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THE ULTRAVIOLET SPECTROSCOPY OF NITROUS OXIDE (N20): 
A TEMPERATURE-RESOLVED STUDY 

Gary Stewart Selwyn 

Materials and Molecular Research Division, 
Lawrence Berkeley Laboratory 

and Department of Chemistry, University of California 
Berkeley, California 94720 

ABSTRACT 

The absorption spectra of nitrous oxide and its 15N isotopes 

have been studied from 172 to 330 nm. The long wavelength absorption 

above 265 nm is shown to be almost entirely due to Rayleigh scattering~ 

contrary to previous accounts. This correspondingly reduces the calculated 

rate of nitrous oxide photolysis in the troposphere to a very small 

value. The temperature dependence of the absorption from 173 to 240 

nm has been measured for use in atmospheric modeling of the photolysis 

of nitrous oxide. At shorter wavelengths, previous investigators 

have noted the presence of very weak, diffuse banding of nitrous oxide 

s eri on its continuous absorption. Spectra obtained in this 

udy over the wavelength range 172 to 190 nm demonstrate that these 

diffuse bands are in fact a separate pronounced absorption of nitrous 

ox·!ae which is strongly affected by temperature. This banding is 

the result of ansitions to discrete vibronic levels in an upper 

electronic state. No rot ional structure can be observed. From 

temperature dependence of the observed structure it is shown that 

ition l"esul through vibronic coupling of the v 2 bending 

mode. The energy spacing the upper state is measured to 

~ 480 1 and this with the available knowledge of the vibrational 

uencies of the ground state, permits a partial assignment of the 
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spectrum. Using the large temperature effect observed. the spectra 

are deconvoluted into the individual absorption spectra of the (000) 

and (010) vibrational modes of the ground electronic state. This 

deconvolution reveals a (000) state absorption spectr~m which is weakly 

structured on top of a continuum and a (010) state absorption spectrum 

which is strongly structured on top of an enhanced continuum. Using 

this deconvolution it is then shown that the pronounced structure 

at higher temperatures is primarily due to the presence of vibration

ally "hot" molecules. Substitution of isotopically labeled nitrous 

oxide indicates a unique isotope shift for these vibronic features 

which increases in the order: NNO - N15NO - 15 NNO - 15N15No. The 

extent of the observed isotope shift is greatest at short wavelengths 

and has been observed to be as large as 130 cm- 1. Using the results 

of published theoretical studies of N2o, it is deduced that the structure 

results from the transition 1I - + x1I + while the continuous absorption 

results from the transition 1.6 + lxi + Both of these are normally 

forbidden transitions but are allowed by bending. It is further proposed 

that in the bent equilibrium geometry~ an avoided crossing results 

the perturbation of the 1A11 components of 1I - and 16 in Cs symmetry. 

Evidence for this bent configuration of 1I - is offered and a mechanism 

of predissociation is proposed. Finally an anomalous result is briefly 

discussed. In one sample of isotopic nitrous oxide an extremely strong~ 

sharp absorption (FWHM = 0.2A) is observed which is presumably due 

to an impurity. By IR, UV and mass spectrometry it was not possible 

to assign this absorption to any likely molecular or atomic species. 
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I. INTRODUCTION 

This work covers two aspects of study on nitrous oxide: its 

role in atmospheric photochemistry and the basic ultraviolet spectro

scopy of nitrous oxide which partially determines this photochemistry. 

This work began as a short study to evaluate the rate of tropospheric 

photolysis of nitrous oxide, but in the initial stages of this udy 

inconsistencies in the near ultraviol absorption spectrum of nitrous 

oxide became apparent. In the course of checking these inconsistencies 

other inconsistencies were noted between the 1iterature and the new 

experimental evidence presented in this study. Eventually, a different 

absorption trum resulted along with a different theoretical inter-

pretation of the ultraviol absorption processes of nitrous oxide. 

The explanation of this absorption process offered here is consistent 

with all imental evidence on nitrous oxide to date. 

This section, I, covers the background of the two areas of study 

in this work. Sections II and III deal with the atmospheric 

lysis of nitrous oxide Section IV covers the basic spectroscopy 

nitrous oxide. 

A. story Spectroscopic Studies of Nitrous Oxide in the 
Near and Middle Ultraviolet 

ifson1 in 1926, was the first to study the ultraviolet absorption 

of nitrous oxide and reported a continuous absorption, from 200 to 

nm. and a stronger inuum from 155 nm to shorter wavelengths. 

Du in 1 

ac 1y 

absorption 

showed that the first absorption of nitrous oxide 

weakly to 275 nm and was unable to trace any banded 

210 and 275 nm. In a broad range study of the 

nitrous oxide absorption spectrum from to 85 nm, Duncan4 discovered 



discrete structure near 155 nm with a vibrational spacing of 621 cm- 1 

but found only continuous absorption elsewhere. 

NO was detected as a product of UV photolysis by Wulf and Melvin 3 

and Sen-Gupta5. Henry6 noted these findings and tried to associate 

them to dissociation products of N2o. 
In an effort to find the long wavelength limit of the dissociation 

of nitrous oxide, Sponer and Bonner7 in 1940 used a steel pipe 105 

feet long as an absorption cell and filled it with nitrous oxide at 

pressures up to five atmospheres. At this pressure, the absorption 

extended weakly up to limit of observation, 306 nm, with two extremely 

weak continua noted above 275 nm. 

In that same year, a study by Nicolle and Vodar8 reported on 

the difference in the absorption spectrum at 293 K and 183 K and found 

that at the lower temperature the absorption is uniformly decreased 

over the wavelength range studied, 215 to 235 nm. 

Romand and Mayence
9 

in 1949, also noted banding in the second 

absorption at 145 nm, and reported a purely continuous absorption 

in the region about 184 nm, A more detailed study, using photomultipliers 

and with higher resolution, by Zelikoff, Watanabe and Inn10 in 1953, 

udied the absorption of N20 from 210 nm to the LiF cutoff at 108 

nm. Above 138 nm they found strong vibrational structure in the second 

absorption centered about 145 nm, as did Romand and Mayence, but unlike 

the previous studies, they noted very weak, diffuse bulges on the 

continuum centered at 180 nm. Because of the weak nature of these 

bulges. they could not be measured accurately or further anal 

These bulges are a major concern of this work and are discussed in 
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Section IV. Extending to longer wavelengths than the Zelikoff, Watanabe 

and Inn study, the results of Thompson, Hartreck and Reeves11 (1963) 

agreed quantitatively with Zelikoff and workers but found only a continuous 

absorption with no superimposed features between 150 and 239 nm. 

In a study primarily concerning the atmospheric role of nitrous 

oxide. Bates and Hays 12 (1967) presented the N20 absorption spectrum 

from 170 to 320 nm based upon unpublished sources. Their spectrum 

shows a second absorption above 260 nm. More will be said about this 

in Sec on I L 

udying the temperature dependence of the near UV absorption 

of nitrous oxide between 293 and 953 K, Holliday and Reuben13 reported 

in 1968 a very large temperature effect~ primarily affecting the longer 

wavelengths though increasing temperature strengthened the absorption 

ature dependence in Sections III and IV. 

A rehensive review article on the electronic spectroscopy 

of nitrous oxide and other molecules isoelectronic with it by Rabalais 

coworkers 14 presented new spectra of N20 from 110 to 215 nm. 

·lr um of the absorption N20 showed only a purely 

continuous orption although they refer to weak absorption bulges 

of Zelikoff They so presented a review of the theoretical 

is this absorption of nitrous oxide and its related isoelectronic 

molecules. 

Most ly, t~onahan W ker15 in 1975 compared the absorption 

298 K th the absorption of a thin solid film of 

N at K. In the gas phase at 180 nm they also observed very 
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weak. diffuse bands superimposed on the continuous absorption, but 

like the Zelikoff study, were unable to analyze them or observe any 

detailed structuring. 
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B. Photochemical Processes of Nitrous Oxide 

The following products of photolysis of N20 are energetically possible 

in the near ultraviolet: 

( 1) N20 + hv -rN 2 + 0 (10) A < 340.6 nm 

( 2) -r N
2 

+ 0 (1S) A < 211.6 nm 

(3) -r NO + N (20) A < 169.5 nm 

along with the in-forbidden product of photolysis: 

(4) N 0 + 2 hv ·+N 2 + 0 (3P) A < 742.4 

( 5) -r NO + N (4S) A < 251.5 

Originally, the NO produced in the early photochemical decompo-

sition studies of N~O in the near UV was thought to result from the 
' 

direct photolysis into NO + N. Studies by Doering and Mahan 16 indicated 

that channel (5) occurred in about 20% of the products, however more 

definitive ies have since indicated that production of 0 ( 10) 

J..h L. {1) . th . ' d 17-21 ~ rougn ,A 1s e pr1mary one reacne . 

NO is produced indirectly through the reaction sequence for the 

is of pure nitrous oxide: 

-r N2 + 0 (1D) 

(7) + 0 -r N2 + 02 

(8) + 2 NO 

. ; 22 h f d h ( ) ( ) 1ason 1as oun t at the rate constants for 7 and 8 

can fit by the equation: 

(9) k7 (0.72 ± 0.11) + 21 
~~--...:..-

k 8 

170 < T < 434 K 

wi other products constituting less than 4 per cent of the total 

yield. 



C. Atmospheric Nitrous Oxide 

Since nitrous oxide was discovered as a trace gas in the atmosphere 

by Ade1 23 in 1938, its atmospheric concentration has been measured 

by ground based means 23- 29 , and with air-borne methods to measure the variation 

in concentration with altitude30- 35 •41 . Current estimates indicate 

a concentration of about 0.32 ppmv in the troposphere38-40 . 

Atmospheric nitrous oxide is produced by bacterial action on 

nitrogenous compounds during the nitrogen cycle36- 37 , although a 

small contribution from combustion42 •43 has also been proposed. The 

role of the ocean as a source or sink for nitrous oxide has also been 

debated49- 52 , and fresh water bodies have also been proposed as a 

source of N2o
44-48 • 

While unreactive with atmospheric molecules in the lower atmosphere, 

in the stratosphere nitrous oxide is destroyed by photolysis, (1) 

or may react with 0 (1D) through (7) and (8). The NO produced by (8) 

then influences stratospheric ozone53-55 by the NOx catalytic oxidation 

cycle: 

(9) 

net: 

Recognizing that increased man-made fertilizer production may 

ultimately increase stratospheric nitrous oxide, Crutzen in 1974 estimated 
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a four percent decrease in stratospheric ozone resulting from a twenty 

percent increase in atmospheric N2o concentration. 56 

Estimates by other workers have since proposed both larger and 

11 ff . 48 51 52 57-61 l. . sma er e ects on stratospher1c ozone. ~ ' ' Comp 1cat1ng 

the situation further is evidence that bacterial action may also provide 

an additional significant sink for N2o
62 and the possibility has also 

been raised that non-homogeneous chemistry may be important. 63 

Free radicals other than NOx vitally affect stratospheric ozone, 
,65 degree and nature of the interactions 

between the NOx, HOx and C10x families of reactions are currently 

under investigation and s it is difficult at this time to predict 

the effect of increasing N2o on stratospheric ozone. 
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II. Long Wavelength Absorption of Nitrous Oxide67 

A. Introduction 

1. The Bates and H Model 

In an early review of atmospheric nitrous oxide, Bates and Hays12 

presented the photodissociation cross sections of nitrous oxide from 

170 to 320 nm. They reported a moderately strong absorption with 

a maximum at about 180 nm, and a weak absorption at longer wavelengths 

with maxima at 280 and 295 nm. This weak absorption extended slightly 

beyond 320 nm, which is above the ozone cut-off of sunlight, and so this 

portion of the spectrum leads to a slow but sign icant rate of photo

lysis of nitrous oxide in the troposphere. On the basis of the observed 

mixing ratio of troposphere N2o, the indicated absorption cross sections 

for dissociation, and an estimated constant vertical exchange coefficient 

(K ) of 105 cm- 1 sec-1 in the stratosphere. Bates and Hays 12 calculated z 
the flux of nitrous oxide necessary to maintain the troposphere concentration 

corresponding 70 year average atmospheric residence time. The 

error in this type of calculation is large, but should provide an 

result (~±50%). 

2. al Indications 

At the time of this experiment (1975). there were two arguments 

that poi to the l i that the atmosphere residence time was 

(1) Schutz et a1. 66 studied the seasonal, much less than 70 years: 

geographical and variations in atmospheric nitrous oxide 

over a two year period and concluded on the basis of their experimental 

measurements that nitrous oxide is destroyed much faster than by the 

of photolysis as ven by Bates and Hays12 ; (2) Junge Hahn68 
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and Hahn49 estimated the source of nitrous oxide from bacterial reduction 

of nitrates and nitrites in the ocean and from soils; although there 

is a substantial uncertainty in extrapol ing those observations to 

the entire globe, the results strongly implied a source strength such 

that the atmospheric residence time is about 12 years. Comparing 

this short residence with the calculated lifetime of 70 years based 

on Bates and Hayes model photolysis in the atmosphere, Junge and 

coworkers thus argued that there was a large unknown process that 

removes or destroys N20 in troposphere. By stretching every uncertainty 

i u limit in the direction of minimizing the source 1 s strength 

of nitrous oxide (i.e. increasing its residence time)~ it could be 

argued that such maximum 11 experimental 11 lifetimes might be balanced 

by 

ons 

ion 

so 

r 

s i 

react·ion mu 

H 

lysis nitrous oxide using the Bates and Hays cross 

ir model. 

e of this experiment was to study the near ultraviolet 

nitrous oxi wavelengths above 260 nm in more depth, 

ic models may more accurately assess the photolysis 

i 

c nitrous oxi The ts of this study indicate 

on exi and so in its absence the 

ic nitrous oxide is negligibly small 

ime based upon photolysis and chemical 

more than the 70 years postulated by Bates 

in Section I, evi compiled the completion 

this imental section indicates that other processes, possibly 
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teriological in nature, may play an important role in the destruction 

rates of atmospheric nitrous oxide. This does not preclude the findings 

offered here of a large discrepancy between the chemical and photochemical 

rates of nitrous oxide destruction and the necessary rate to maintain 

steady state concentration, but instead these non-homogeneous mechanisms 

may help explain the difference. 



-l.l-

B. Experiment a 1 

1. The Cary 118C Spectrometer 

The Cary 118C spectrometer is manufactured by Varian Associates 

and the model purchased is equipped with a photomultiplier suitable 

for use down to 165 nm. It has a double prism monochromator which 

provides greatest resolution at short wavelengths. A deuterium discharge 

lamp provides a continuous light supply free from strong emission 

lines from 480 to 160 nm. A tungsten lamp is also provided for wavelengths 

greater than 350 nm. The instrument may be operated in the single 

or double be~n mode and provisions are made for purging all light 

paths. Since the light is dispersed by the monochromator before passage 

through the sample compartment~ photolysis due to the beam is not 

usually a problem. 

