)n 

1. See any basic calculus text. 
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We can upp1y the techniques a11d sorre of the results developed above 

to produce expressions for the fluorescence function discussed in 

Section IV -A. Using the Doppler form for E , the integral in (IV-A-2) . v 

be canes 
-k ( £ + b2 ) 

e v (kv b) dV 

[-ko(l + b/2)]n [1 + (n+l)~]-1/2 
n~ 

The more exact expression (IV-A-3) gives, for this Ev 

f E e-kv£ (1- e-kyb) dV 
v 

(-k i)n 
0 c{f;~ a' .. 

n=O 
(l + rry)-1/2 (1 

n! 
[1 + (m+n)'y] -1/2 

If we choose to use the 
-k t /.I 

form C(l - e V ) for Ev' we have 

0 k t £' 
(1-e-v) 

( -k b) 1 - e v 

so that 

:;:: 

-k £ 
e v 

:::: 

00 
( -k 1£ t )i . . 2 

-'ia'·ro e -L: 
i=l 

()() 

- L: 
m=l 

00 

0 

. ' l • 

( -k b) m 
0 

m! 

( -k £) n 
. 0 

X [i + 

2 
-mam 

e 

2 
-nam 

e 

n 

(12) 

(13) 

(14) 

. (15) 
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The correction for scattered light in Eq. (IV-A-4) can be taken fran the 

absorption formulas. 

Expressions (12-15) can be evaluated easily with computer routines. 

Fewer than ten terms in the sums are necessary to evaluate points in the 

positive-slope region of the curves. in Fig. 15. The calculating and 

plotting of 4oo points for each of the three curves required two or three 

seconds of core processer time on a CDC 6600. 
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APPENDDC II. Radiation Coefficients 

Einstein B coefficients tend to be confusing because of the variety 

cf units used to describe the radiation field. The transition rate is 

of the form 

(1) 

as given in Eq. (III-A-3), with pv 'representing the radiation field and Nb 

the concentration of particles in state b. With p in units of energy v 
2 

(erg/em ), B is related to A by ' density per unit wave-number interval 

B = l A (2) 

considering non-degenerate levels only. For excitation fran a beam it 

might be more practical to take Pv in units 6:B radiance (flux per unit 

solid angle per unit surface area. at normal incidence). This pv is 

related to the previous one by a factor of c, so t:tE.t 

B = l 
.A (3) 

In photochemical work, quantum density and quantum flux are more directly 

related to experimental results than energy density and energy fillx. In 

this case (2) and (3) become 

B 
l A = --2-

87TV 
(4a) 

and 

B 
1 A 

8rrcv 
2 

(4b) 

Finally, for isotropic irradiance the B vailues in. (3) and (4) must be 

multiplied by 4n. 

Occasionally p · may be expressed as a distribution function of the 
v 

frequency in sec-1 • In that case 

i 



. p' 

and 
B' 

( 

erg .. 
3 

sec 

em 

= c B 

The equation corresponding to (2) is · 

B' = 

and analogous to (3) we have 

B' 
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1 

1 
A 

1 
c 

(5a) 

(5b) 

A (6) 

(7) 

Thus we see that the transformation from units of energy density per unit 

frequency interval to energy density per unit wave-number interval ( (6) 

to (2) ) is the same in the effect on B as the conversion from density 

(erg-sec/cm3) to radiance ( (6) to (7) ) --a good example of the confusing 

aspects of B values. 

Strictly speaking, A and B should be treated as functions of freq~e:Ocy~ · 

so that (1) should be 

dN. 
b 

but the commonly quoted A and 

A = 

B = 

(8) 

B values are the integrated quantities 

J A dV v (9) 
J B d~ v 

The frequency dependence in A is seldom a matter of concern in photochemical 

work, but the frequency dependence in B may be crucial. This is taken into 

account in the discussion of the absorption coefficient in Section III-B, 

where it is stated 

J k· dv v = 
1 

2 
&rev 

NA (10) 

Note the similarity between (10) and (4b). Only in the limit of very low 

absorption is the area of the absorption line equal to the area under the 
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absorption coefficient, as is clear fran the expression for the equivalent 

width (III-B-15,16); and in that situationthe integral Bvalues will give 

correct results -for the absorption. _(See the text by Davidson (1962, Chpt •. 

12) for a treatment of frequency-dependent Einstein coefficients, absorption 

coefficients, and ext inct;Lon coefficients.) 
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APPENDIX III. Computer Programs 

A. Main Programs 

Here we present the listings for the computer routines used to 

analyze much of the dat•.: obtBined in the experiments of Sections III-V. 

Host of tho main programs were designed to use one or more subroutines 

from a library of general routines for curve fitting, numerical integra-

tion,interpolation, etc., written ty the author for operation on.the 

CDC 6600 computers at :the Lavli'cnce Radiation Laboratory at Berkeley. The 

program language is CDC 1 s Chippewa Fortran, nearly identical to Fortrc:r" 

IV. Huny of the more versatile subroutines are listed below in•Subsection 

B. None of these prograntS r.equired more than 10 seconds of eore processer 

time. 

1. DATFIT 

Program DATFIT is a simple procedure representative of those used 

to obtain least-squares linear fits frornvarious sets of data. The main 

program merely controls the input and output of information; ~}1 the work 

is perfonned by Subroutine POWFIT and associated routines, which are 

listed and descrited in B. Here the input dB.ta are (1) a datr. set lden-

tifier LAMDA, (2) the data points (x.,y ), recorded one to a card in 
.~ i 

columns 11-30, with a non-zero indicator in colur:ns 1-5, (.3) a blank data 

set terminating card, and (4) a continuation card for additional data 

sets, with the minber .3.3 in columns 4-5. (A blank card is used to ter

rr~nate the entire input deck.) Included in the output are listings of 

the input data and the least-squares best values for a and b in the 

function y = a + bx. 
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PROGRAM OATFITIINPUT,CUTPUT) 
c 
C DATFIT PROVIDES LEAST-SQUARES VALUES FOR A,B IN FUNCTION Y = A + BX. 
c 

DIMENSION X(lQO),YilOJt,BI10t,SDBllJ) 
1 FGRMATI515) 
2 ~CRMATC1Hl,///10Xt*~ESULTS AT*I5t* ANGStROMS*////) 
3 FORMATCI5,5X 1 2Fl0.5) 
4 FORMATClbX,15r* POINTS*//) 
5 FORMAT(///*INTERCEPT =*F6.3,5X,*ST. DEV. ~*F6.3//*SLOPE 

1 sx,•sT. DEv. = *El2.3///t 
6 FORMATI*VARIANCE = *El2.3) 
7 FORMAT(lOX,*X VALUE*tl2Xt*Y VALUE*//) 
8 FORMATilOX,El2.3,8X,E12.3) 

100 READ 1, LAMDA 
PRINT 2 1 LAMDA 
DC 20 1=1,100 
READ 3, INO,X(I),Y(l) 

IF (IND.EQ.O) GO TO 21 
20 COI\lTI NUE 
21 NUM = I - 1 

PRINT 4 1 NUM 
PRINT 7 
PRINT 8 1 (X(I),YII), 1=1~NUM) 

CALL PO~FIT(NUM,2,0,x,Y,B,SOB,VAR) 

PRI~T 5, 8(1),S0B(1),8(2),SDBC2) 
PRINT 6t VAR 
READ 1, IGO 

IF IIGO.EQ.33) GO TO 100 
El\0 

/ 

\. 

,. 
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2. EXFIT2 

This program was used to obtain·values for the constants a, b, and 

p in the variable baseline exponential fit y = a + be-Px. It was de

signed for analyzing the oscilloscope tracing data obtained in the I-atom 

recombination experiments, so the input and output stater.1ents are rc~ther 

specific; otherwise the routine is quite general. The results are ob

tained from an iterative procedure which was generally observed to con

verge adequately in 3-5 cycles; the simultaneous equations resulting from 

the general least-squa~es equ~tions summarized qy Deming (1964) are 

solved by the method of deter1unants. Input information includes (1) 

the nwnber of data sets NSETS, (2) a picture number IDENT and n~~ber of 

points NPOI for each data set, (3) the distance TDEL between evenly 

spaced x values for the points (x1 ,yi)' along with initial guesses for 

the three unknowns A,B,P, and (4) the y values Y(I) for the 1~0I data 

points. The output includes values for A,B,P resulting fror:! each cycle, 

along with the final standard deviations. 
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PROGRAM EXFIT2 liNPUT,OUTPUTI 
C EXFIT DETERMINES THE BEST LEAST-SQUARES FIT Of A SET OF DATA TO THE 
C . FUNCTICN Y = A + B*EXPt-P*XI 

DIMEN~ION XCSOI,YISOI 
DIMENSION Y1C501 

100 FORMATC5151 
1J1 FORMAT(8f10.2) 
102 FORMATI4E15.41 
103 FORMATC5CF6.2,4X,2F6.2,4XII 
110 FORMATCBOH. 

1 I 
111 FORMATI///10X,19HlNPUT DATA XCII //) 
112 FGRMATC///10X,24HINPUT AND CALC. Y VALUES.//) 
113 FORMATC///10X,1HAr14XrlHBrl4X,2HDP,13X,1HP//I 
114 FORMATC///10X,19HSTANDARO DEVIATIONS //1 
115 FCRMATC///10k,2HSYr13Xr2HSA,13Xr2HSBrl3Xr2HSP//) 
116 FORMATC///10Xr2aHREDUCTION OF PHOTOLYSIS CATAI 
117 FORMATC)////10Xr24HRESULTS FOR PICTURE NO. ,15) 
120 FORMATI16F5.21 

PRINT 116 
READ 110 
PRINT 110 
READ 100, NSETS 
DO 6 NIJ = 1,NSETS 
READ 1JO, lDENT,NPbl 
READ 101, TDEL,ArBtP 
READ 120, IYIII,I=1,NPOII 

TN = NPOI 
PRINT 117, IDENT 
PRINT 113 

IND = 0 
2 51 0. J 

52 o.o 
53 : o. 
S4 o. 
S5 o. 
56 o. 
57 = o. 
sa· o. 
r ,= ci.o 

DO 1 I=1,NPOI 
XI I I = T 
FFX = EXPC-P*XIIII 
S1 51 + FEX 
S2 S2 + XCII*FEX 
53 53 + Y C1 I 
54 S4 + FE X**2 
55 = SS + XCII*FEX**2 
56 56 + YIII*FEX 
57 57 +·XIII**2*FEX**2 
58 Sa+ XCII*YCII*FEX 

1 T = T + TDEL 
PT = P 
Cll TN 
Cl2 Sl 
C13 -B*S2 
C14 53 - P*B*S2 
C21 = 51 



1 

1 

1 

1 

czz :: 54 
C2.3 = -B*S5 
C24 = S6 - P*B*S5 
C3l = 52 
C32 = S5 
C33 = -B*S7 
C34 = sa - P*B*S7 
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DEN= Cll*C22*C33 + Cl2*C23*C31.+ Cl3*C21*C32- C31*C22*C13 
- C3Z*C23*C11 - C33*C2l*C12 

A = 1./DEN*CC14*C22*C33 ~ Cl2*C23*C34 + Cl3*C24*C32 
, - C34*q2*Cl3 - C32*C23*C14 ... C33*C24*C 12) 

B = 1./0EN*CC11*C24*C33 + C14*C23*C31 + Cl3*C21*C34 
- C31*C24*Cl3 -'C34*C23*C11- C33*C2l*C14) 

P = 1./0EN*CC11*C22*t34 + Cl2*C24*C31 + C14*C2l*C32 
- C31*C22*C14 - C32*C24*C11 - C34*C2l*Cl2) 

OP = P - PT 
INO = IND + 1 

IF 11NO.EQ.5) 20,19 
19 PRINT 102, A,B,CP,P 

GO TO ·2 . 
20 PRINT 102, A,~,OP,P 

SS(JY = 0.0 
STl = O. 
ST2 = O. 
ST3 = J. 

DO 4 I=1,NPOI 
FEX = EXPC-P*X(I)) 
Yl(l) = A+ B*FEX 
OYI = VII) - Y1Cil 
SSQY = SSQY + OYI**2 
OADYI = C22*C33 + C12*C23*XCl)*fEX + C13*C32*FEX 

1 - XCI)*fEX*C22*Cl3- C32*C23- Ci3•C12*FEX 
ORDYI = C11*C33*FEX + C23*C31 + C13*C21*XCI)*FEX 

1 - C31*Cl3*FEX ~ XCil*FEX*C23*C11- C33*C21 
OPOYI = Cll*C22*XCil*FEX + Cl2*C3l*FEX + C2l*C32 