2. QQ_tics ~rl_<i_!~uartz Cell 

tra taken in this section used an existing optical system 

quartz cell built by my predecessors. The optical system, shown 

<in fi re l; consisted of a plane mirror located within the Cary sample 

c art~ent which reflec the beam out through a tube into a double 

si trapezoidal mirror housing. In the housing the beam was collected 

a nch concave mirror opposite the Cary and after reflection 

by a second plane mirror, was sent down the long cell passing through 

two suprasil windows of the quartz cell. Beyond the cell, on an 

ical ran a large concave mirror collected the beam and reflected 

it back for a nearly identical return trip. Focal lengths of the 

concave mirrors and their acement were chosen so that the beam was 

focused the end mirror. 
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~r-- Photomultiplier 
Housing 

Concave Mirror 

~-1.25 m Quartz Cell 

Concave Mirror 

XBL 792-8345 

Figure 1 
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Only a very small percentage of the transmitted light was lost 

due to overfilling of mirrors or windows; typically the optical arrangement 

passed 15% of the light at 300 nm with the loss primarily due to inefficiency 

of the mirrors at each the seven reflections. To minimize photo-

metric errors arising from a "short-trip" of scattered light in the 

entrance section being picked up by the mirrors in the exit section, 

the mirror housing was painted black and the two sections were divided 

with a p ition. This was checked by blocking the beam at any point 

past the housing; the transmitted light indicated was less than 0.02%. 

The cell was constructed entirely of fused silica and had two 

fused rasil windows (1/4' 1 thick). With the double pass optics, 

a path length of 252 em resulted. For a11 experiments it was necessary 

to blacken the length of the cell and darken the room to avoid light 

'leakage into the spectrometer. 

Initial experiments indicated that with the evacuated cell, the 

~eam would totally absorbed at wavelengths less than 260 nm. Upon 

tracing the beam path, I soon discovered that one front surface plane 

mirror had been mounted backwards by my predecessors so that the beam 

d s through the pyrex backing before reflecting off the mirror 

thus resulting in total absorption at the shorter wavelengths. The 

problem was ly remedied and with proper alignment it was possible 

to work down to 205 nm with 1% of the transmitted light. 

3. Procedures 

In all experiments of this section, the spectrometer was used 

in the double beam mode with the reference path containing an unmodi

fied 15 em of air in the sample compartment. Due to distortions in 
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the cell when it was evacuated~ there was a small systematic decrease 

in absorption when the evacuated cell was filled with helium or nitro

gen. For this reason, the cell was filled with helium or nitrogen 

as a reference for N20, rather than the evacuated cell. This equal 

pressure background spectrum was repeated before and after each ex

periment and was subtracted from the observed spectra obtained with 

nitrous oxide. Reversing the procedure and measuring the nitrous 

oxide first and last and the reference spectrum second was occasionally 

tested and yielded identical results. 

Since the object of this study was to measure extremely small 

absorptions, instrumental drift was an important factor. For this 

reason, three or four runs over the wavelength interval were repeated 

for both the reference and sample spectra to test for reproducibility. 

If a small variation was noted, more runs were repeated until reliability 

was insured. Occasionally a larger drift was found, and the entire 

measurement was discarded. The procedure reference-nitrous oxide

reference also served to check on instrumental drift. 

Noise was another limiting problem. The most that could be done 

to improve signal/noise was using larger time constants and slower 

scan speeds. Most experimentation was done at night when the house 

current was cleaner. pecially bad results were had at 1-2 PM, 5 

PM and 11 PM, the latter probably caused by switching of the compressors 

Gaique Laboratory. During this time the Cary also suffered from 

an intermittent noise problem which was later traced to a faulty carbon 

resistor in the photomultiplier socket. A 15 amp Sorenson voltage 

regulator was used to drive the Cary when it was found that the house 
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current varied over the range 112 to 122 volts~ a larger variation 

than was recommended for the Cary by the manufacturer. 

4. Data Collection 

Data for this section were collected on chart paper. At maxi~ 

mum sensitivity~ the Cary gives a full scale chart reading for ab~ 

sorbance (1og10 I0/I) of 0.02. Under the experimental conditions, 

the vibration and irreproducibility of the baseline was about 3 per

cent of full scale at this setting, limiting the sensitivity to about 

2 x 10- cm2 for N20 cross sections. Reproducibility from one day 

to the next was substantially less than this, indicating "low fre

quency" errors associated wi the total method. At the longer wave

lengths, the results sometimes indicated a negative absorption rel ive 

to the reference. These were calculated as negative cross sections 

and plotted wi the other data to show the scatter of experimental 

a. 

ni oxide used was purified by vacuum distillation for 

some runs. In an ort to identify the impurity responsible for 

·long wavelength peak reported by Bates and Hays, we also used 

ified N20 from the commercial cylinder (Matheson). No difference 

couid detected in the spectra between the purified and unpurified 

most measurements ( ially the long wavelength ones) 

were carried out with unpurified tank nitrous oxide. Most experiments 

~:ere done one ure and so the 1 and vacuum lines 

were f i 1l ed s 1 i ly over atmospheric pressure, then the line and 

1 were vented to the r and atmospheric pressure was read 

a mercury barometer in the next room. For measurements less 
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than 1 atmosphere, a Wallace and Tierman dial pressure gauge was 

used to measure pressure, which was later calibrated agai a Barace1 

electronic manometer. The resolution was about 1 nm and a scan speed 

of 0.2 and 0.05 nm sec-1 was used with 1 or 5 second time constant. 
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C. Results 

1. Absorption Cross Sections, 240-330 nm 

The apparent, observed N2o cross sections {loge !
0
/I g aNL, cm2 

molecule- 1 were N is the number density and L is the path length in em) 

are given in figure 2 for the wavelength range 245 to 328 nm at temperature 

294 ± 2K. The solid curve represents the N2o cross sections read 

from the first figure in the article by Bates and Hays. It can be 

seen that the wavelength cross sections reported by Bates and Hays 

are much higher than the results obtained here and are 10 times greater 

than the range of experimenal error of these measurements. The dashed 

line of figure 2 is an estimate of the Rayleigh scattering cross section 

for nitrous oxide; the observed values for air (Leighton, 69 Forsythe70 ) 

were scaled by the index of refraction function (n-1) 2 for air and 

N2o. The results scatter more or less equally about the Rayleigh 

scattering line above 270 nm. and thus they indicate no significant 

absorption by nitrous oxide at ro~ temperature in the troposphere. 

s and Hays gave two references to the entire absorption spectrum 

reported, 1 to 320 nm. The references are not broken down with 

respect to wavelength and it is not stated whether these references 

were reviews of the literature or new data. One reference is to an 

unpublished itish doctoral thesis and the other to a private communi

ion. Because of this, the experimental basis for the long wavelength 

absorption is not clear. I have written to Bates and the stated addresses 

of the references and no further details could be obtained. 

Using a 33 m stainless steel cell filled with 5 atmospheres of 

nitrous oxi • Sponer and Bonner7 did report a long wavelength absorp-
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Table 1. Long Wavelength Absorption of N20 

Wavelength, nm Cross Section x 1024 cm-2 

330 0.1 ± • 3 

320 0.2 ± • 3 

310 0.2 ± • 3 

300 0.3 ± • 3 

290 0.4 ± • 3 

280 0.4 ± • 3 

270 0.5 ± • 3 

265 0.6 ± • 3 

260 0.7 ± • 3 

255 1.0 ± .3 

250 1.9 ± .4 

245 3.7 ± • 4 

240 9.6 ± • 4 
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tion extending to 306 nm~ but they used unpurified gas and stated 

that impurities could be the source of this absorption. Their findings, 

reproduced in figure 3, shows a microphotometer tracing of the absorption. 

The long wavelength absorbance of 5 atmospheres of N20, trace C, is 

clearly observed, but at 1.5 atmospheres, trace B, a proportional absor

bance is not apparent relative to the vacu~ trace A. The long wavelength 

absorption may also be due to the absorption of a dimer of nitrous 

'oxide. This would exhibit a P2 pressure dependence. possibly explaining 

the observation above. The nitrous oxide dimer produced in supersonic 

expansion has been observed, 71 but its ultraviolet spectr~ has not 

been studied. 

Interestingly enough. for co 2 a similar weak absorption at wave

lengths longer than its first absorption feature at 147 nm, was noted72 

only later to be proven incorrect. 73 At longer wavelengths the absorption 

approaches Rayleigh scattering, as was determined using a 250m path 

length at one atmosphere pressure. 73 

With purified nitrous oxide and pressures less than one atmosphere, 

the cross sections of N20 are in reasonably good agreement with those 

reported Bates and Hays below 230 nm as shown in figure 4. These 

results show that there is no major discrepancy with respect to the 

absorption of nitrous oxide between 235-210 nm. 

2. Atmospheric Implications 

To imate the atmospheric photochemical implications of these 

new cross ions of the near ultraviolet absorption of nitrous oxide, 

the program JVALVES was used. The program, developed by Whitten and 

Johnston, calculates the photolytic rate constant, j, using the same 
I . 
i j 
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240 
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Figure 4 
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relationship74 

j = 4o;(A;)I(y.z.Ai)~(v;) 
1 

where the cross section o is wavelenqth dependent. The attenuated light 

intensity. I. is input as a function of wavelength and solar zenith 

angle at the top of the stratosphere and is calculated below on the 

basis of the column density of absorbing molecules. The quantum yield 

of dissociation.~. has been taken as 1.0 over all wavelengths. J 

is then calculated at each altitude up to 50 km in 1 km intervals 

and is a function of latitude in intervals of 10 degrees. 

The rate constant of photolysis will also vary with season. but 

it is possible to make a temporal and latitudinal average. This average 

result for the altitude dependent j is shown as the solid line in 

figure 5. The dashed line in this figure is the temporal and latitudinal 

average value for j given by Bates and Hays. 12 Comparable values 

of j are obtained above 20 km since the bulk of photolysis at these 

altitudes is due to the larger absorbance between 200 and 235 nm 9 

where our cross sections values agree with Bates and Hays. In the 

troposphere, a difference in the two models is clearly apparent. 

Hays model predicts a small but finite j of lo-9 sec-1 

absence of the long wavelength absorbance~ our model 

indic a negligible rate of photolysis. 

Multiplying the j value by the altitude dependent concentration 

of nitrous de (Ehha1t 131 ) gives the instantaneous rate 

photolysis, using the hour average sun~ 
~d(N20) 
-~-- = j(N20) = rate destruction= R. 

Although rate constant j is quite large at high altitudes, 
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very little N20 is found at these altitudes and so R is small. At 

altitudes below 20 km, (N
2
0} is much larger and j is small, uut not 

negligible for the Bates and Hays model. Integrating the product 

j(N20) over all altitudes and over the time period of a year gives 

a net photolytic dissociation quantity of 12.3 MT yr-1 for our model. 

Dividing the atmospheric inventory of N20 9 obtained by integrating 

the concentration of N2o as a function of altitude over all altitudes 

and surface of the earth, by the amount of destruction by photolysis 

in one year gives 191 years as the lifetime of N2o based on photolysis. 

The large di erence of this, from the 70 years calculated by Bates 

and Hays, results from the lack of photolysis in the troposphere. 

The importance of the other major pathway of destruction of nitrous 

oxide in the stratosphere, chemical reaction with 0( 1D), may be accessed 

by a similar method using the chemical rate constant (Davidson126 ), 

the concentration of nitrous oxide, and the calculated 0( 1D) concentration 

pr ily arising from 0
3 

photolysis. Adding the yearly destruction 

. -1 nitrous oxide through chemical react1on, 1.6 MT yr ,to the 10.9 

MT yr 1 c culated for photolysis alone, gives a corresponding lifetime 

160 years based upon these two known means of destruction. Clearly 

t se resul ic a large discrepancy between the estimated atmospheric 

lifetime 10 years and the known destruction pathways, too large 

to be accounted for by uncertainty in error. 

In agreement with our prediction of a negligible rate of photolysis 

in the troposphere, Stedman75 has experimentally demonstrated the 

e photolysis in the troposphere, using a NO detector 
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sensitive enough to detect the NO produced by the Bates and Hays model 

and ambient sunlight. 

. I 
! 
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III. Temperature Effect on The U.V. Absorption of N2o 
A. Introduction 

The previous section showed that at shorter wavelengths, between 

210 and 235 nm there was general agree~ent on the absorption cross 

section of nitrous oxide and so the atmospheric rate of photolysis 

was also agreed upon. These absorption measurements have been made 

at room temperature and thus do not necessarily reflect the propertie~ 

of stratospheric nitrous oxide, where the temperatures range from 

200 to 300 K. 78 For accurate modeling of the photolysis of nitrous 

oxide and temperature-dependent cross sections are required, assuming 

of course that a noticeable temperature dependence of absorption is 

noted within this temperature range. 

Upon undertaking this project, there was substantial evidence 
13 

of a noticeable temperature effect, 8• but the quantitative informa-

tion was lacking. Nicolle and Vodar8 obtained a constant ratio of 

absorbance 293 and 183 K at wavelengths above 200 nm, but did not 

disp ir data or other more quantitative results. Holliday and 

R 13 found ultraviolet absorption to increase rapidly with 

increasing temper ure from 293 to 953 K over the wavelength range 

to 270 nm. The temperature effect was most pronounced at longer 

wavelengths; only a small temperature variation was noted at their 

shortest wavelength studied, 200 nm. Ro~and and.Mayence9 reported 

on quartz ultraviol absorption as well as the more intense absorption 

at 145 nm and 291 K. Hudson presented a plot absorption 

cross sections 183, 293~ and 373 K in the wavelength range 176 

to 202 nm in a review article9 79 but the experimental basis for his 
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plot is unclear. He cites the Holliday and Reuben paper and the Romand 

and Mayence paper as sources, but the former only studied two of the 

temperatures plotted, and in .fact did not study spectra at wavelengths 

below 200 nm. Romand and Mayence9 did study shorter ~avelengths, 

but at 291 K only. Nicholle and Vodar did work at 183 K, but present 

no graph or tables and they worked at wavelengths greater than 200 

nm. Other papers by these authors did not deal with temperature dependent 

measurements of nitrous oxide. Monahan and Wa1ker 15 have studied 

the absorption spectrum of N2o gas at 293 K and of the solid film 

at K over the wavelength range 100 to 200 nm. 

The purpose of this study was to record the absorption spectrum 

of nitrous oxide at five temperatures spanning 194 to 302 K and over 

the wavelength range of 173 to 240 nm. These experimental conditions 

cover the range of temperatures and solar radiation encountered by 

N2o in the str phere. 

ous udies have indicated that the spectrum of nitrous 

oxi in the region of 180 nm may have some weak structure superimposed 

on t inuum absorption. Zelikoff 10 and Monahan and Walker15 

found evidence of very weak diffuse bands by optical methods. 

Lass 80 have observed diffuse banding by electron impact 

spectra. Chutjian and Segal 106 take note this diffuse banding 

in their theoretical study in which they note an experimental band 

spaci of 488 ± 30 cm-1• Partly by accident, but mainly by pushing 

t instrumentation to i limi , we have found a pronounced, relatively 

structured spectrum superimposed on the continuum in wavelength 

r 173 to 187 nm. 
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B, Experimental 

l, Quartz Cell Construction 

Spectra were obtained with the Cary 118C spectrometer fitted 

with either one of two thermostated cells, A small quartz cell mounted 

in the nitrogen purged Cary sample compartment was used in the wavelength 

range 173 to 210 nm, The optical pathlength was 6,5 em and each end 

was closed with a pair of suprasil windows (1/16 11 thick) with a vacuum 

between them for insulation, Because the inside diameter of the cell 

was smaller than the sample beam dimensions, it was necessary to block 

out the excess portion of the beam by placing two blackened washers 

with an inside diameter slightly less than the cell inside diameter, 

at both ends of the cell, This increases the background absorbance 

of the cell substantially but it was possible to subtract this background 

effect out and is process was necessary to insure accurate results, 

The cell was enclosed in an insulating jacket constructed of 

off from a liquid nitrogen dewar, An electric heater immersed 

in t liquid nitrogen regulated the nitrogen flow rate. thereby regulating 

the temperature in the cell, Temperature was measured by an iron-constant 

1e located in the center of the cooling compartment of the 

cell. Voltage from the thermocouple was referenced to an ice-water 

bath, passed through a lOOOx amplifier, and was measured with a digital 

voltmeter, 

2. ~ong Pass Stainless Steel Cell Construction 

A large stainless steel cell, used over the wavelength range 

200 to 240 nm~ had a double optical path1ength of 296 em and 
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had a single optically flat, polished suprasil window (1/4 11 thick). 

quartz was coated with 360 A of MgF 2 on both sides to minimize 

reflective loss around 210 nm. The same optical arrangement used 

in Section II was employed here. In this cell, the mirror was mounted 

at the same location as the end mirror in Section II, and had the 

same focal length, but in this cell the mirror was contained inter-

nally. This was advantageous in that it resulted in a longer optical 

path length and it required one less window eliminating further the 

reflective losses. 

All the mirrors, including the diameter, 48 11 focal length 

concave mirror inside the cell were reconditioned by stripping down 

with acid, replating the front surface with aluminum and overcoating 

with MgF 2. To enhance reflection around 210 nm, all mirrors were 

applied a rapid vacuum coating of aluminum followed by a 500 A coating 

of MgF 2 on l mirrors except the two 45° incident mirrors in the 

sample compartment which had a 475 A coating of MgF2 on top of aluminum. 

A review of the relevant literature is provided by references 81-90. 

Greater iectivity could be achieved by the use of a ThO or ThF2 
overcoating, but its radioactivity made this infeasible. 91 

The stainless steel cell~ 3 1/2 11 diameter and 1/811 thick was 

wel to a second 511 diameter~ 1/16 11 thick stainless steel tube which 

served as a cooling jacket. Between the two tubes, feet of 3/8 11 

copper tubing was wound into a iral, encircli the narrower tube 

ning the The copper spiral was suspended around the inner 

by a few hundred 3/811 rubber o-ri to damp the transfer of vibration 

from cooling coils to the 1. A two stage Nes1ab model LT-9 
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refrigerating bath thermostated the cell by flowing cold methanol 

through the copper coils. This in turn cooled by conduction an ethanol 

bath in the ace between the two tubes and thus cooled the cell uni

formly as a unit. The cell had an end-to-end temperature differential 

of 0.5 K at 243 K and 1.5 K at 225 K. 

Temperature was measured by placing two calibrated thermometers 

either end in contact with the ethanol bath. With the ethanol 

bath drained~ bake-out was possible up to 385 K by the use of electrical 

heating tape encircling the outer tube. Higher temperatures would 

damage the sponge rubber jacket and o-ring spacers. After bake-out. 
-5 the cell could be pumped down to 2 x 10 torr with two small glass 

diffusion pumps. 

To avoid some of the pressure deformation effects noted in Section 

II to en lethe use of the cell at measures up to 170 psi, the 

rear mirror was mounted on a center flange with holes drilled in it 

to u i ze sure on both sides. Thus to adjust the rear mirror 

t was necessary to remove an end flange in order to have access to 

he u ing screws. is was not inconvenient however, since no 

i cal ure was noted from 0 to 160 psi so the need for 

u was infrequent. front window flange was cut in the 

sh semicircles th an 1/811 metal strip between them to 

give added support to the window for use at higher pressures; this 

did i 

across 

th s of the beam. 

cell was cool , a stream of dry nitrogen was passed 

window to prevent frost formation. At cooler temperatures, 

t flow was increased accordingly and, at temperatures below 245 K, 
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th is was supplemented by placing a couple of trays containing P2o5 
in the mirror housing below the path of the beam. To aid in this 

purging efficiency, the mirror housing was sealed and the cell was 

cemented to the mirror housing. Silicone cement worked best since 

the cell would contract about 0.5 mm when cooled to its lowest temper

ature. This purging procedure was efficient and the window could 

be kept completely free of frost for up to 48 hours. A schematic 

drawing of the cell is shown in figure 6. 
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C Experimental Procedures 

L Data Collection 

The analog output of the spectrometer was collected and stored 

by a Fabritek 1074 data collector with a 12 bit A/0 converter and 

4000 words of storage. Data points were taken on a time basis~ usually 

1 point every 2 seconds and a scan was initiated by means of a Schmidt 

igger located near the Cary. The Cary scan speed was 0.1 nm/sec 

so data points were recorded every 0.2 nm. Timing mismatch between 

the Cary and Fabritek did not prove to be a problem as evidenced by 

the reproducibility of spectral features and the results obtained 

with each run. 

Data collected by the Fabritek could be arithmetically manipu-

lated and was displayed on an oscilloscope screen. Through an inter

face to a PDP 8L minicomputer (DEC) further data reduction could be 

carried out using FOCAL programs. Control over the data collection 

and minicomputer was through a teletype and the final form results 

were stored on paper tape for further analysis. This method of data 

collection was superior to that used in Section II since signal averaging 

over several runs was possible. 

All spectra were obtained in the double beam mode but were based 

on the ratio of I
0 

through the evacuated cell and I through the same 

cell containing N20. For wavelengths greater than 187 nm, the resolution 

was 0.7 nm. Typically four scans of the sample and background (evacuated 

cell) were repeated. Each completed scan was checked for drift or 

error by comparison with other runs. The background scans were summed, 
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multiplied by 1/4 and subtracted from the result of the same procedure 

for the sample runs. 

For all high resolution experiments in this section, the slits 

were set at 0.15 nm which gave an average resolution of 0.075 nm. 

The time constant was 25 seconds, the scan rate was 0.005 nm sec-1 

and data points were taken every 0.05 nm in this case. For these 

runs. signal averaging was also carried out for four runs, both for 

background and sample. 

Nitrous oxide from a Matheson cylinder was purified by passing 

through a 3A molecular sieve (Linde) to remove water and then by four 

successive vacuum distillations with retention of the middle portion 

of each. Prior usuage of a 4A molecular sieve indicated that the 

molecular sieve adsorbed nitrous oxide and quickly became saturated. 

Gas purity was sted by a variety of techniques. By ultraviolet 

absorption udies~ upper limits of NO and N02 impurity were set at 

< 1 pp~. By high resolution mass spectr~~etry 9 the upper limits of 

following were set: N2 < 0.1%, co2 < 0.01%, 02 < 0.05%. Mass 

numbers from 12 800 were scanned and no other impurities were detected 

th a sensitivity of about 0.05%. The infrared spectrum from 500 

to 3000 cm- 1 was studied on a Nicolet 7199 Fourier Transform Spectrometer 

at 0.06 cm- 1 resolution and did not reveal any other noticeable impurities. 

Gas pressure for these experiments was measured with a factory 

calibrated Baracel ectronic manometer. 

Wavelength calibrations were made by filling a 10 em cell with 

7.5 torr NO and observing the NO absorption doublet at 226 nm (Herzberg92 ) 

and by observing the rotational structuring of the Schumann-Runge 



-36-

oxygen bands below 195 nm. (Knauss and Ba1lard93 ~ Ackerman 94 ). 

The nominal Cary wavelengths were accurate to 0.08 nm with a reproduci

bility better than 0.02 nm. The wavelengths reported here are believed 

to be accurate to 0.04 nm. 

Since several scans in this section lasted four or five hours~ 

it was necessary to check for photolysis by the sample beam. The 

absence of photolysis of N20 in these conditions was established by 

the absence of any detectable NO produced during a special six hour 

run. 

2. Nitrogen Purging 

The Cary spectrometer cannot be evacuated, so nitrogen purging 

was required for wavelengths between 173 and 200 nm to reduce the 

effect of the Schumann-Runge absorption of atmospheric oxygen. The 

11 house nitrogenii supply was used for purging. It is the boil-off of 

1ar liquid nitrogen dewar supplying the college of chemistry, 

and so purity of the gas is good. Typically proper purging of the 

spectrometer required two days for the large monochromator chamber 

50 ft 3 -1 and the lamp, photomultiplier and sample compartments 

were flushed clean in 1 1/2 hours at 10 ft 3 hr-1• When N2 was used 

cool the ce11, the cold gas was then warmed in a copper coil heat 

exchanger and used to purge the spectrometer. 

The major problem encountered during the purging procedure was 

the lamp assembly. seal required 

was a flexible rubber gasket which would 

purging the light path 

against the flat face 

the lamp. In time, the and UV radiation the lamp would 

degrade the gask • creating an air leak. This was further complicated 
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because the lamp was air cooled so the fan would below air into the 

leak. This part required frequent replacement. 

The efficiency of purging could be estimated by monitoring the 

relative transmittance of an evacuated cell in the single beam mode. 

Generally, procedures resulted in an oxygen free background 

spectrum; worst a very small background absorbance at 183 nm was 

recorded, however is would appear in both background and sample 

spectra so that this was subtracted off during the data reduction 

phase F 

The rapidly decreasing transmittance of the light due to oxygen 

at wavelengths low 177 nm was reduced further by the decreased 

output of the lamp in this region, and was noticeable by the increased 

photomultiplier gain Cary uses to compensate for less light. This 

of course. resu in more noise and so data collection rapidly became 

more di cult wavelengths below 177 nm. 
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D. Results 

1. Reliability of Data 

The absorption cross sections for nitrous oxide for radiation 

between 173 and 240 nm and at five temperatures between 194 and 302 K 

are entered in table 2. Data points were collected and analyzed 

at every 0.2 nm over this range, but for the rate of changed noted~ 

a data point presented for every 1 nm is sufficient. The stimated 

andard deviation of wavelength is ± 0.04 nm and cross section is 

2%. Because only the quartz cell could be cooled to 194 K, cross sections 

for that temperature were only measured between 210 and 173 nm. 

As stated in the introduction of this section, during the course 

of this study a pronounced structuring has been observed in the wave-

length range 173 187 nm. The cross sections listed in table 2 

have been over this wavelength range by low resolution (0.7 

nrn) for e of atmospheric modeling. Spectra obtained with 

the ainless steel cell used from 240 to 205 nm agreed with spectra 

ai from quartz cell~ used from 173 to 210 nm, providing 

a check on systematic optical or temperature measurement errors. 

room temperature spectrum however~ stainless steel cell 

was room temperature, 296 K, but inside Cary sample compartment 

"room temperature 11 measured was 302 K due to heat generated by 

the trometer. It proved infeasible to correct for this small 

temperature difference, and so t\tvo slightly different temperatures 

are indicated depending on the wavelength range. 

I' 
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3. 83/24 4. 5.00/24 1.01/231 209 5.13/H 5.95/21 6.27/21 1.15/21 9 . 
239 . 40/24 5. 5. 95/24 l. 23/23 208 50/21 7.315/21 7. 82/H 8.75/21 1. 
:ns 5. J0/24 6. 7.315/24. 1. 52/23 201 7.81/21 8.95/21 9. 52/21 1.07/20 l.JS/20 
231 6. 60/24 $.25/24 9.50/24 1.91/23 206 9.90/21 1.09/20 .16/20 l.J0/20 1.65/20 
236 1. 70/24· 9.90/24 1.19/23 :L40/2J 205 1.19/20 L H/20 1.40/20 1.57/20 1.95/20 
235 9.65/24 1.22/23 1.49/23 3.01/23 204 1. 44/20 1.62/20 1.69/UJ 1.85/20 2. J0/20 
234 1. 21/:n 1.54/23 1.93/23 3.60/23 203 L69/20 1. 90/20 2.oor:w 2.20/'1.1[) 2.61/20 
233 1.51/23 1.91/1.3 2.41J/2] 4.78/23 202 2. 2.26/20 2.40/20 2.60/20 3.09/'1.0 
232 1.92/23 2.43/23 J.U/23 6.05/23 201 'J..MJ/20 2.67/20 2.81/20 3.01/20 ). 58/20 
2:U 2. 50/2] ).06/23 4.05/23 7. 60/2) 200 2.1!5/20 3.01!/20 3. 28/20 ). 51./20 4.09/20 ;no :L 20/1.3 3.91/23 5.05/23 9. 55/23 199 3.36/20 J.M/20 3. 86/20 4.06/20 4.70/'1.0 
229 4.05/2'3 5. 00/23 6.45/23 1. 20/22 198 3. 89/20 4.24/20 4.45/20 4.13/20 5.JS/20 
228 5.25/231 6.40/23 8. )5/23 L 51/22 191 4. 55/20 4.1!18/20 5.10/20 5.42/20 6.10/20 I 
227 6.81/23 I'L 30/lJ 1.06/22 L 90/22 196 5. 18/20 5.53/20 S.IH/20 6.14/20 6.82/'1.0 w 

w 226 9. L07/22 1. 36/22 2.39/22 195 5. 80/20 6. 20/20 6.42/20 6.85/20 ?S!/20 I 
225 L 1.31/22 1. 75/22 J.OJ/22 194 6.48/20 6. 90/20 1.25/1.0 7.51/1.0 8.11/20 
224 l. 45/22 1. 81/22 2. 34/22 J. 15/22 193 7.20/20 7.64/20 7.95/20 8. 32/20 8.95/20 
22) 1.87/22 2. 30/22 2.95/22 . 74/22 192 1. n.no 8.40/20 8. 75/20 9.20/20 9. 75/UJ 
222 2. 39/22 2. 93/1.2 3. 76/22 5.88/22 191 8. 59/20 9.02/20 9.)6/20 9.81/20 1.04/19 
221 3.08/22 3.74/22 4.13/22 7. 39/22 190 9.38/20 9.85/20 1.01/19 l. 06/19 L 11/19 
220 3.98/22 4.82/22 6.01/22 9.22/22 189 9.91/20 l. 05/19 1.07/l'll 1.12/19 1.11/19 
219 5.19/22 6.14/22 7. 58/22 1.15/21 lll8 1.07/19 l. H/19 1.17!19 1.19/19 1.25/19 
218 6. 68/22 1. 85/22 9.68/22 1.42/21 187 1.12/19 1.17/19 L 19/19 1.23/19 LH/19 
217 8.75/22 1.02/21 1.22/21 L 79/21 186 1.16/19 1.22/19 1.25/19 1.29/19 L 36/19 
2Hi LD/21 l. 29/21 L 54/21 2.23/21 HIS 1.22/19 1. 27/19 l. Jl/19 1.35/19 1.43/19 
215 1.44/21 l. 64/21 1.95/21 2.76/21 Hl4 1..26/19 1. 30/19 LJ2/l9 L 36/19 1.44/19 
214 l. 87/21 2.08/21 2.45/21 3.42/21 1831 1.28/19 1. 33/19 L 35/19 l. 319/19 1.46/19 
2lJ :1'.316/21 2.62/21 ).05/21 4. 21121 182 1.29/19 l.JJ/19 L 37/19 1.40/19 1.47/19 
212 ). 00/21 J.Jl/21 ).80/21 5.18/21 181 1.32/19 L 34/19 L 36/19 L 39/19 1.46/19 
2H 3.80/1'1 4.08/21 4.12/21 6.19/21 180 1. H/19 1. 35/19 L 38/19 1. 39/19 1.46/19 
210 4.23/21 4.10/21 5.11/21 5. 79/21 7.55/21 179 L 30/19 l. )2/19 1. 34/19 L 37/19 1.44/19 