1 - C3l*C22 - C32*Cll*FEX - C2l*Cl2*XCI)*FEX 
ST1 = STl + OAOYI**2 
ST2 = ST2 + DBOYI**2 
ST3 : ST3 + DPDYI**2 

4 CONTINUE . 
PRINT 112 
PRINT 103, CXCI),Y(I),Y1CI), J:l,NPOI) 
PRINT 114 
PRINT 115 

SY = SQRTCSSQY/TN) 
SA = SY/ABSCDENJ*SQRTCSTl) 
SB ~· SY/ABSCDEN)*SQRTCST2J 
SP = SY/ABSCDENI*S,RTCST3l 

PRINT 102, SY,SA,SB,SP 
6 CONTINUE 

t:ND 
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3. RATFUN 

Program P..ATFUN provides volue;: for the unknowr: constc;nts a, b~ and 

c in the function y ::; c ( 1 + ax)/ ( 1 + bx) , the form used to obtain the 

high-pressure intercepts in the yield functions of Section IV. The 

method is again the general least-squares technique; but here the initial 

values for the desired constants are provided internally, and the simul

taneous equations are solved b,y matrix inversion. The input and output 

information are essentially the same as for prograE DATFIT. 
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PROGRAM RAT~UNIINPUT,OUTPUT) 
c 
C RATFUN PROVIDES LEAST-SQUARES VALUES FOR A,B,C IN FUNCTION 
C Y = C*l1 + A*XI/11 + B*XI. 
c 

0 I MENS ION X 1100 I , Y ClOO I, XX ( 10 It SO( 10 It AA ( 10 t 10 It YY ( 10) t AA IN ( 10, 10 I 
FOIX,YI = Y - CO*C1. + AO*XI/(1. + RO*XI 
FAIXJ = -CO*XIC1. + BO*XI 
FBIXI = CO*X*I1. + AO*XI/(1. + BO*XI**2 
FCIXJ = -11. + AO*XI/11. + BO*XI 

1 FORMATC10ISI 
2 FORMAT(8Fl0.51 
3 FCRMAT(IS,SX,2F10.51 
4 FORMAT(10X,I5t* POINTS*//1 
5 FCRMATI1H1o///10X,*RESULTS AT*I5t* ANGSTROMS*////) 
6 FORMATI*VARIANCE = *El2.31 
7 FORMATilOX,~X VALUE*t12Xt*Y VALUE*//) 
8 FCRMAT(l0X,E12.3t8X,E12.31 
9 FCRMATI////*A = *E12.4,5Xt*ST. DEV. ~ *E12a4//*8 = *E12.4,5Xt 

1 •sr. Dev .... •E12.4//*C = •E12.~t,sx,•sT. oev. • *E12.4//Il 
80 FORMATI///*CONVERGENCE HAS FAILED.•ISt* ITERATIONS COMPLETED.*/ 

1 *CONTINUE WITH NEW DATA SET.*///) 
100 READ 1, LAMDA 

PRINT 5t LAMDA 
DO 10 1=1,10~ 
READ 3, IND,~III~YCII 

IF IINb.EQ.O) GO TO 11 
10 CONTINUE 
11 NP = I - 1 

PRINT 4, NP 
PRINT 7 
PRINT 8o IXCII 0 Y(IJ,I=ltNPI 

AO = .6 S RO = 1.0 S CO = 1.2 
19 DO 18 ~I = 1o1 v 

D012 1=1,3 
YY(IJ = 0.0 

00 12 J=1,3 
AA (I; J I = 0 • 0 

12 CONTINUE 
00 20 I=1,NP 

XT =XCII S YT =VIII 
AT = FA(XTI $ BT • FB(XTI 
C T = FC (XTI 
FT = FO(XT,YTI 
AA(loll = AA(1tll + AT**2 
AA11o21 AA(1,21 + AT*BT 
AAI1t31 = AA(1o31 + AT*CT 
AA(2,21 = AAI2t21 + BT**2 
AAI2 1 3l = AA(2,3) + BT*CT 
AA(3 1 31 = AAI3t31 + CT**2 
AAI2tll = AAilo21 
AA(3,11 = AA(l,31 
AAI3t21 = AAC2t31 
YY~11 = YY(11 + AT*FT 
YYC21 = YYC~I + BT*FT 
YY(31 = YY(3) + CT*FT 

20 CCNTINUE 
CALL INVERTC3tAAtAAIN,IFAILI 
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IF ( IFAIL.EQ.U ·Go TO 35 
CALL ~ATVECC3,AAIN,VY,VY) 

. A.; = AO - . YV ( l) 
BJ = BO - VV(2) 
CO = CO - YY(3) 

IF CABSCCO).GT.lCQ.) 17,18 
17 PRINT 8:1, Ml 

GO TO 35 . 
18 CONTINUE 

COMP = ABSCYV(3)/C0) 
IF (COMP.GT •• 0001) GO TO 19 

SSQ = 0.0 
DC 21 1=1,NP 

OSQ = FO(X(I),Y(())**2 
SSQ = SSQ + DSQ 

21 CONTINUE 
SVAR = SSQ/CNP-3) 
SOY = SQRTCSVAR) 

DG 31 1=1,3 
31 SO(I) = SDY*SQRT(AAINCI,J)) 

PRINT 9, AO,S0Cl),BO,S0(2),CO,SOC3) 
PRINT 6, SVAR 

35 READ 1, IGO 
IF CIGO.EQ.33) GO TO 100 

END 

'! 
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4. FILTAB 

FILTAB was used to compute the (v',v") distributions for the exci-

tation process in the I visible absorption. The frequencies of the R 
2 . . . 

and P lines for each band arc: calculated by rr.eans of function stater.1ents 

for the rotational and vibrational constant~, B(v) and G(v). The freq-

uencies are conve~tecl to wavelengths by function VACUUN, which uses 

Ed.len 1s (1953) formula for the refractive index of air. Individual line 

strengths for each band are rr,ultiplied by the Boltzmann factcr and the 

filter transmission function FLTR, and then sumraed (to J - 300) to obtain 

a total strength for the given band.- The latter value is then multiplied 

by the Franck-Condon factor to obtain the relative contribution of each 

vibrational band. 

The filter function F.LTR is defined as Gaussian, with the maxirr.um 

and the dispersion index fix~d qy the input values FPOS (wavelength of 

max. transmittance), FTRAN (max. fractional transmittance), and FWDTH 

(full width at half max.). The bands to be included in the calculation 

and their F-C factors are specified by the input vari~bles Vl(I), V2(I), 

and FC(I). The output includes a breakdown of the v' and v" populations 

into relative contributions, plus the value of the total summed excita~· 

tion for the particular filter. 
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PROGRAM FILTARCINPUT,OUTPUTI 
DIMENSION VlllOOI,V21lOOI,ORIGC1001tFCClOOr,JLIHilCOI, 

* 6ANDSUMI1001 1 BMFVIlCOI 1 RELSTRilOOI,AOilOOI 
DIMENSION WLRC5001,SLRC5001,WLPC5001,SLPC5001 
DIMENSION VPRIC501t6ANOEXC501 
COMMCN/BLOW/FPOS 1 FTRAN 1 01SP 

1 FORMATCI5,~F5.l,Fl2.51 
2 FCRMATC3Fl0.51 
3 FORMATC1Hl 1 ///10X,*CALCULATION OF RELATIVE Vl POPULATIONS EXCITED 

liN 12*////1 . 
4 FCRMATI*FILTER CHARACTERISTICS*//lOX,*MAX. TRANSMISSION IS *f6.3* AT*F5. 