178 1.28/19 1.28/19 1.29/19 LJl/l9 1.39/19 
177 L:U/19 1.28/19 1.29/19 l. Jlll9 1.40/19 
176 L 24/19 1. 23/19 1.25/19 L 27/19 1. 314/19 
175 L l6/l9 1. l5/l9 Ll7/l.9 L 18/19 1.26119 
174 L 14/19 Ll4/l9 1.15/19 1.17/19 1.19/19 
1n 1.07/19 1.08/19 1.10/19 I.H/19 L lJ/19 
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2. Continuous Absorpti~~ 

The portion of the data centered at the stratospheric "window," 

the region between the decreasing absorbance of the Hartley 03 band 

and the increasing absorbance of the Schumann-Runge bands of o2, is 

shown in figure 7. The triangles are the data points of Zelikoff, 

Watanabe, and Inn. Excellent agreement between the room temperature 

values is noted. Agreement at room temperature with the values in 

Section II has also been noted. The region shown here, especially 

from 205 to 225 nm, is important in stratospheric photolysis of N2o 

as a result of larger light flux in this 11 Window 11 region. It is difficult 

to see in this figure that the percentage change of absorbance with 

temper ure is greatest at longer wavelengths. The ratio of the cross 

sections between the room temperature value and the value obtained 

225 K is about 2.9 at 240 nm, about 1.6 210 nm and about 1.15 

at 190 nm. This is in qualitative agreement with the findings of Holliday 

and Reuben elevated temperatures. 

Jim Podol e was able to fit the temperature dependence at each 

wavelength in the empirical formula: 

lno (A,T) ~ A1 + A2\ + A3A2 + A4A3 + A5\4 

+ ( 300) exp(B1 + B2;. + s3;.2 + B4\3) 

The nine parameters were fit by a nonlinear, 1 

routine to give the coefficients for A in nm, 

squares, minimization 
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length, nm 

Figure 7 
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3. Structured Spectrum 

While collecting low ion data in wavelength range 173 

to 187 nm~ it was noticed that small bulges in the continuum were 

consistently reproduced. is was not thought too unusual since a 

similar effect was noted by ikoff !1. 10 A spectrum taken from 

their paper is s as figure 8. However upon comparing spectra taken 

at different temper ures in this wavelength range, it was also noticed 

that the extent intensity of the "bul " varied strongly with 
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is 

is is 

nitrogen isotopes 14N14r-m, 

a similar spectrum but 

in 

remote possi-

sample can dismissed 

each isotope. 

its temperature 

next section. 
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IV. Temperature Effect of Nitrous Oxide Vibronic Structuring 
at 6.8 eV 

A. Introduction 

1. Previous Studies 

As mentioned in Section III, previous investigators have noted 

weak diffuse banding superimposed on the continuous absorption of N2o. 
An example of this diffuse banding first observed by Zelikoff et ~10 

was shown as figure 8. Monahan and Walker15 also observed these bands, 

with somewhat more definition, but like previous studies were unable 

to analyze the banding or identify individual features. 

Non-optical methods such as the high resolution electron energy 

loss spectra by Lassettree and coworkers80 have also been successful 

in observing the diffuse banding of N2o, although it was still too 

weak and diffuse for analysis by these methods. 

At low resolution our spectra appeared similar to the previous 

studies, but at higher resolution a different spectrum resulted. 

Sufficient tests of purity as mentioned in Section III uphold its 

validity. 

2. Definition of the Vibrational State Spectrum 

It is the object of this study to quantify the effect of temperature 

on the resolved spectrum. With improved definition of the structured 

absorption and its temperature dependence, it should be possible to 

identify the active vibrations of N20 responsible for the observed 

temperature effect and to analyze the energy spacing of the upper 

electronic state. 
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The initial assumption made in this study is th each vibrational 

mode of the lower electronic state will have a unique absorption spectrum 

and that the observed absorption spectrum results from the convolution 

of these vibrational state spectra which are individually weighted 

by ir respective equilibrium populations at a given temperature. 

In other words, the observed ultraviolet spectrum, Y(T,~ ), can be 

expressed as the sum of individual state spactra, 

V(T.~ ) = a(T)A(~) + b(T)B(~) + c(T)C(~) + ••• 

where a, b, and c reflect the equilibrium macroscopic populations 

the pure A, B, and C vibrational state spectra. Implicit in this 

expansion, is assumption that the vibrational state spectra, 

A, B and C, are independent of temperature. In a rigorous definition, 

u1travi spectrum of a pure vibrational mode will have a temperature 

ng to the change in the thermal distribution of its 

rot iona1 members. For an ultraviolet spectrum consisting only of 

band tra, a change in the distribution of J" would be 

to al and intensity of the transition: 

v 1 (K',J') +- V11 (J 11
) 

um sel on rules for J' - Ju. However. within the 

hi 1imi the vari ion rotational distribution 

a amount. This is illustrated in figure 10 

normalized probability of the rotational distribution 

on of J for three different temperatures. It is clear 

t K change in the J di ibution is minor 

so variation of vibrational state spectra 

wil1 be small. At much below 300 K, as in the case at 
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151 K, the rotational population is significantly altered. Fortunately, 

in the case of N2o, at these temperatures a continuous spectrum is 

observed, and the discrete banding is very weak. The shape of a contin-

uous absorption is determined by the electronic and vibrational wave-

functions of the two electronic states and the dependence on such 

rotational change should be minor term. For these reasons 9 the thermal 

independence of vibration a 1 ate spectra, especially in the case of 

nitrous oxide, is considered valid to a first approximation. 

The uilibrium popul ions of the vibrational modes, a9 b,c 

will be a strong function of temperature over the range 150 to 500 K, 

and will fol"low well known statistical relationships. These coef-

ficients can be determined precisely over a wide temperature range. 

3. Statistical Peculations of Normal Vibrational Modes 

For a one dimensional harmonic oscillator the vibrational parti-

tion nc on 9 qv, is given by95 

(X) 

e-hv(n+l/2)/kT e-hv/2kT 
qv = I = 

1 -hv/kT n=O -e 

vis the energy of the vibrational mode with quantum number 

r: at 

ecting anharmonicity and coupling of vibrations for a polyatomic 

ecule. 

t product a 11 independent norma 1 vibration energies. v .• 
J 

!las en up to a, where a = 3n-5 for a linear molecule. These 

normal vibrational frequencies of nitrous oxide reknown from infra-
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red data: 96 a 

v 1 = 1284.7 cm-1 

v 2 "' 588.8 cm-1 (doubly degenerate) 

v 3 "" 2 2 2 3 • 5 em -1 

The population of a given vibration irrespective of other normal 

vibrations is given by 
-hv.(n + 1/2)/kT 

w e J 
f =--------

qv 

where w denotes the degeneracy of the nth level of vibration v .. 
J 

For a triatomic of Coov symmetry, only the v2 vibration is degenerate 

and the degeneracy of the nth level is n+1: 96b 

w = (n + 1) for v2 

To describe the population of the vibrational levels in terms 

of the four (two of which are degenerate) vibrations of nitrous oxide, 

the product of the individual popul ions is taken: 

Nvtmn e-hvi(,(( + 1/2)/kT(n + l)e-hvj(n + 1. )/kT e-hvk(m + 1/2)/kT 

NT _qv 

9 vQnm will also be written as (£nm). 

As indicated on pa~e 49. qv is given by 

_ (e-·hv;f2kT )(e-hv/2kT \2 (e-hvk/2kT) 
qv - \l-e-hv1/kT 1 hv/kT} l-e-hvk/kT 

The second factor is squared because it is doubly degenerate. 

In is way. 1 ons (000)~ (010). (006) or (113) 

may be determined as a function of temperature. In fact, over the 
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temperature range 150 to 485 K, only the populations of (000), (010). 

(020), (030), and (100) will be significant. 

A plot of the populations of several vibrational modes as function 

of temperature is shown in figure 11. As in the case of the rotational 

populations, the sum of all vibrational populations at any temperature 

must equal 1. Also plotted in this figure, the sum of all vibrations 

shown, is superimposed on the top margin (1.0000), indicating this 

to be so. 



-52-

(010) 

XBL 7812-13713 

Figure 11 
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B. Theoretical Aspects of Electronic Spectrum of Polyatomic Molecules 

1. Vibrational State Spectra 

The observed spectrum, Y, has been described as the weighted 

sum of individual vibrational state spectra. A, B. C •..• which 

have been assumed to be independent of temperature over the temperature 

range studied. If the state spectra of the different vibrational 

modes are not very much different. or if the populations of the excited 

vibrations are very small, then the observed spectrum does not vary 

much with temperature over this range. The magnitude of the difference 

in the absorption spectrum of the different vibrational modes will 

reflect the fference in the overlap of the differing Franck-Condon 

regions of the vibrational modes and the extent of vibronic interaction 

involved, if any. 

If, for teasons of symmetry or vibrational coupling to be discussed 

9 the ) state absorption is very much different than the 

ion trum of the (000) state and the populations of other 

vibrations is negligible 9 the observed spectrum may be described simply 

Y (T - a(T)A(~) + b(T)B(~) 

a ignating (000) population, will decrease with 

temperature~ b, signating the (010) population, will increase 

with temperature. At lower temperature, Y will most nearly resemble 

A and Y .. ., A as a -+ LO. At gher temperatures, the spectrum will 

involve increasingly more character of B. It is not possible to occupy 

only B and so this ate um cannot be directly observed in thermal 

uilibrium with its surroundi In such a if it is the change 



-54-

in b(T) which is primarily responsible for a large temperature effect 

in Y(T) over a given temperature range, then it is convenient to describe 

B as the ~~active vibration 11 responsible for the observed temperature 

dependence. 

The populations of all the vibrational modes wi11 follow the 

statistical relations outlined previously and so it is possible to 

deconvolute a series of temperature dependent absorption measurements 

into the component state spectra. The reliability of this calcul ion 

is greatly enhanced if the vibrational energies v;, vj, and vk are 

well separated from each other and their combinations, and if there 

is a reasonably large temperature effect on the observed absorption 

spectrum. 

For ~~allowed" electronic transitions there will often be an observable 

difference in the vibrational state spectra due to differing regions 

of Franck-Condon overlap. For 11 forbidden 11 transitions, the vibrational 

state tra may be even more markedly different if the transition 

occurs through vibronic interaction. 
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2. Allowed Electronic Transitions97a 

An electronic transition is designated as an "allowed" transition 

if the transition moment, R, is different from zero~ 

wi 

"' IV'* M\f! 11 d1 * 0 e e e 

is the ectronic transition moment of the lower ectronic 

ate, \f! 11 and the complex conjugate of upper electronic state, 

' and M is 

4e.x. 
1 1 

'l 

are 

9 and z,. 

(2) 

ies" n 

ion, 

ion: 

A more ri 

(4) 

ec 

electronic dipole operator with the components 

or 

le.y. 
4: 1 1 
1 

Ie·Z· 1 1 1 

on particles with coordinates x1, 

integral will be unequ to zero only if the product 

ic character class for symmetry of the involved 

Theory notation, 

is sel ion rule is the use of the Born-Oppenheimer 

ing the wavefunctions nuclear and electronic 

i niti on 

on may 

ev 

on moment would be 

dT * 0 ev 
more gorous definition of (4) and 

Born-Oppenheimer approximation 

made for the electric dipole moment 

nuclear motion: 



(5) M "' M + M e n 

then 

(6) 
'v~ v" ,,, '* M'1' II dT 

'V ev 'V ev ev 

I/Jv
1
*1/J/ v 1/Jeo*Mei/J e

11 
dle + 

1/! I* M 1/! 61 dT 1/! I* 1/! II dT 
v n v v e e e 

Standard analysis then assumes that for a valid Born~Oppenheimer 

approximation the ectronic components of the wavefunctions are orthogonal. 

so that (6) reduces to 

(7) •v•e"V 11 "' /1/Jv•*I/JvudTv 1/! 
1 *MI/J 11 dT e e e 

where the second integral been ined in uation (1). 

(8) •v·e~~v~~ "' Re•e" (Q) 1/J '*1/J "dT 
\1 v \1 

ansition moment is equ to product of the ectronic tran-

sition moment and vibrational overl integral. 

as 

is different from zero and applies a11 transitions between 

two elec ic states. It is the second factor which is responsible 

(vi 

1 is 

inciple. 

a similar 

s is n 

same 

i ly 

ier ecular wei 

ional features) the transition. 

ica1 interpretation the 

n it may be shown at. 

wavefunction. Only states 

ine with 

tends 

This e applies 

down increasi ly 
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3. Forbidden Transitions97 b 

Unlike diatomics, in which forbidden transitions are not usually 

seen optically, in polyatomics, these transitions often occur weakly. 

For a 11 forbidden 11 ition: 

(1) , * M \)! e" dT e = 0 

if the more ri form is not equal to zero 9 

(4) 1 vi vu -

t ansition will occur. 

if (4) s zero~ the ansition may still occur if substi-

on of ic di e operator or ectric quadrupole operator 

in (1) gives a nonvanishi result, although these transitions are 

much er an 

( 1) is 

(9) 11' ~) ev 

so it is 

electron dipole itions 9 typically 

ively an allowed electric dipole transition. 97 9 

ic 

ion as 

ansition is allowed in (4) and not in 

on. This implies that the separability 

in uation (6) is not valid and 

(8) is so invalid. 

ve 

ion vibronic wavefunction, is obtained 

ti ication 

ly seen if \)! is 
v totally symmetric 

same result as (1) and thus vibronic i ion 

e ition. However if \j!v is an antisymmetric 

or ion, then \j!ev may have a different symmetry then 
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1/Je and Re'v'enveu may be unequal to :zero when equation (4) is applied. 

An example may be the 1 I + *· 
1 I + transition for Droh symnetry. 

g g 

This transition is allowed only through the ectronic quadrupole 

t d th . t 1 k H 1 . f 1 " + . th opera or an us 1 s ex reme y wea • owever coup Hi.q o L,g w1. 

+ 
a I u or a nu vibration would not result in Re'v'e"veu = 0, and so 

electronic transitions due to vibronic interaction are specific for 

the vibration involved. degree of intensity of a vibronically 

allowed transition depends on the strength of the vibronic interaction 

Figure 12 shows a evant sibility of vibronic interaction 

for the 1I+ and 1I- electronic states of N20. (In this discussion. 

+ and - of ~r- and 'I+ to the symmet~y or asymmetry of the 

electronic ion when reflected by the vertical plane of symmetry.) 

case without vibronic interaction has no transitions because 

of + sel on rule electronic transitions. With vibronic 

- -+ - and + -+ + ection rule is still maintained 9 

as is angular momentum ection rule~ /:;,1\ "' 0, ± 1, except that 

wi vibronic mixing a number transitions are now possible. Note 

ly the \)2 "" 1, or 2 levels each have at least one trans-

it ion each \)2 on level of the In contrast, 

the v2 "' 0 level it i on on 1 y to n vibronic levels of the 

upper nee :::: 0 vibronic wavefunction has the same sym-

as the 11y c ic state, this transition can be 

ng on the upper 

gure is useful demonstrating bronic 

i on on i ons but for studies here, it is more 
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1 compare j \)2 "" 0 and v 2 "" 1 vibronic 

1 s ground el vibrati levels 

an upper lr ectronic vibronic species 

the upper levels mode of li-. The quantum 

12, ily only demon-

strate t ld show an energy spacing 

Hions origi br iona11y hot 

"' 1 level should a ve ing This means 

\) 01 

2 "' 0 is occupied~ any 

should i ich is ce as 1 arge 

origi temperatures. 

4. 

only scuss ion levels been the 

popu 1 on di as a function of temper-

a 1 i near c J is only quantum 

1i e i and is linear-linear 

it ion~ 

l:IJ "' o~ ± 1 (J "' 0 J "' 0) 

se1 ion rules i 

+++- + 

S++ S a++ a s a 

level ( 

di i +). on es 

1 I- 1 I 9 no only P R 
1 p Tf - ' €1 0 0 ~ 

1 1 I- - 'IT~ 0 e e ~ Q~ p R 
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Upon bending the molecule a second rotational quantum number 

arises, K, which is strictly defined only for a symmetric top. For 

nitrous oxide, as it is bent increasingly, the molecule less and less 

resembles a prol symmetric top and becomes an asymmetric top molecule. 

Table 3 shows the three rotational constants, B, and C, for ground 

state N2o for several bond angles. Kappa would be 1.0000 for a prolate 

symmetric top. 

The rotational structure of an electronic transition between an upper 

electronic state which is bent in its equilibrium geometry and a lower 

electronic state which is linear, is determined by the selection rules 

for both J and K quantum numbers. For the linear case, K represents 

the contribution of electronic and vibrational angular momentum, 

where A is ectronic angular momentum and 1 is the vibrational 

1 \ + angular momentum. For the ground ectronic state of N20, X L , 

A "" 0 so K11 = 111. For the case of an electronic state which 

is s"!ight.ly bent in i equilibrium geometry, K, component of 

angu·l ar momentum about the top s (i.e., the A axis for a prolate 

·jc ) may also arise from the pure rotation of the molecule 

about axis. In this case~ for value of K there are a 

series of rotational s with J "' K, K + 1, K + 2 ~ . • • 

WithK ined, the additi rotational selection rules for 

a bent-linear el ic transition are: 

~::, K = Ke K" "" 0 M (II band) z 
~::, K Ke - = ± 1 Mx, M (1 y 

plus us ion rules J. 
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i itions in this study~ uti on 

reveal i vi features is 1 1e. It is 

so likely structuri observed is predissoci , so that 

the ne may sme out and may observed, even 

much reso 1 ion. 

ecti on es 

a D ansition or K "' 1 i on 11 be reached. at 

is~ 1 ne 11 appear same 

J selection rules, 

a n 

fine 

A 1 siti on 

s 

si e 

or L 

e. 

would 

rei 
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ansition K "' 1 11 in the 

arisi from the J ion rules. 
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seen in table 3 for a 

is separation may be 
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ition moment 
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Table 3. N20 Bond Angles and Calculated Rotational Constants~ cm-1 

for N-N 1.185 A and N-0 1.125A. 

NNO Rotational Constants9 Cm- 1 
Bond 
Angle, de g. A B Kappa 

180 * 0.4207 * * 
175 696.2 0.4215 0.4212 1.0000 

170 174.4 0.4239 0.4229 0.9999 

165 77.75 0.4280 0.4256 0.9999 

160 43.93 0.4337 0.4295 0.9998 

155 28.27 0.4413 0.4345 0.9995 

150 19.78 0.4508 0.4407 0.9989 

145 14.65 0.4624 0.4482 0.9980 

140 11.33 0.4762 0.4570 0.9965 

135 9.049 0.4926 0.4672 0.9941 

130 7.421 0.5118 0.4788 0.9905 

125 6.218 0.5342 0.4919 0.9852 

120 5.304 0.5603 0.5068 0. 9777 

115 4.594 0.5906 0.5233 0.9669 

110 4.033 0.6259 0.5418 0.9518 

105 3.582 0.6670 0.5623 0. 9306 

100 3.214 0. 7150 0.5849 0.9010 

95 2.912 0.7714 0.6098 0.8596 

90 2.660 0.8378 0.6372 0.8016 

Kappa indicates how closely the molecule approaches a prolate symmetric 
top. 
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5. Change of Symmetry during Transition98 

Implicit in the foregoing discussion was the assumption that in 

both upper and lower electronic states the symmetry class remains 

the same. For linear triatomics especially~ this is often not the 

case. co2, HCN, , and are a 11 lieved to change to bent symmetry 

in ir excited electronic states, 97 and the evidence is quite strong 

for a similar chan of symmetry for N20. For a change of bond angle, 

the resulting symmetry class is 

c + ooV or Dooh ~ c2v (triatomics) 

Evidence for such a s~nmetry change can unambiguously obtained 

ional structuring of the transition. In the absence 

such rotational information, vibrational progression pattern 

may so provi evi for such a symmetry change. If the allowed 

electronic ansition is between two different s~etry positions, 

the vi atior.al sel ion rules are determined by the symmetry elements 

b uilibriurn itions. Thus, for an allowed Coov- C
5 

result i vibrational ion rules are less 

re in 1 i near linear case, and the bending vibration, 

ic or a linear molecule, is considered now a s~etric vibration 

class. 

sider then vi ional se1 ion rules for a progression 

in t a h 
, v2: if the transition is between 

ies rule such as asymmetri vibration 

the 6v 2 = 0 transition the most intense. 

linear ion rule the symmetric 

vi ion predicts a cons ive progression, or 
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6v 2 = 0, 1, 2, 3 ••. For such a transition, the most intense peak 

will not necessarily 6v = 0 (see below). 

Note that in the case of the vibronically induced transition 

1\- 1\ +. as in the previous example of L L , a consecutive progression 

in v2' originating from v 2 ~~ '"' 1 or v 2 ~~ = 2 results, but from 

v2u = 0 (or from (000)). the selection rule97 d is 6v 2 (v" 2 = 0 only)= 

1, 3, 5 • . • Thus, the presence of a consecutive progression of 

v2' in the hot bands (v 2
11 = 1, 2 ... ) is predicted for both the 

case of a bent-linear change of a symmetry, and for the case of the 

vibronically induced transition, and on this basis alone it is not 

possible to distinguish the two mechanisms unambiguously. However 

the progressions originating from v2u = 0 ( or (000}) in the vibroni

cally induced case, predict a spacing of 2V 2', whereas for the case of 

a change of symmetry, the symmetric v2 mode of the upper state would 

show a consecutive spacing of v2', as would the hot bands. Other 

symmetric vibrations for the bent-linear transition will also of course 

show a consecutive spacing in v'. 

The above discussion has dealt with the consideration of an allowed 

bent-linear transition and of a vibronically induced transition with 

no explicit mention of symmetry change. For the additional case of 

a bent-linear transition which is only allowed in the bent case, a 

sli ly different situation arises. In this last case, although 

the product resolution R into R , 11 1 11 is not strictly valid, 
e e v v 

it is useful to a first approximation provided that Re'eu is also 

considered a function of nuclear coordinates. The usual interpretation 

of the Franck-Condon principle in such a case would predict that the 
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vertical transition to the central maximum of the upper state bending 

potential would have the strongest intensity. For this resulting 

upper state configuration of 180 degrees, the Re'e"(q,Q) is small, 

and so this vertical transition is actually weakt. 

will be large for a significant change in bond angle, or a non-vertical 

transition for which R, " (q) will be small. Clearly, the maximum v v 

of intensity of such a transition occurs at some point between the 

high energy limit (vertical) and low energy limit (non vertical) since 

for Re'e" x Rv'v" the first product increases with bending angle 

whereas the second product decreases 97d, Note however, that in a plot 

of potential surfaces of another vibrational mode, as in the v1 stretch, 

the usual principle of vertical transitions would still apply for 

that dimension. 

t figure 68 of Herzberg. Vol. III (Ref. 97) 
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6. Intensities of Continuous Absorptions9?e, 92b 

For continuous transi ons between two ectronic ~ the 

wavelength dependent intensity is ven by 

I. (>-)a v[ft/! o*t/J ndTJ 2 a bs v v v 

where v, energy. is derived from the energy dependence of the 

Einstein coefficient. B, and weights 

polyatomic molecule, the vibrational gen 

and lower electronic states. are a function 
II 

ap integral. For a 

ions upper 

all 3n-6(5) normal coor-

dinates. t/Jv is a low ener vibration such a (000) or (010) the 

wavefunction of these vibrations is easily ned. For high energy 
I 

vibrations in tPv however, a much more complicated expression results 
I 

a delta function may be used to represent t/Jv which is fferent 

from zero only at the classical turning point. With this approximation. 

I b (1-)a v(t/! ") 2 
a s v 

This result an intensity di ibution a continuous absorption 

from v = 0 whi appears as an energy weighted probabi1i distribution 

the v"' 0 vibrational level. 

l/1 li 

v ng 

ian type curve 

(OOO) state~ is ves an energy ghted 

inuum i ity stribution. 
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C. Experimental 

1. Instrumental Procedures 

As before, spectra were obtained with the UV extended Cary 118C 

spectrophotometer. To overcome some of the purging problems noted 

in the previous section, it was necessary to design purging modifica

tions and construct a different quartz cell. The deuterium lamp was 

rigidly mounted to the spectrometer and sealed with an o-ring to prevent 

purge leakage. This avoided the major source of leakage in Section 

III and was not prone to rapid deterioration. The main chamber of 

the monochromator was resealed by replacing the gasket material at 

the metal joints and by taping over the seals with 2" black photo

graphic tape. Instead of purging the entire sample compartment, as 

was done in Section III. nylon tubes with sponge rubber gaskets connected 

the cell to the spectometer and provided a small, tight purge connection 

for the light h, As before, complete purging required two days 

prior initi ion 9 but improvements from these modifications reduced 

the level noise significantly and permitted operation down to 171 

nm, 

Several different instrumental parameters were tested; the best 

res ts were obtained with a scan speed of 0.01 nm sec 1 and with 

the slits set at 0.06 mm to give an aver spectral band width of 

0.05 nm. Data points were taken every 0.02 nm over the range 190 

172 nm. All data in this section was collected using a time constant 

of 5 seconds and was stored on both chart paper and in the Fabritek. 

Signal aver ing was carried out over four runs for both background 

sample spectra each temperature. 
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2. Quartz Cell Design 

A single quartz cell was used for the spectra obtained in this 

section and it is shown schematically in figure 14. The cell consisted 

of a 2.2 x 10 em quartz cylinder with fused suprasil windows (1/16" 

thick) whi contai The cell could used in a flow 

or st ic manner but all spectra were collected in the static mode. 

A quartz jacket ed the inner cell was used for temperature control 

and a second quartz jacket surrounding the entire assembly also with 

1/16" thick suprasil windows was evacuated to 5 x 10-6 torr. sealed 

in vacuum~ and provided thermal insulation. 

p·1 i num wire was raled about the inner cell and was fed 

up the quartz tubing connected to the cooling jacket. past the quartz-

pyrex graded 

el 

and was welded to two tungsten electrodes. These 

through the pyrex section with uranium seals, provided 

on to the res. which served as buil in heaters. 

, vJas conven i for vacuum bake-out and for recording spectra 

inum was necessary to withstand the 

in worki quartz. A wire ickness of 0.01 inches 

increase resistivity of the heaters, smaller diameter 

ic glass owing. The resistance the buil 

in was ohms and by simply using an ac rheostat it 

was sib1e the temperature of cell. maximum 

sible damage to cell or heaters was 

cal temperature recording spectra 

was lower, K, owi interference from black body iation 
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Fluid was contained in the inner jacket for temperature control. 