1 AT*F5.0* 1\NGSTROMS*/lOXt*WIOTH AT HALF-PEAK = *f4.0* ANGSTROMS* 
2 //1 

5 FORMATC////*CHARACTERISTICS Of CONT~IBUTING ABSORPTION BANDS*//5Xt 
1 *V1*5X*V2*10X*JMAX*7X*ORIGIN*8X*INT. PROFILE*5X*BOL T. FACTOR* 
2 7X*FC FACTOR*7X*REL. STRENGTH*//) 

6 FORMATC4X,F3~0t4~,F3.~tlOXti4,5X 1 FlG.3 1 5X,El2.3~5X,E12.3t5X,E12.3 1 
1 5X,E12.31 

1 FORMATC///*SUMMED BANC STRENGTHS = *E12.3//I 
8 FCRMATC////5X~V1*5~*RELAtiVE PdPUlATION*//1 
9 FCRMATCF7.0,12X~F6e31 . 

10 FCRMATC/1/*SUM CF 'RELAT.IVE POPUlATIONS = *F6.31 
11 FCRMAT(/////5X*V2*5~*~ELATIVE CONTRIBUTION TO· TOTAL ABSORPTION*//) 
12 FORMATC///*SUM OF RELATIVE CONTRIBUTIONS • *f6o31 

GlCVI = 125.531*1V+.51 - .73389*CV+.51**2 - ~004133*CV+.51**3 + 
* 1.195E-06*CV+.51**4 + 2.208E-01*1Y+.51**5 

G2CVI = 214.5766*CV+.51 - .65242*1Y+.51**2 + .005914*CV+.51**j 
B1CVI = .C28873 ~ 1.345E-04*CY+.51 - 1.148E-l6*CV+.51**2-

* 2.J8E-08*CV+.51**3 
B2CVI = .03734 - 1.208E-04*CV+.51 + .444E-06*CV+.51**2 -

* 1.839E-08*1V+o51**3- o057E-10*1V+.51**4 
VOJ = 15769.48 

READ 2 1 FPOS,FTRAN,FWDTH 
DO 20 1=1,10C 
READ 1, NOG0 1 Y1CII,V2CII,FCCII 

IF CNOGO.NE.OI GC TO 21 
20 COIHINUE 
21 NB = 1-1 

DELX = FWDTH/2. 
OISP = ALOGC2.1/0ELX**2 

DO 30 1=1 ,NB 
GV1 = GlCV11111 
GV2 = G2CV21111 
ORIGIII = VOO + GV1- GV2 
AOCII = VACUUMICRIGCIII 
BV1 = B1(Vlllll S BV2 = B2CV2CIII 
EXF = 1.4387*BV2/300e 
JULT = 2.*SQRTC4./EXFI 
JLIMCII = JULT 
JULT = JULT + 1 

DO 35 JR = 1,JULT 
J =_JR- 1 
BLTZ = EXPC-EXF*J*CJ+1ell 
FREQ = ORIGCII + BV1*CJ+1oi.CJ+2.1- BV2*J*CJ+1.1 
WL = VACUUMCFREQI 
WLRCJRI "' WL 
SLRCJRI = BLTZ*CJ+1.1*FLTRCWLI 
FREQ = ORIGCII + BVl*J*IJ-1.1 - BY2*J*CJ+l.l 



~L = VACUUMCFREQ) 
wlPIJRJ = Wl 
SLPIJ~J = BLTZ*J*FLTRIWLJ 

35 CONTINUE 
SUMT = 0.0 

DO 3b JR = 1,JULT 
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36 SUMT = SUMT + SLRIJR) + SLPIJRJ 
BANDSUMIIJ = SUMT 
VIBEN = GV2 - GZCO.J 
BMfVIIJ = EXPI-l.4387*VIBEN/30Q.) 
RELSTR~JJ = BANDSUMIIJ*BMFVCIJ*FCCIJ 

30 CONTINUE ' 
SUMINT = 0.0 

DC 31 1=1 ,NB 
31 . SUMINT = SU~INT + RELSTRIIJ 

PRINT 3 
PRINT 4, FTRAN,FPOS,F~DTH 
PRINT 5 

\\·. 

PRINT 6, IV1CIJ,V211J 1 JLIMIIJ,AOCIJ,BANCSUMCIJ,BMFVIIJ,FCIIJt 
1 . RELSTR(J), I=l,N~J I 

PRINT 7~, SUMINT 
VLOW = FMINCNB,VlJ 
VHI = FMAXINB,V1J 
MR = VHI ~ VLOW + 1.1 
VRUI'II = VLOW 

DO 40 K=1,MR 
SUM = 0.0 

00 41 l=l,NB 
IF IV111J.EQ.VRUNJ SUM= SUM + RELSTRIIJ 

41 CONTINUE 
VPRIIKJ = VRUN 
BANDEXIKJ = SUM/SUMINT 

40 VRUN = VRUN + 1.0 
SUMCHK = 0.0 

DC 45 K=1,MR 
45 SUMCHK = SU~CHK + BANOEXIKJ 

PRINT 8 
PRINT 9, IVPRICKJ,BANOEXCKJ, K=l,MRJ 
PRINT 10, SUMCHK 

VRUN = O.i) 

DO 50 K=lt6 
SUM = O.J 

DO 51 1=1,NB 
IF IV2CIJ.EQ.VRUNJ SUM= SUM + RELSTRC IJ 

51 CONTINUE 
VPRI(K) = VRUN 
BANDEXIK) = SUM/SUMINT 

50 VRUN = VRUN + 1.0 
SUMCHK = 0.0 

DC 55 K=1,b 
55 SUMCHK = SUMCHK + BANDEXCKJ 

PRINT 11 
PRINT 9, IVPRI(KJ,BANDEXIKJ, K=l,6J 
PR(NT 12, SUMCHK 
END 



FtJNCTION FLTRCXI 
CO~MCN/BLOW/XOrArB 
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FLTR = A*EXPC-B*CX-X0)**2) 
RETURN 
END 

FLNCTION VACUUMCVW) 

1 ..• 

V~=V~*l.E-4 
P=CC6432.8+294981C./(146.-VW**2)+25540./.C41.-VW**21)*1·E-8) 

1 + 1. 
VACUUM=1.E4/CVW*PI 
Vh=VW*l.E4 
RETURN 
END 

FUNCTION FMIN(N,X) 
DIMENSION X(lOOI 

A = XU) 
DC 10 1=1 rN 

IF CXCU.LT.AI A= XCI) 
10 CONTINUE 

F"IN = A 
RETURN 
END 

FliNC TI ON FMAX ( N ,J() 

DIMENSION X(l00) 
B = XU) 

DC 11 I=l ,N 
IF (X(I J.GT.B) B = XCI I 

11 CONTINUE 
FfiAX = B 
RETURN 
END 



• 

.. 