For temperatures above 373 K, Dow Corning Silicone Oil was used and 

was heated by the Pt wires. This provided more uniform temperature 

control than heating an air space. For temperatures between 373 and 

243 K, a Neslab model RTE - 9 thermostated circulating bath was used 

to flow water or methanol through the jacket. For temperatures between 

243 and 200 K a Neslab double stage refrigerating bath, model LT - 9, 

was used to circulate methanol through the jacket. For temperatures 

below 200 K, a stream of cold nitrogen gas from a liquid nitrogen 

dewar was used to cool the ce1l, as in Section III. The lowest practical 

temperature to record spectra of nitrous oxide was determined from 

its equilibrium vapor pressure. To ensure enough optical density for 

accurate measurements, this was at about 151 K which has a vapor pressure 

of 28 torr. 100 

3. Temper ure, Pressure and Wavelength Measurement 

Pressure was measured by a 100 torr factory calibrated MKS Baraton 

capacitance manometer with a stated accuracy of 0.05%. Pressures 

u varied from 5 to 45 torr at the temperatures studied. Before 

ing sure the gas, several minutes were allowed for tempera-

and pressure equilibrium to be reached. The nitrous oxide was 

purified in the manner described in Section III and the tests of purity 

ormed in that section did not reveal any impurity in this case 

as well. 

Temperature was measured by two calibrated iron-constantan thermo-

1es in contact th the inner cell. The thermocouples were fed 

through t same tubing as the Pt wires and so it was necessary to 
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insulate the Pt wires with a length of quartz capillary tubing. A 

lOOOx amplifier with a digital voitmeter was used to measure the thermo-

couple output which was referenced to an ice-water bath. No significant 

deviation from standard tables of thermocouple emf 101 was noted over 

the temperature range 78 to 490 K. Equilibrium vapor pressures of 

nitrous oxide at temperatures below 183 K provided a convenient check 

on both thermocouple and pressure measurement. 

The use of two thermocouples, one at the fluid entrance and one 

at the fluid exit in the temperature control jacket, provided an estimate 

of the temperature differential in the cell. The observed temperature 

differential varied with the means of temperature control. When liquid 

nitrogen was used, an average temperature differential of 5 K resulted. 

The two thermostated circulating baths provided the best results with 

a differential of less than 0.5 K. Heating the silicone oil resulted 

in a higher temperature differential of about 10 K. 

As in Section III, wavelength calibrations were checked by adding 

02 to the cell and observing the rotational structure of the Schumann

Runge oxygen bands. 94 Wavelength accuracy in this section is believed 

to be 0.05 nm. 

data stored in the PDP 8L was output in the form of paper 

tape and transferred to the Lawrence Berkeley Laboratory CDC-7600 

computer. The most reliable means of transferring the data was by 

running the paper tape through a hard wired teletype located in the 

Vista Room. In this manner the data was converted into punch cards 

and further processing. graphics and corrections were possible. 
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4" Meter Vacuum Spectrometer 

check the effect of lower suures and higher resolution, 

the main chamber of a 3 m MacPherson monochromator, model 241, was 

evacuated and filled with 50 - 250 microns nitrous oxide" 

spectrometer was an Ebert mount type with an aluminum, 1200 

lines mm- 1 concave grating, which was used in the first order to give 

a dispersion of 2"7 A mm- 1. The highest resolution used in these 

experiments was 0.03A. or about 1 cm-1 at 180 nm. 

An air cooled deuterium discharge lamp provided a uniform continuous 

light source at wavelengths above 150 nm, below this, intense line 

spec from source made data collection impossible. 

Plate exposures using Kodak SWR film were taken at intervals of 

up eight hours. Since this was a vacuum spectrograph, it was possible 

to seal in only on one occasion was leakage a problem as 

evi by the presence of the sharp Schumann-Runge lines of oxygen. 

did 

traci the plates so revealed N20 banding, but 

show i y more detail than the room temperature resul 

wi Cary~ this was probably because noise reduction 

sible on 

less sensi ve 

and the p1 

a photomu1 plier. 

are 
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D. Data Processing and Graphics 

L Techniques 

The data collected on a time basis by the Fabritek corresponded 

to a linear wavelength scale on the Cary, and was converted to a wavenumber 

basis by use of the formula, 102 

\) ::: 

Here, the index of refraction of nitrogen,n, was taken to be 1.00035, 

and A is the wavelength in nanometers. 

Gas concentration was calculated by using the ideal gas equation. 

To avoid error in using this equation, experimental conditions near 

critical points were not used. 

After signal averaging was completed for both the sample and 

background spectra, and the normalized background spectrum was subtracted 

from the normalized sample spectrum, a three point digital smooth of 

the type 

I Y(I) + Y(I-1)/4 + Y(I)/2 + Y(I+l)/4 
I 

was applied to the final result. Since the three data points covered 

0.06 nm and the resolution was 0.05 nm, it was not felt that information 

wo d lost in this smoothing process. Comparison of the spectrum 

before and after smoothing did not reveal any noticeable differences 

except for reduction in the high frequency noise background. 

2. Graphics 

The quantitative data set at eleven different temperatures served 

as the experimental basis for the analysis to be discussed in the 

next subsection. In doing this programming analysis, it was invaluable 

d to have a graphical display of calculation results. This 



-77-

was made possible by the use of the graphics package available at 

LBL. The graphics routine IDDS was used for drawing the figures and 

slides along with on-line display units such as the Tektronics 4014 

CRT display and with either calcomp or microfilm hard copy units. 

The graphics program allows for variable scaling and size of 

output, and either plots points using two dimensional variable arrays 

or connects the points to give lines. Because the data points are 

close the plots appear smooth. For most spectra shown in this section, 

computer-generated 35 mm frames were photographically enlarged to 

give the figures, labels and plots. 

All programming was done in Fortran IV with most programs run 

as batch jobs, although for some uses interactive programming was 

found to be more useful. In the appendix, two programs are listed. 

3. Scale of Figures 

It was found to be convenient to express the data in linear multiples 

of lo-19 cm2 cross section. For this reason, all spectra in this 

section express the cross section (CSN) in units of 1019 cm2 in the 

ordinate axis, and the abscissa axes of all figures have the same 

linear range of wavenumbers, cm- 1, corrected for vacuum. Care is 

necessary in the examination of these figures since the scaling of 

the ordinate axis varies from 0 to 5 x 10-19 cm2 in one case to 0 

to 0.3 or 0.8 to 1.2 x 10-19 cm2 in other cases, as is needed to show 

the necessary detail. 

The intensities of all data presented are quantitatively accurate 

to about 4% in absolute absorption cross sections, and the relative 

error of peak intensity is about 1%. For quantitative comparison 
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of the difference spectra only the relative intensity of peak-trough 

may be used. 

It may be useful to compare the intensities given here with the 

approximate spectral intensities of other molecular absorptions: 78a 

02: maximum of Schumann-Runge continuum, 1.3 x 1o-17 cm2 

Herzberg continuum at 230 nm, 2.3 X 10-24 

SchumannRunge band structure, max. 1 X 10-19 

03: maximum of Hartley band, 1.1 X 10-17 

maximum of Chappuis band, 5 X 10-21 

Hz: Lymann - 4 X 10-16 

so2: maximum at 285 nm, 1.0 X 10-18 

C0 2: maximum at 147 nm, 7 X 10-19 

CCS: maximum at 223 nm (room temp), 3 X 10-19 

N2: rayleigh scattering at 300 nm, 2 X 10-25 

-1 To convert from absorbance coefficient, em to cross section, 

cm 2, divide by 2.5 x 1019 . 
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E. Results 

1. Temperature Effect on the Structured and Continuous Absorption 

The composite profile of the absorption spectrum at eleven different 

temperatures from 151 to 485 K is shown as figure 15. The cross sections 

are believed accurate to 4%. At all temperatures a banding progression 

is seen superimposed on a continuous background. although at higher 

temperatures the banding is most pronounced. The increase in absorption 

in intensity and to longer wavelengths with increasing temperture 

has been observed by Holliday and Reuben13 . 

The temperature profile shows that many of the observed broad 

peaks and shoulders are really composites of overlapping peaks which 

are resolved at lower temperatures. The effect of temperature is 

seen to be most pronounced on the peak structuring. The rate of temper

ature dependent increase varies among different members of the banding. 

The feature at 53200 cm- 1 at 485 K is seen to be composed of three 

di erent peaks; 151 K the high energy member is most intense, 

but increasing temperatures, low energy member increases rapidly 

and becomes predominant. The effect of temperature on the apparent 

underlying continuum is most noticeable at longer wavelengths. 

2. 

The room temperature spectrum taken on the 3 m vacuum spectrograph 

is shown in figure 16. It is clear from this figure that the structuring 

continues wavelengths below the limit of the Cary spectrometer. 

Since plates were used, only approximate relative intensities can 

be estimated. 
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F • D i s cuss i on 

1. Contribution of Cold and Hot Bands of x1I+ 
Using the fundamental vibrational frequencies of nitrous oxide 

(1285, 589, 2224 cm-1), it is possible to calculate the fractional 

population of vibrational states in the ground electronic state for 

. t t 95 any g1ven empera ure • Since at the lowest temperature studied, 

151 K, only 0.7% of the molecules are in the (010) state, this spectrum 

provides a good approximation to the spectrum of the "pure 11 (000) 

state. Weighting this spectrum by the fractional (OOO) population 

for each of the five highest temperatures studied, and subtracting 

the resultant spectral contribution of the (000) molecules from each 

of these five highest temperatures, the difference spectra obtained 

represent the spectral contributions of all the vibrationally 11 hot 11 

molecules at these temperatures. It is possible to identify which 

active vibration or vibrations are responsible for these difference 

spectra by dividing the difference spectra by the fractional equilibrium 

populations of (010)~ (020)~ (100), (110), (001) and so on. Only 

for the (010) state with its activation energy of 589 cm- 1 are the 

norma·iized 11 hOt 11 spectra consistent and in agreement for all five 

highest temperatures. Applying the same procedure but using an activa

tion energy of 2v2 or v1 yields widely varying normalized results 

for each of the five highest temperatures indicating these modes could 

not be primarily responsible for the observed temperature effect. 

Use of colder spectra for the derivation of the hot bands is less 

reliable due to the large error incurred by dividing a smaller temperature 

effect by a very small number. 
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The process may be summarized by use of the simple formula: 
Y(A,T)- a(T)A(t-) 

where A and B are the spectra of the (OOO) and (010) states respectively 

for 100~ occupancy, Y is the observed spectrum at temperature T, and 

a and b are the fractional equilibrium populations of (000) and (010) 

at T. The first iteration provides an approximation to the (010) 

state spectrum, which is then used to correct the 151 K spectrum for 

the spectral contribution of the 0.7 per cent (010) molecules present. 

The process is then repeated through an iterative procedure and convergence 

occurs quickly with the final result shown in figure 17. 

The large affect of the bending vibration is very apparent in 

figure 17. Most the structuring is seen to result from the excitation 

the bending vibration although a small amount of structuring is 

seen in the pure (000) spectrum. The observed continuum is also enhanced 

and is red-shifted somewhat from the maximum·of (000) spectrum. 

ence of a vibrational progression is noted in the (010) state 

urn, but this will be addressed later. 

reverse procedure of weighting each state spectrum by the 

fractional population (000) and (010) for a given temperature and 

convoluti 

fi 

allows a ison of this composite spectrum with the 

spectrum over a wi temperature range. For clarity, in 

composite spectrum (solid lines) is compared with the 

observed spectrum ( points shown) for every other temperature 

udi Figure 18 shows good agreement some temperatures and fair 

agreement at other temperatures. Of the even temperatures studied, 

were used derive the state spectra and therefore are not independent 
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comparisons by this method. Table 4 lists for every temperature studied 

the correlation coefficients, 116 which measure shape similarity but 

are insensitive to a constant displacement. In this table, the two 

temperatures used in the deriv ion of the two state spectra will 

necessarily yield a correlation coefficient of 1.0000. but the corre

lation coefficients of the other nine temperatures demonstrate that 

the convoluted spectrum closely approaches the actual absorption spectrum. 

From figure 18, we see that this method tends to underestimate 

the absorption at the highest temperature. 485 K. because at this 

temperature this method ignores the increasingly substantial population 

and spectra1 contribution of higher vibrational species. Similarly. 

in the derivation of the (010) state spectrum. this method unavoidably 

includes the interfering contribution of the (020) state spectrum 

present from the small equilibrium population of {020) at this tempera-

ture, so at lower temperatures where there is essentially no (020) 

ulation, this convolution tends slightly to overestimate the absorption. 

The overall conclusion from the agreement shown in figure 18 

table 4 is to confirm the assignment of v 2• the bending vibration, 

z1s ~~active" vibration which is responsible for the bulk the 

erved temperature dependence in figure 15. Had it been the small 

population of another vibration, say (100) or (001) and their respective 

energies of activation governing the rate of temperature dependent 

increase of spectrum. then this process would not converge for 

this noticably different activation energy of the vibrational mode. 

her result that the two state spectra and their respective 

activation energies may be used to predict the spectra at temperatures 

-
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other .than was used in their derivation, supports the assignment of 

these state spectra and their shape and intensities. 
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2. Second Order Approximation to the Hot Bands 

In the derivation of the (010) state spectrum it was assumed 

that only two primary absorbing species were involved in the absorption 

spectrum: the (000) vibrational mode and a single hot band. This 

hot band was identified as the (010) vibrational mode because only 

for this respective activation energy was convergence of the normalized 

state spectrum achieved for several temperatures. It was also noted 

in the preceding discussion that the derived (010) spectrum was likely 

to contain some character of (020) because the iterative method used 

could not separate three contributing species. The (020) interference 

is probably not too great because the (020) population is about 1.5 

percent compared to the 13.3 per cent population of (010) at 333 K. 

Unlike (010), the (020) state will be split into one component 

with two quanta of angular momentum, (0220), and one without net angular 

momentum~ (02°0). The ~ev of the (02°0) state is 1I +, and since it 

has net angular momentum, it is likely that the spectrum of this 

ate will be weak, perhaps weaker than the (000) state spectrum. 

This is because probability amplitude is shaped more sharply 

about 180° than (000) and so for a bent-linear transition, the Reae"(q~Q) 

factor of the transition moment will be smaller. (This is assuming 

that the transition is forbidden in linear case, but is allowed in 

a bent configuration. More evidence for this will be presented.) 

The (0220) state with an ~ev of 1~. has a net quantum angular 

momentum. It is then likely to resemble the (010) state spectrum 

in intensity and may in be stronger due to its greater equilibrium 

bond angle. The population (0220) at K is about 1 per cent 
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which makes for an expected relative error of about 7 - 20% in the 

derived (010) spectrum depending on the extent of the (02°0) contribution 

and the wavelength examined. 

By supplementing the previous method with an additional tier, 

it is possible to partially correct the (010) state spectrum for the 

interference of these higher order vibrations, particularly the bending 

vibrations. The disadvantage of this second order approach is that 

in solving for higher order vibrations which have very small populations 

and similar spectra, as in the case of (020) and (030), the final, 

normalized result of these spectra becomes increasingly unreliable 

and noisier. Specifically, in this case we are solving for 3% of 

the molecules at 485 K, so the degree of instrumental noise and the 

accuracy of data becomes extremely critical to the final result. 

It is unreasonable to expect then that the resulting normalized (020) 

and (030) state spectrum to accurately reflect the actual spectra 

of these higher order vibrations, but the use of this result in partially 

correcting the (010) state spectrum for higher order contributions 

is more reasonable. This is because the (010) spectrum derived previously 

contains only a 1% contribution of the normalized state spectra of 

these higher order vibrations. 

Figure 19 shows the result of this second order iterative procedure. 

In deriving this result, three temperatures were used, 151, 333, and 

485 K, to derive the (000), (010) and ((020) + {030)) state spectra. 

It is seen that the contribution of the higher order vibrations is 

most noticeable at longer wavelengths. It is not known whether the 

contribution of these higher order vibrations is negligible at short 
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wavelengths, as this result appears to show, or whether this result 

indicates an intrinsic failure of the method. Only a small portion 

of the higher vibrational spectrum is seen; this may indicate a maximum 

at much longer wavelengths (as demonstrated in Section II, the absorption 

of nitrous oxide extends to about 260 nm) although this is not possible 

to tell with the limited data base of this section. As expected, 

the (000) state spectrum is unchanged by this second order approach; 

the population of (020) at 151 K is about 4 x 10-3 per cent. The 

(010) state spectrum is unchanged at the short wavelengths, but at 

longer wavelengths the overall absorption is noticeably reduced, resulting 

in a sharper maximum than the overall appearance of the result which 

indicated a slightly sloping, flat maximum. Convolution of the three 

state spectra to give a composite spectrum gives an improved fit to 

the observed spectra, as indicated in figure 20 and table 4. Again, 

since three temperatures in this case were used to derive the state 

spectra. these are not independent measurements. but comparing the 

correlation coefficients in table 4, the improved fit of the second 

order approach can be seen for the other eight temperatures. 

The logical process used to derive the three state spectra is 

outlined on the following page. 

Use of higher temperatures than 485 K to derive the state spectra 

of higher order vibrations, was considered but rejected because the 

(100) state would also become occupied at nearly the same rate, as 

would (030) and so higher temperatures would only complicate the result 

increasingly. A more reasonable approach might be to cross the gas 

sample with a tuned, high power IR laser to selectively excite normal 
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Table 4. Comparison of the Correlation Coefficients of Convoluted 

and Observed Spectra for Each Temperature.38a 

First Order Second Order 
Iteration Iteration 

Temp., K Correlation Coefficients 

151 1.0000 1.0000 

182 0.9991 0.9992 

196 0.9926 0.9935 

223 0.9571 0.9619 

247 0.9954 0.9963 

268 0.9797 0.9812 

301 0. 9911 0.9908 

333 1.0000 1.0000 

372 0.9963 0.9968 

423 0. 9773 0.9935 

485 0.9593 0.9902 



First Order Iteration Sequence: 

Y(T) • a(T)A + b(T)B + c(T)C 

assumes a = 1.000, b = 0, c= 0 

A' = Y(T) 

B'(il) = Y(T)- a(T)A' 
b(T) 

A11 (il) "'Y(T)- b(T)B' 
a(T) 

B" (\) "' Y (T) - a(T)A" 
b(T) 
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repeat sequence until covergence for B and A 

Second Order Iteration Sequence: 

C'(\) "'Y(T)- a(T)A"- b(T)B" 

I 

B''' (\) "'Y(T) - a(T)A 11 
- c(T)C 

b(T) 

A'II(A) "'Y(T)- b(T)B'''- c(T)C' 

C" (\) = Y(T) - a(T)A''' - b(T)B''' 

c(T) 

repeat sequences until convergence for A, B and C 

T = 151 K 

T = 333 K 

T = 151 K 

T = 333 K 

T = 485 K 

T = 333 K 

T = 151 K 

T = 485 K 
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vibrations and calculate the excited species population knowing the 

absorbed IR power, the quenching rate, and the temperature. Most 

likely this would involve excitation of selective rotational quanta 

and then forming a Maxwell-Boltman average to simulate temperature 

equilibrium. 
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3. Energy Levels of the Upper Electronic State 

In the preceding subsection, the observed spectra of N2o were 

separated into the (000) and (010) state spectra. In figure 17, the 

(010) is seen to be strongly structured and more intense than the 

(000) state spectrum. Also a progression is apparent, indicating 

transition to discrete vibrational levels of the upper state. On 

the scale of figure 17, however, it is not apparent that very weak 

structuring can be observed in the (000) spectrum. 

Figure 21 shows the (000) state spectrum on a different scale 

plotted as solid lines, along with the 151 K spectrum shown as individual 

data points. This shows that the effect of correcting the 151 K spectrum 

for the 0.7% of hot mol~cules is primarily to reduce the intensity 

of the 151 K spectrum by a small amount and that the observed structuring 

does not arise from this small fraction of hot molecules at that temperature. 

A weak progression is now observable at this temperature. 

Fi re also shows an energy weighted Gaussian superimposed 

on the (000) ate spectrum. The function shown is of the type: 

Iabs(~) = vNexp(-D{v-v
0

)
2) 

where D, N. and v
0 

are constants. This is the equation of an energy 

weighted Gaussian which is seen to agree with the expected intensity 

distribution, as outlined in previous sections, by reaching the minima 

between the peak features. 

It is possible the observed spectrum results from a continuous 

absorption, as the Gaussian curve shown in figure 21, superimposed 

on a separate second transition ve di spectra, represented 

by the difference between the (000) spectrum and the Gaussian curve. 
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It is also possible that the intensity of the conjugate continuum 

absorption results from a single, pressure dependent broadening of 

the banding. The measurements using the 3 m monochromator as a long 

path cell at pressures between 50- 200 millitorr would appear to 

support the former contention. Of course, any intermediat~ interpretation 

of the two theories is also reasonable. Interestingly, in the analogous 

absorption of carbonyl sulfide, Price and Simpson 103 reported that 

at pressures less than 10m, the continuous absorption of OCS with 

superimposed diffuse bands, breaks down into a series of three broad 

band structured features without a superimposed continuum. 

In view of this unconfirmed result and the similar possibility 

that at lower pressures the continuum may be reduced with a subsequent 

increase in the apparent banding intensity, the Gaussian curve in 

figure 21 has been only used as a means of removing the "background 11 

absorption of nitrous oxide. 

By fitting a similar curve to the (010) state spectrum, it is 

possible to remove the background absorption by subtracting a temperature 

weighted composite of the two Gaussian curves based upon the fractional 

(000) and (010) populations from the observed spectra. In the resulting 

difference spectrum the structured spectrum may be studied without 

the effect of superposition on a slope which tends to change the shape 

and wavelength maximum of the peaks. Figure 22a shows this result 

at 151 K. The structuring is quite weak although the progression 

noted previously for this temperature is now more clearly seen with 

a spacing of 970 cm-l and is noted by downward arrows. The peak positions 

of the progression and their separations are noted in table 5. At 



Peak No. 

1 

2 

3 

4 

5 

-101 

Table 5. Vibrational Progression Members at 151 K 

-1 
\) ' cm-1 

53 595 

54 578 

55 567 

56 534 

57 450 

average spacing: 

983 

989 

96 

916 (962)* 

964 

econd figure from the 182 K difference spectrum 
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this temperature spectrum is 1 compli by hot bands. but 

weak intensity of structuring makes analysis icult. ides 

the features fit cm- 1 sian. 

features noted which do not appear fit another sion. 

Figures 22a to k show the result of this correction process 

each temperature between 151 K and 485 K. Wih increasing tempera-

ture, the structuring increases in intensity and presence a 

second, more intense progression with a ing of about 480 cm- 1 

is becoming increasingly dominant th 

this dominant progression is seen as major 

another minor ion is also seen as 

485 K only 

• although 

ders on the stronger 

peaks. The wavenumbers and energy separations of the major features 

in figure k are given in table 6. slope of di spectra 

the higher temper 

order brations 

arises from the contribution of higher-

this is most pronounced longer wavelengths.) 

It is u to interpret re1 i ve ions of 

ures in se fi in re 1 ion absolute energy 

1 ectronic and see if similar results 

are in the less obvious ions lower temperatures. 

was to sel major 

ures usi ion criteria 1 studied. 

th in temperatures 

in same as 1 es as in gure 22k 

it was in lize 

cri ia as well as an i 1 in fi ive 

cri ia~ a simple inflection 



w 
u z 
w 
0:: 
w 
LL 
LL -0 

0.25 

0.20 

0.15 

0.10 

0.05 

0.00 I 

52600. 

-103-

!51. DEG. K 

5 

2 3 ~ 
l • • + 

53600. 54600. 55600. 56600. 57600. 

WAVENUMBER 

N20 
XBL 792-8397 

Figure 



w 
u 
:z 
w 
0::: 
w 
LL 
LL 

0 

0.25 

0.20 

0. 15 

0 . I 0 

0.05 

0.00 

52600. 

-104-

182, OEG. K 

53600. 54600. 55600, 

WAVENUMBER 

N20 

Figure 22b 

56600. 57600. 

XBL 7812-13973 



w 
u z 
w 
0::: w 
LL 
LL -0 

-105-

0.25 196, DEG. K 

0.20 

0. 15 

0. 10 

I 

0. 05 ~ 
~ 
I 

0.00 ~~~or~>Trr.M~ .... n.o+~rrl .. ~r.nn .... rh~~~ 

52600. 53600. 54600. 55600. 

WAVENUMBER 

N20 

Figure 

56600. 57600. 

XBL 7812-13972 



0.25 

0.20 

w 
u 
z 0,15 w 
0::: 
w 
LL 
LL 

0 
0, 10 

0,05 

52600, 

-106-

223, DEG, K 

53600, 54600, 55600, 

WAVENUMBER 

N20 

Figure 22d 

I i 

56600. 57600. 

X8l 7812-13971 



0.25 

0.20 

w 
u z 0.15 w 
a::: w 
lL 
lL 

0 

0 . ! 0 

0.05 

52800, 

-1 

243. DEG. K 

53800. 54600. 55600. 

WAVENUMBER 

N20 

Figure 22e 

58600. 57800. 

XBL 7812-13976 



w 
u z 
w 
Q::: 
w 
LL 
LL ,_.. 

0 

=108-

0.25 268, DEG. K 

0.20 

0. 15 

0.10 

0.05 

0.00 ~~~~~~~~~~~~~~~~~~~~~~~~~ 

52600. 53600. 54600. 55600. 

WAVENUMBER 

N20 

gure 22f 

56600. 57600. 

XBL 7812-13977 



w 
u z 
w 
0::: 
w 
LL 
LL 
~ 

0 

-109-

0.25 30 I. DEG. K 

0.20 

0. 15 

0.10 

0.05 

0. 00 t.~.....,.....,.-+~..........t.....-n.-~...-+-r--r~-.-1-r-r-.~~ 
1 

52800. 53600. 54600. 55800. 

WAVENUMBER 

N20 

Figure 22g 

56600. 57600. 

XBL 7812-13975 



w 
u z 
w 
Ct: 
w 
Ll.. 
Ll.. 

0 

-110-

0.25 333. DEG. K 

0.20 

0. I 5 

0. i 0 

0.05 ~ 

0.00 ~~++~~rn~TTTihnnn,.>Trrrn,.,.~~oh~~~~~ 

52600. 53600. 54600. 55600. 

WAVENUMBER 

N20 

Figure 22h 

56600. 57600. 

XBL 7812-13978 



0.25 

0.20 

LLI 
u z 
LLJ 0. l 5 
0::: 
w 
LL. 
LL. 

0 

0' 10 ; 

0.05 ~· 
:I 

-111-

372, DEG. K 

fT 

0.00 ~ ... ~~~~~~~~~~~~~~~~~~~~~~~~~ 
52800. 53600. 54600. 55600. 

WAVENUMBER 

N20 

Figure 

56600, 57600. 

XBL 7812-13979 



0.30 

IZ.25 

0.20 

0. 15 

0 0.1011 

0. 

QJ. 

52600. 

II 

423. G. K 

I I I \ I \ II\ II\ \ I~ Ill\ l~ I I 
--' 
-' 

53600. 5460Ql. SS8QH7l. . ~) 7G!ll0 . 

22j 
XBL 7iil2-l39SO 



-113-

485. DEG. K 

53S00. 54S00. 

WAVENUMBER 

N20 

Figure 22k 

57S00. 

XBL 7812-13986 



-114-

Table 6. Selected Vibrational Progression Members 485 K 

Peak -1 -1 Number Energy, em Spacing, em 

1 52 662 
425 

2 53 087 
529 

3 53 616 
446 

4 54 062 
501 

5 54 563 
456 

7 55 019 
439 

8 55 458 
484 

9 55 942 
403 

11 56 890 
450 

13 57 340 
531 

14 57 871 
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in slope would have indicated hundreds of peaks at the low temperatures 

as in figure 22a and thereby emphasize the weak low temperature spectra 

much more than the stronger high temperature results. The width and 

height criteria were both logical decisions using the Fortran .OR. 

command and could be met by either large broad peaks or by smaller 

but sharper features. (For details see Subroutine CHECK in Program 

FINAL in the appendix.) Unavoidably, the program would occasionally 

identify two nearby peaks on a feature with a slight double maximum 

which a more subjective observer would place one peak, or a smaller 

feature appearing on the shoulder of a more intense peak might be 

missed. The features at each temperature which are selected as peaks 

by the program are indicated as solid lines in figures 22a to 22k. 

The permutation of all energy separations between the selected 

peaks for each temperature were measured and counted in bins of 20 cm- 1. 

The grand summation of this energy separation count for all temperatures 

is shown in figure 23 as a histogram of frequency of occurrence in 

energy spacing between peaks vs. relative energy separation in em= 1 

The different shadings of the individual bars in the histogram represent 

ion contributed by each temperature. Use of a permutation 

ng 1 possible energy separations at a given temperature 

avo·i overcounting the same energy separation between two peaks~ 

aHhough it tends to emphasize the smaller energy separations. This 

is seen by the decreasing intensity of the vibrational features in 

the histogram with increasing energy of separation. 

To check the effect of the peak selection parameters on the final 

histogram result~ the parameters were varied for ten different cases 
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varying from very restrictive criteria, yielding very few peaks, 

to a much less restrictive criteria, yielding many more peaks, especially 

at the lower temperatures. The final histogram derived from each 

case varied in the relative height (or signal/noise ratio) of the 

features seen in figure 23, but did not change the overall appearance 

of the histogram or the energy spacing of the features in figure 23. 