5. ·FIGPLOT 

Program FIGPLQT was used to p:~oduce the data plots dis.played in 

this work. 1 The comment cards adequately describe the input and output 

variables • 



c 
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PROGRAM FIGPLOT (INPUT,OUTPUT,TAPE98,PLOT,TAPE992PLOTI 
DIMENSION X(500l,YI5JOI,FORTI51,XLA8ELI3l,YLABELI31 
COMMON/CCPOOL/X~IN,XMAX,YMIN,YMAX,XDMIN,XCMAX,YCMIN,YDMAX 

CCMMCN/CCFACT/FINCH 
INTEGER FORT 

1 FCRMATI10151 
2 FCRMATIBF10.51 
3 FORMATI215,2F10.51 
4 FORMATI3A101 
5 FORMATI315,2X,A31 
6 FGRMATI5A101 
7 FC~MATI///1/*POINTS FCR PLOT NCo *13//6X,,X*,21X,*Y*///I 
8 ~CRMATIE12.3,10X,E12.31 

10 FCRMA TIBJH 
1 

FINCH = 10:). 
lCO READ l•J 

C THIS CARD IDENTIFIES PLOT. 
c 

PRINT 10 
READ 2, XDMIN,XO~AX,YD~IN,YDMAX 

c 
C THESE VARIABlES DEFINE THE PAPER COORDINATES OF THE PLOT. EXAMPLE, 
C 11.,7.,5.,10.1 WOULD DEFINE A 5 BY 6 INCH PLOT POSITIONED NEAR THE TOP OF 
C THE PLOT PAPER. 
c 

READ 2, XMIN,XMAX,YMIN,YMAX 
c 
C THESE VARIABLES FIX THE SCALE FOR THE PLOT. 
c 

READ 1, NX1,NX2,NX3,NY1,NY2,NY3 
c 
C DETERMINE NO. OF INTERVALS AND SUBINTERVALS MARKED BY GRID LINES11lo MAJOR 
C TICK MARKSI21 0 AND MINCR TICK HARKS131 ON AXES. CALL QUANTITIES • 1 
C RESULTS IN BARE RECTANGULAR GRIC.I 
c 

READ lt LABX,LABY 
c 
C DETERMINES NO. OF LABELED INTERVALS ON PLOT. IBOTH = 1 RESULTS IN 
C NUMERICAL LABELS AT CORNERS ONLY.) 
C LAB = .J RESULTS IN NO NUMERICAL LABELS. 
C SUBROUTINE CCLBL DETERMINES SIZE ANP FORMAT FOR NUMERICAL LABELS AND MAY BE 
C ALTERED TO SUIT THE USER. 
c 

c 

CALL CCGRID INX1,NX2,NX3,6HNOLBLS,NY1,NY2,NY31 
CALL CCLBLILABX,LABYI 
READ 3, KX,NXCHAR,XLX,XLY 
READ 4, IXLABELII),I=1,3J 
READ 3, KY,NYCHAR,YLX,YLY 
READ 4, IYLAHELIII,I=1r3l 

C XLX,XLY,YLX,YLY ARE PAPER COORCINATES FOR STARTING T~E LETTERING. 
C KX,KY ARE MAGNIFICATION FACTORS. IK = 10 RESULTS IN CHARACTERS .4 •• 6 INCH. 
C NXCHAR,NYCHAR ARE NOS. OF CHARACTERS IN X AND Y LABELS. 
C ~LABEL, YLABEL ARE ALPHANUMERIC LABELS IMAX 3J CHARACTERS). 
c 

NPLT = J 

• 
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c 
c 
c· 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
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c 
c 
c 
c 
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c 
c 
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c 

c 
c 
c 
c 

c 
c 
c 
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IF CNXCHAR.EQ.Ol GC TO 19 
CALL ,CCLTRIXLX,XLY,J,KX,XLABELt~~CHARI 

19 IF INYCHAR.EQ.OI GC TO 20 
CALL CCLTR IYLX,YLXt1tKY~YLABEL,NYCHARl 

20 REAO 6, I~ORTIII~I=1,51 

201 

21 
22 

221 

23 

24 
25 

READ 5, NP~NSY~,NTH,PCON 

FORT IS THE FORMAT FCR READING IN THE POINTS IX,Yl. 
NP =NO. OF POINTS. NSYIII DESIGNATES SYMBOL ISEE CC 1-'ANOOUTI PLOTTED AT 
1ST POINT AND EVERY NTH POINT THEREAFTER. PCON = YES IF POINTS SHOULD BE 
CCNNECTED, NO IF ~OT • 

IF NP IS GIVEN, POINTS W1LL BE REAO ACCORCING TO FORMAT FORT IN AN IMPLIED 
DO LOOP. ANY ~0. OF PCINTS PER tARO ALLOWED. 

IF NP = ~ IBLANKI POINTS WILL BE READ IN A PROGRAM CO LOOP. ONLY ONE. 
POINT CX,Yl PER CARD. 
PROGRAIII EXECUTIO~ IS STOPPED IF NP IS GT. 500. 

IF INP.GT.5JCI STOP 
IF CNP~EQ.Ol GO TO 201 

READ FORT, IXIII,YIII, [z1,NPI 
GO TO 221 

OC21 1=1,500. 
READ FORT, MUSH,XII1 1 YIII 

IF IMUSH.NE.Cl GC TO 22 
CC~H I NUE 

NP = I - 1 · 

PROGRAM DO LOOP INPUT ~DOE IS USED WHE~ NP = O. 
DATA CARDS MUST INCLUDE AN INDICATOR CALLED HUSH, XCII, VIII. AFTER LAST 
POINT INSERT CARD WITH MUSH NON-ZERO. All OTHERS ZERO. 

NPLT = l'lPLT i- 1 
PRINT 7, NPLT 
PRINT Bt IXIII,Y1Il,I=1oNPl 

IF IPCON.EQ.3HYESI 23o24 
CALL CCPLOTCX,Y,NPi4HJOIN,NSY~,NTHl 

GO TO 25 
CALL CCPLOTIX,Y,NP,6H~CJOINoNSYM,NTHI 
READ 1, ICON 

IF IICON.EQ.99l GO TO 20 

ICON = 99 CAUSES RETURN TO 2J TO PICK UP MORE DATA TO BE PLOTTED ON SAME 
GRID. FILL IN ~LANK CARD OTHERWISE. 

READ 1, MSKP 
IF IMSKP.EQ.221 GO TO 100 

MSKP = 22 CAUSES RETURN TO 10~ FOR NEW GRID AND PLOTS, BUT WITHOUT 
AD~ANCING PAPER. LEAVE BLANK CTHERWISE. 

CALL CC"'EXT 
READ 1, IPLOT 

IF IIPLOT.EQ.221 GO TO 100 

IPLOT = 22 CAUSES RETURN TO BEGINNING FOR NEW GRID AND PLOTS. 

CALL CCEND 
END 
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SUBROUTINE CCLBLINXl,NYll 
CO~~ON/CCPOOL/XMIN,X~AX~YMIN,YMAX,CCXMIN,CCXMAX,CCYMIN,CCYMAX 
CO~~ON/CCFACT/FACTOR 
ISZERO;Q 

IF INXl.EQ.O.AND.NYl.EQ.Ol RETURN 
IF INXl.EQ.Dl GO TC ,o 

XD = XMAX - XMIN 
CCXO = CCXMAX - CCX~IN 

XI = XO/FLOATINXll 
K~IZ~=l SKORIENT=l 

C LABEL FROM RIGHT TO LEFT ALONG THE X-AXIS. 
DO 2 NX=ISZERO,NXl 
CCX=CCXMAX-CCXD*FLCATI~Xl/FLOATINXll 
X=ICCX-CCXMINI*XD/CCXO+XMIN 

C SET X TO A TRUE ZERO IF X=O. TO WITHIN MACHINE ACCURACY. 
IFIABS IX/XII.lT.l.JE-61X=O. 

~RITEI98,28)X 

2 CALL CCLTRICCX+6.*FLCATIKSIZEl/FACTOR, 
* CCY~IN-70.*FLOATIKSIZEI/FACTOR,~ORIENT,KSIZEl 

IF INYl.EC.ul RETURN 
10 YO = YMAX - Y~IN 

CCYD ~ CCY~AX - CCYMIN 
Yl = YD/FLOATINYll 

KSIZE;l SKORIENT;Q 
C LABEl UPWARD ALONG THE Y-AXIS. 

00 3 NY=ISZERO,NYl 
CCY=CCYMIN+CCYC*FLOATINYI/FLCATCNYll 
Y=ICCY-CCYMINI*YD/CCYO+YMIN 

C SEt Y TO A TRUE ZERO IF Y=Oo TO WITHIN MACHINE ACCURACY. 
IFIABS (Y/Yil.LT.l.OE-6lY=O. 
wRITEI98,27lY 

3 CAll CClTRICCX~IN-70o*FLOATIKSIZEl/FACTOR,CCY,KORIENT,KSIZEJ 
27 FCRMATCF5.2l 
28 FORMATCF5.ll 

RETURN 
E~D 

CCLBL 

• 



• 
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B. Subroutines and Function Routines 

1. The Pm~FIT Package 

Subroutine PO\·JFIT and the r,ssc:ciated routines StJMXN, i·t~TVEC, and·. 

llJVEftT are useful for obtainj ng leLst-squares power series fi tc:: for f.t 

set of data. The order and mm;ber of ter;ns in the series nre specified 

through the input variables INITPO\' and HCON, which are descri1 ed in 

sufficient detail in the conn.ent cr rds. Function Sill<XN provides vc lues 

for the terms of type ~ x. Illy. n wh:i.ch appear in the matrix of sirrultaneous 
~ ~ 

equations which must be solvr~d to obtain the constants C(I). The equations 

are sol,ed by rnatrix methods using I!\'VERT and i'1h.TVEC: DJVEF.T is a matrix 

inversion routine thr..t utilizes row operations, nnd HATVEC is a simple 

matrix-vector multiplication routine. Output veria hle::; produced by PO\·JFIT 

include the constants C(I) and their standard deviations SDC(I), along 

Hi th the v~'rin nee in y, SVAR. 

The POI-JFIT routine has :.:een used successfully to obtain paran:eters 

for fits to orders as high as 6, but it is iikely that the row operttions 

used in INVERT would lead to round-off probler.1s for matrices r:;uch lbrger 

than 6 x 6. 

r 
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SLBROUTINE POkFIT INV,NCON,INITPOW,X,Y,C,SDC,SVARI 
C PO~FIT FITS A SET OF PCINTS TO A LEAST SQYA~ES BEST POWER SERIES. NCON IS 
C THE NUMBER OF TERMS IN THE SERIES, INITPOW IS THE LOWEST POWER OF X TO BE 
C INCL~DED. NV IS THE NUMBER OF POINTS. THE Clll ARE ThE RESULTING CONSTANTS. 
C NOTE CONSTANT TERM REQUIRES. INITPOW = O. 

DIMENSION XI100I,YilJOI,C11QI,AAI10t101 
. DIMENSibN AAINI1J,10I,SDCI101 

NCON1 = "NCON + 1 
NC2 = NCON*2 

DO 12 NR = 2tNC2 
IPOW = NR - 2 + 2+1NITPOW 
F1 = SUMXNINVtiPOW,X,Y,21 

DC 13 1=1,NCON 
DC 14 J=1,NCON 

IF III+JioEQ.NRI 15t.l4 
15 AAII,JI = F1 
14 CONTINUE 
13 CONI I NUE 
12 CONTINUE 

DC 16 1=1 ,NCON. 
JPOW = I - 1 + INITPOW 

16 Clll = SUMXNINV,JPCW,X,Y,ll 
CALL INVERTINCON,AA,AAINI . 
CALL ~ATVEC{NCON,AAIN,t,CJ 

SSQ = 0.0 
DO 21 1=1,NV 

SSX = 0 •. 0 
DC 22 J=1,NCOIII 

JPOW ~ INITPOW + J - 1 
IF (JPOW~EQ.OI" GC TO 221 

TER = CIJ.I*XIII++JPOW 
GO TO 222 

221 TER = CIJI 
222 SSX = SSX + TER 

22 CONTINUE 
SSQ = SSQ + (YIII-SSXI++2 

21 CONTINUE 
SVAR = SSQ/INV-NCCNI 
SOY = SQRT( SVARI 

DC 31 1=1 ,NCON · 
31 SOCII) = SDY*SQRTIAAINII,III 

RETURN 
END 

FLNCTICN SUMXN(NT,N,X,Y,JJI 
DIMENSION XI200I,YI2001 

s = o.o 
IF IJJ.EQ.l) 1,3 

1 DC 2 1=1,NT 
2 S = S + YIII*XIII**N 

GO TO 20 
3 DC 4 1=1,NT 
4 S = S + XIII**N 

20 SLMXN = S 
RETURN 
END 

• 
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SLBROUTINE MATVEC CN,A,X~Y4 
DIMENSIO~ XC10),Yf10)~XTC10J,AC1b,10) 
DO 9 l=l,N 

9 XTCI) =XCI) 
DO 10 ·.l=l,N 

TEM = 0.0 
DO 11 J=1,N 

TE M = TE M + A C I, J) *XT ( J) 
11 CONTINUE 

V (I) = TEM 
10 CONTINUE 

RETURN 
END 

SLBROUTINE INVERT (N,A,AIN) 
DIMENSION AC10,1J),AINC10,10J•STORC10,1CJ 
DOlO l=ltN 
DO 10 J=l ,N 

10 STOR(l,J) = ACI,J) 
DO 11 I=l,N 
DO 11 J=1,N 

11 AINCI,J) = 0.0 
DO 12 1=1 ,N 

12 AINCI,I) = 1~1 
DO 21 1=1tN 

A TEM = STOR(I tf) 
DC 22 J=ltN 

STOR(I,J) = STORCI,J)/ATE~ 
22 AIN(I,J) = AIN(I,J)/ATEM 

DC 23 K=ltN 
IF ((K-I).EQ.G) GO TO 23 

BTEM : STOR(K,J) 
DC 24 J=ltN 

STOR(K,J) = STORCK,J) - BTEM*STOR(I,J) 
2 4 A I N ( K, J) = A IN ( K, J ) - BT EM* A IN ( (, J ) 
23 CONTINUE 
21 CONTINUE 

RETURN 
Ef\D 



2. ODNEWT and ODNEWT2 

These routines solve for (k
0
I:' in the expressions (7) .and (8) in 

Appendix I. The input and output w~ria.bles are exp1ained in. t'he co:.:: ent 

cErds. Both r.cutines rflquire fu..nct.ion FACT, which coP.putes n-factorial. 
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FUNCTION ODNEwTCGA~tABI 

ODNEWT USES NEWTONS APPROXIMATION METHOD TO COMPUTE THE OPTICAL DEPTH 
FRCM THE ABSORPTION IABI AND THE LINEWIDT~ PARAMETER CGAM) FOR AN 
ASSUMED GAUSSIAN ~OU~CE LINE. 

Y, = AB. 
, X2 = 1. 0 

CALtULATE ABSORPTlON. 

NTH~. = 0 
SUM = 0.0 
X1 = X2 

DC 1C 1=1,100 
TtMP = SUM 
CUMP = .OOOl*ABSITE~PI 
TER~ = t~X11**1/FACTCII/SQRTC1e+GAM*I) 
SUM = SUM + TER~ , 
TEST = ABSCTEMP-SUM) 

IF CTEST.LT.COMPI GO .TO 11 
10 CO~TI.NUE 
11 Fx = v + su~ 

C CALCULATE DERI~ATIVE. 
c 

c 

SUM = u.J 
DO 12 J•l,100 

TEMP'= SUM 
COMP = .J001*ABSITEMPI 
TERM = C-X11~*CJ-11/FACTIJ-11/SQRTC1e+GAH*JI 
SUM = SUM + TER~ 
TEST = ABSCTE~P-SUMI 

IF ITEST.LT.COMP) GO TO 13 
12 CONTINUE 
13 FPX = -SUM 

C CD~PUTE NEw VALUE FOR ROOT, X2. 
c 

X2 = X1 - FX/FPX 
OX = X2 - X1 
CHK = ABSIDX/XU 
NTIM = NTIM + 1 

IF CNTIM.EQ.101 GO TO 30 
IF CCHK.GT •• C0051 GO TO 5 

ODNEWT = X2 
RETURN 

30 PR Ifill 1 
1 FORMATI//10X 1 *SCLUTION NOT REACHED IN T~N ITERATIONS*///) 

CDNEWT = X2 
RETURN 
END 

;· ... 
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FLNCTION ODNEWT21XP,GA~,ABI 
c 
C OONEWT2 USES NEWTONS APPROXIMATION METHOD TO CALCULATE THE OPTICAL DEPTH 
C FOR A DOPPLER ABSORPTION LINE AND AN IDEAL RESONANCE LAMP SOURC~ LINE. 
C THE LATTER IS ASSUMED TO BE DETERMINED BY THE DOPPLER PROFILE AND MUST 
C BE OPTICALLY THIN IF CORRECT RESULTS ARE ARE DESIRED FROM THIS ROUTINE, IE 
C THE SOURCE OPTICAL DEPTH MUST BE LESS THAN 3. OR 4., SINCE ONLY TEN TERMS 
C IN THE EXPANSION ARE CALCULATED. 
c 

5 
c 

CDNEWT2 = 0.0 
)1.2 = 1.0 
NflM = 0 

IF IXP.EQ.O.I GO TO 35 
X = X2 

C CALCULATE ABSORPTION. 
C CALCULATE DERIVATIVE. 
c 

c 

SUMDEN = 0.0 
SuMNUM = u.O 
'SU~o'PR =' 0.0 

DG 20 N=l 0 1\.l 
TP = 1-XPI**N/FACTINI 

DC 21' ~=1o2J 
T = 1-XI*.M/FACTC~I 
R( = N $ R2 = M 
TD = T*R2/X 
FAC = SQRTCRl + R2*GAMI 
SUMNUM = SU~NUM + TP*T/FAC 
SLMPR = SUMPR + TP*TO/FAC 

21 CONTINUE 
SUMDEN = SU~OEN + TP/SQRTCRll 

20 CONTINUE 
OENOM = SUMDEN 
FX = AB + S~MNUM/DENOM 
FPX = SUMPR/DENOM 

C CO~PUTE NEW VALUE FOR ROOT, X2. 
c 

X2 X - FX/FPX 
Xl = X 
OX = X2 - Xl 
CHK = ABSCDX/Xll 
NTIM = NTIM + 1 

IF INTIM.EQ.101 GO TO 30 
IF ICHK.GT •• 00051 GO TO 5 

OONEWT2 = X2 
RETURN 

30 PRINT 1 
1 FORMATI//lOX,*SOLUTION NOT REACHED IN TEN ITERATIONS*///) 

CDNEWT2 = X2 
RETURN 

35 PRINT 2 
RETURN 

2 FORMATI//lOX,*SCURCE OPTICAL DEPTH CANNOT BE 0 1 OR INTENSITY ISO. 
1 *1111 

END 



-199-

FLNCTJON F,\CT<Nl 
FACT = 1 .. 0 

IF (N.EQ.Jl RETURN 
XR = 1.0 

DC 10 J=l,N 
FACT :-: FACT*XR 

10 XR = XR + 1.0 
RETUKN 
END 
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J. INTERPl 

INTERPl is a general int,crpolation routine useful for ohtr:d.ning 

y values for jnput values of x (= S) relative to a set of points (FX,FY). 

The other vnriables are explained in the com:::ent cards. h'ote the re

striction thLt the array (FX,FY) rr.ust be ordered according to increasing 

FX values. 

-· 
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SLBROUTINE INTERP1CS,NN,FX,FY,FI 
INTI:RP1lS A GENERAL INTERPOLATION ROUTINE USEFUL FOR CALCULATING 

Y ~ALUES FOR A GIVEN X VALUE RELATIVE TO AN ARRAY FYCF~I. FX VALUES MUST 
BE ORDERED IN INCRJ:'ASING VALUE. NN IS TtiE SIZE OF Tt;f INPUT X--Y ARRAY. 
f IS TH~ OUTPUT VALUE. 

DIMENSION FXC1001tFY(100I,XC4ltYC41 
IF CFXCli.GE.SI i2,10 

DO 13 N=lt4 
XCNI = FXCNI 
YCNI = FYCNI 

GO TO 28 
DO 22 t<.=1,NN 

IF 11-XCKI.LE.S.ANO.FXIK+U.GE.SI 23ti2 
IF CK.LE.21 24,25 

DO 31 N=1t4 
XCNI = FX(NI 
YINI = FYINI 

GO TO 28 
IF IK.GE.INN-111 26,27 

DO 32 N•1,4 
YINI = FYIN+NN-41 
XINI = FXIN+NN-4) 

GO TO 28 
DC 33 N=lt4 

YINI = FYCK-2+NI 
XINI "' FXIK-2+NI 

GO TO 28 
CONTINUE 
CONTINUE 

DN12 Xlll - Xl21 $ ON21 • -ON12 
DN13 = Xlll - XC31 $ DN31 = -ON13 
ON14 X(ll - XC4J $ DN41 = -DN14 
DN23 X(21 - Xl31 $ DN32 = -ON23 
ON24 Xl21 - XC41 $ ON42 = -CN24 
ON34 X(3) - X(4) $ DN43 = -DN34 
Xl2 = YC11/DN12 + YI21/DN21 
Xl23 = Ylli/ION12*0N131 ~ YI21/CON2l*DN231 + YI31/ION31*0N321 
Xl234 = YC11/CON12*DN13*0Nl41 + Y(21/CDN2l*DN23*DN241 + 
YI31/IDN3l*DN3l*ON34) + YI41/IDN4l*CN42*DN431 

F = Ylll + CS-XIlii*X12 + IS-XIlii*IS-X(211*X'l23 + IS-XIlll* 
1 CS-XI211*CS-XI31l*Xl234 

RETURN 
END 



( 
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AREA and GAUSS 

Functior1~ AREA and GAUSS are n"..t:i1erical integration routi;.es. AS.EA 

uses Simpson 1 s n:ethod, with a.:-:; additional higher order corrective term 

applied to all intervals except tho;5e on each end of the do:~1ain of the 

function Y. N is the number of poiYJts and E is the constr-:1t interval 

L::.:v:.. AREA is particularly l'tppropriete for obtaining arees under e::pirical 

curves or curv8s for explicitly defined functions of a co:: plex nc.~ ture. 

GAUSS uses the method of Gauss to obtain the area under the curve 

described bJ the input functi:;n F(z). The indicator DJD deter::.ines 

h th ~ T. ( rp~· 1) n L d (I "'D ..J 1 ~ ' 11 e er a uauss-.u;;guerre m.: - . :)r a uauss- :egen re ,, f , ; quaa-

rature will be used to obtain the area. The former is applicr.cble to 

integrals of the type 
oO 

J F(x)dx, a:1d the latter is appropriate for inte
A 

grals jB F(x)dx. (A and B Lere are equivalent to the J.. and B parameters 
A 

appearing in the F\rnction identifier card.) The Gauss-I£iguerre o_uadrature 

is taken over six points, the Gauss-Legendre over ten. Function GAUSS 

gives exceptionally good results for 11 well-teha ved 11 functio:1s, since the 

method of Gauss represents the highest order of accuracy achievable in 

mmerical integration of a fnncti0r"• F(x) which is expressable as a 

polynon·ial. 
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FLNCTICN AREACN,H,Y) 
DIMENSION YC100) 

A1 = 0.0 
COR = 0.0 

IF CN.LT.3) GO TO 500 
NM1 = N-1 
NM2 = N-2 

DC 1 I = 2,NM1,2 

-203-

A1 =. A1 + H/3.*CYCI-U + YCI+U + 4.*YC U) 
1 CONTINUE . . . '· 

IF .CN.LT.5) GO TO 500 
DO 2 I = 3,~M2,2 

COR= COR- H/90.*(Y(I-2) + Y~l+2)) + 2.*H/45.*CYCI-l) + 
1 Y(l~1)) - H/15.*~(1) 

2 CONTINUE 
~00 AREA= A1 +.COR 

RETURN 
END 

FtNCTION GAUSSCINO,A,B,F) 
DIMENSION VlC9),V2C1J),R1(9),R2ClJ) 
DATA (Vl(l),l=1,6)/.2228466042,1.1889321017,2.992136326lt 

1 5o7751435691,9o8374674184tl5e9828739806/ 
DATA (R1(1)~1=1,6)/.45896467395,.4170008308,.1133733821, 

1 .01J3991975,.C002610172028,.000000898547906/ 
DATA CV2(1),1=1,10)/~0130467357,.0674683167,.1602952159, 

1 .2H33023029,.42556283~5,.5744371695,.7166976971,.8397l47842, 
2 .9325316833,.9869532642/ 

DATA CR2(1),1=1,10)/.0333356721S,.0747256746,.10954318126, 
1 .13463010546,.14776211236,.14776211236,.13463010546, 
2 .10954318126,.0747256746,.03333567215/ 

.AR = 0.0 
IF (IND.EQ.l) GO TC 1 

DO 10 l=1r1u 
10 AR = AR + R2(1,*FCA+CB-A)*V2CI)) 

AR = AR*(B-A) 
GO TO 17 

1 DC 11 1=1,6 
11 AR =A~+ R1CI)*EXPCV1CI))*FCV1CI)+A) 
77 GAUSS = AR 

RETURN 
END 

.. 
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