The sharp features of figure 23 indicate the approximate active vibrational 

energy levels of the upper electronic state relative to a minimum 

of potential energy. 

The vibrational energy levels of figure 23 are listed in table 7. 
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Table 7. Histogram Vibrational Features and Energy Levels 

Vibrational 
Level, n 

1 

2 

3 

4 

5 

6 

Energy, cm-1 

500 

980 

1420 

1880 

2340 

2840 

E/n, 

500 

490 

473 

470 

468 

473 

cm- 1 
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4. Vibrational Selection Pattern 

From the progressions in figures 22a to 22k, and from the energy 

separations indicated in the histogram, it is seen that v2
1 ~ 480 cm- 1. 

Yet in the (000) state spectrum, the spacing of the progression noted 

previously is 970 cm-1. Since this value is very close to 2v 2•, it 

appears that the (000) state follows the vibrational selection pattern: 

!J.v 2 (v2n = O) = 1, 3, 5, 7 ••• 

whereas the 11 hotu spectra and the spectrum of the (010) state indicate 

that from v 2
11 ""1 or 2 consecutive values of v2

1 are selected. This 

pattern becomes more evident when the weak structuring of the (000) 

state trum is superimposed on the spectrum taken at 485 K. In 

figure 24, the two spectra have had the underlying absorbance subtracted 

out and they have been superimposed on the same scale. The advantage 

of this method of forming difference spectra to study the energy positions 

of the structuring is evident by allowing such a comparison. Each 

of the five members of the progression in the (000) state spectrum 

agrees well with an alternate feature of the high temperature spectrum. 

outlined in previous parts of this section~ this vibrational 

ection pattern is symptomatic of only a bronica11y allowed tran-

sition. This is to differentiated from the case of a bent-linear tran-

sition which would be rigorously forbidden in the linear-linear config-

uration. For such a case, as outlined previously, transitions from 

v2
11 

"' 0 (i.e. the (000) state), as well as the hot bending vibrations, 

wou.ld show consecutive values of v2
1

• Since the bending vibration 



-120-

would show consecutive values of v2• since the bending vibration 

is a syrrrnetric motion in Cs symmetry and the selection rules for sym-

t . . b t. d. t 97h t.. . i y t me r1c v1 ra 10ns pre 1c a conserva 11ve sequence 1n v2 . e 
-1 the alternate peaks at 53 100, 54 050 and 55 000 em are noticeably 

absent from the (000) state spectrum whereas they are strong in the 

485 K spectrum (and the (010) state spectrum). 

It is also noted in the 151 K spectrum that weak, vibrational 

peaks are observed at 55 950 and 56 850 cm-1, which according to 

the theory outlined previously, would be expected to be absent. Two 

posibble explanations are offered here for the occurence of these 

additional features. The two unexplained peaks may be members of 

a different vibrational progression other than the v2 bending mode. 

The other members of this second (or third) progression may be obscured 

by their weak intensity in comparison with the observed v2 progression 

features. Secondly, the intensity of these two features is seen from 
-21 2 figure 24 to be about 3 x 10 em (peak to trough). Accordingly, 

the intensities of the two features are about 10-5 of a fully allowed 

ectric dipole transition. As stated previously, the intensity of 

an allowed magnetic dipole transition is about 10-5 of an allowed 

electric dipole transition. 97g The I- ~I+ transition is allowed 

by the magnetic dipole operator, 97g so it is reasonable to believe 

that there may be a magnetic dipole contribution to the vibronic structure 

since the intensities observed are on the order of magnitude of a 

magnetic dipole transition. For an allowed magnetic dipole transition 

such as this (and for most allowed electric dipole transitions as 

well), the greatest intensity is expected for one or two progression 
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members with optimal Franck-Condon overlap (vertical transitions) 

and with the other members of th progression rapidly decreasing in 

intensity (nonvertical transitions). The two unexplained features 

at 151 K may then arise from the contribution of a magnetic dipole 

transition, which is non-negligible only in this limited short wave

length range corresponding to a vertical transition. 

In view of this discussion, it is seen that the repeated absence 

of vibrational features at 53 100, 54 050 and 55 000 cm- 1 is more 

informative than the occasio~al presence of an unexplained feature 

in one region of the spectrum since these may be complications due 

to additional progressions or may be bands due to magnetic dipole trans

itions. 

Armed with this insight. it is possible to partially assign the 

features in the observed spectrum. Each of the five members of the 

progression in the (000) state represent the transitions: 

I 

~2 

I + 2 ~2 

I + 4 " (0) ~2 + vz 
I + 6 ~2 

I + 8 ~2 

where w has been shown to be an odd integral quantum number. 
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The energy of v2• is approximately 480 cm- 1, which is 100 cm- 1 

less than the v2" of 589 cm-1 in the ground electronic state. Thereby 

the transitions: 

wv2 
I - 1 

WV I + 1 
2 

W\) I + 3 
2 

WV I + 5 
2 

WV I + 7 
2 -1 where w is the same odd quantum number, will be located 100 em below 

the peak positions of v2" = 0. Midpoint between these hot bands will 

be the remaining transitions of the type wv2 ' + (2, 4, 6, 8 ••• ) +- v2''(1). 

Similarl hot band originating from v2" (2) would be expected 

to be 95 em below the v2'' (1) levels and thus form a sequence in v2• 

The resulting sequences in v2 and its peak positions is shown 

superimposed on the composite difference spectrum of figure 22K in 

the next figure. 

assigned peak positions fit the observed spectrum and this 

interpretation explains the different rates of activation energies 

of the spectra. For example, the feature at 55 500 cm- 1 at low temper

res has a predominate feature at its short wavelength end. At 

higher temperatures, the absorption assigned to v2u {1)~ located 100 cm- 1 

bel ow the v (O) assignment rapidly increases and becomes more intense. 

The lowest energy peak of this triplet structure may be the hot band 

from v2" (2), but there is no conclusive proof for this. Similarly, 
-1 the feature at 56 400 em at low temperatures the short wavelength 

absorption assigned to v2n (0) is seen as predominant. 
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At 485 K~ the same feature is only seen as a sloping shoulder on top 

of the more intense hot bands located 100 cm-1 below the v2" (O) assign

ment. 

Although the vibrational pattern appears to support the contention 

of transition through vibronic interaction, there is evidence also 

for a change of symmetry between the two electronic states. For a 

linear-linear transition, the intensity of the observed peaks are 

typically most intense in one or two peaks with subsequent members 

of that progression rapidly decreasing in intensity due to poor Franck

Condon overlap. If there is a change of symmetry during transition, 

and if the transition is forbidden in the linear-linear configuration~ 

then as previously demonstrated. there is a slow variation in the 

intensity of the progression members~ with a maximum located some-

where between the tw = 0 and the high energy 1 imit of the bands. This 

is clearly the case of the observed structuring, so this may indicate 

that the upper state is bent, as it has been calculated to be (references 

14~ 124~ 106) with a bond angle of 130 degrees104• 
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G. Photodynamics 

1. Continuous Absorption 

Rabalais et ~ and Fortune and coworkers104a,b have assigned 

the continuous absorption at 6.8 eV to the 16 state correlating with 

N2 (1I9+) and 0 (1D2). This could explain the weak nature of the 

absorbance (f~ 1.5 x 10-2) since the transition 16 + 
1I+ is angular

moment urn forbidden. Chutj ian and Sega 1106 , however assign the s arne 

absorption to the 1
TI state correlating to the same asymptote as the 

16 state. A more definitive theoretical result is required here to 

resolve this discrepancy. 

Interestingly, in a recent electron impact study of the analogous 

absorption of OCS, the assignment of 16 to the observed continuous 

absorption was determined by measuring the angular dependence of 

the electron scattering. 105 A similar experimental study of this 

type would be useful in confirming the calculations of Fortune and 

coworkers and the Rabalais study. 

shall adopt here the 16 assignment on the basis of these more 

recent calculations and since the 1
TI assignment would be expected 

to be more intense than the absorption is actually observed to be. 

,, 
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2. Structured Absorption 

The Chutjian and Segal study106 has offered the most detailed 

explanation of the vibronic banding of nitrous oxide in this energy 

range. They suggest that the banding results from vibrational resonance 

between the strongly bound 1I- state (the only state calculated to 

be bound in this energy region -- agreed upon by all the theoretical 

studies) and the repulsive 1 ~ state. Mixing of the two eigenfunctions 

may occur by vibronic coupling. even though the two states are separated 

by 2.8 eV in the Franck-Condon region. They further explain 11 at certain 

energies a band width of continuum levels (of 1
TI) will be in resonance 

with a vibrational level of the 1I- state~ and electronic mixing via 

the A" components of the two states will take place upon bending. 

The resonances will occur at spacings corresponding to spacings of 

either the v2 bending vibrations of the 1I- state or to the very anharmonic 

v3 vibrations near the top of the 1I- well." 

The authors state that ordinarily such vibronic coupling would 

unlikely due to poor vibrational overlap, however because the minimum 

the state 11 accidentally11 (their words) is near the 1
TI repulsive 

, therefore the "kinetic energy of translation in the 1
TI 

st and of vibrational motion in the li- state will be very nearly 

the [same so that] the wavelengths of the vibrational wavefunctions 

of both states will not be very different. 11 

In fact however, they calculate the minimum of the 1I- state 

as 4. and the minimum of the 1
TI and 1 ~ repulsive states is 3.64 eV. 

The Chutjian and Segal study can not explain the temperature 
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dependence noted by Holliday and Reuben, nor much of the new experi

mental evidence offered in this study. 

By carrying the original hypothesis of Chutjian and Segal one 

step further, and discarding their theory of vibrational resonance, 

another interpretation of the photodynamis arises, which is compatible 

with the new experimental evidence of this study. In lieu of further, 

more definitive assignments, I have tentatively adopted the 1L state 

assignment as the repulsive curve which was designated as 1
n by Chutjian 

and Segal. It should be carefully noted that since both the 1n and 
1L states are degenerate, what I apply to one may also apply to the 

other; this interpretation does not critically depend on the species 

assignment of the degenerate, repulsive potential curve. The Chutjian 

and Segal interpretation of vibrational resonance does critically 

depend on the state assignment of the repulsive curve because a 1L 

state could not directly perturb a 1I- state since it violates the 

perturbation selection rules with LA "" 2. 92c 

Both the li- and the 1L states are calculated to be bent in Fortunes 

study, so that 1r becomes 1A~~ inC symmetry and 1 L~ as well as 1n s 
will lose their degeneracy and will both split into 1A1 and 1A" compo-

nents in Cs symmetry. Figure 26 was taken from the Chutjian and Segal 

study except that the repulsive state has been tentatively relabeled 
1L. It is clear from this figure that the Franck-Condon region, indicated 

by the two vertical lines, does not intersect a turning point of the 
1,-
L state near the 6.8 eV energy at which structuring is observed. 

Let us then assume that due to the bent geometry of both electronic 

states, the potential curves of figur~ 26 interact to yield an avoided 

I 
i ~ 

I 
I· 
I 
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crossing as indicated in figure 27. This is the hyper conical inter

section discussed by Herzberg49 which results in an avoided crossing 

at all points except the point of linear intersection, which is allowed 

to cross. Therefore, in a strict linear geometry of the upper states 

no mixing can occur, and the interpretation of figure 26 is the correct 

one. Only the 1A" components interact, and the Franck-Condon region 

now sees a turning point which would have vibrational overlap and 

thus give rise to a structured spectrum. Unlike the HNO study of 

Herzberg, the 1A1 component originating from 16 in this case, could 

only remain unperturbed and give rise to a continuous absorption. 

The resultant spectrum would consist of vibrational bands superimposed 

on a continuous background, as is observed. 
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3. Vibronic Enhancement of Transition 

Account must also be taken of the large. fundamental differences 

of the derived (000) and (010) state spectra, as shown in figure 17. 

By thermal excitation of the v2 mode in the ground electronic state, 

the resulting ~ is then 1n. In C symmetry all transitions are ev oo v 
allowed, however it is only through the excitation of the bending 

mode that the molecule may be considered to some degree in Cs symmetry. 

Thus by excitation of the bending mode, the transition moments to 

the continuous state as well as to the bound state are both enhanced, 

as has been observed for the (010) state spectrum. 

In the cold, vibrationless state, (000), there cannot be vibrational 

interaction in the ground electronic state and so even though mixing 

of the 1 r and 1/::, eigenfunctions in the upper electronic states occur 

through their 1A11 components, in no manner may the x1 f ground state 

be considered in C symmetry. The transition moment for 1I- + x1 I+ s 
then rem ns strongly parity forbidden and 1~::, + x1I +remains angular 

momentum forbidden and very little structuring is observed on a weaker 

continuum. Yet, a weak progression is noted with a spacing of 970 cm- 1 

-1 which is very close to 2v2' for v 2
1 = 480 em Figure 13 demonstrates 

1 -that alternate, odd v2' levels in I . the vibronic transition 
1 1 + 

n + X I is allowed. This is interpreted as due to bending interaction 

of the upper state and should have a spacing observed at low temperatures 

of 2v2', as is observed. This proof of a vibronically-induced transition-

consecutive values of v2' in the hot bands and alternate values of 

v2 ~~ ~ 0 --confirms the same conclusion reached by Innes, 107 using conventional 

Herzberg-Teller theory of vibronically induced transitions. 103-112 
i; 
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Lastly, the observed decrease in the fundamental frequency of 

v 2 in the upper electronic state relative to the ground electronic 

state is reasonable since the transition involved has been interpreted 

as n-+ n* 14 , and in this context the presence of an* electron would 

lessen the bond order, which will increase the internuclear separation 

and cause a reduced fundamental frequency. 

A further theoretical discussion of vibronically induced transitions 

is provided by references 117 to 125. 
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Fortunately, on the basis of theoretical calculations~ the only 
1\_ 

bound singlet state in this region is the L • Triplet states also 

exist; however, transitions to these states would require overcoming 

an additional degree of a forbidden nature. Chutjian and Segal have 

attempted to explain the transition to the 1I- through vibrational 

resonance since the Franck-Condon overlap with this state is well 

separated from a classical turning point of the potential curve and 

is then expected to be quite poor. However, if the state is bent 

in its equilibrium configuration, it has been suggested that the result

ing double conical intersection of the 1I- with a repulsive, degenerate 

state may occur through their 1A11 components in C symmetry. This s 
would be expected to yield an avoided crossing in all orientations 

except the colinear one, and the new resulting potential well would 

then have a classical turning point within the Franck-Condon region 

at 6.8 eV. 

rotational structuring can be definitely determined, even 

with high resolution of a three meter vacuum spectrometer. However, 

from the intensity pattern of the observed vibrational features, there 

is evidence the upper electronic state is bent to a large extent. 

This is in agreement with theoretical calculations and the model pro

vided by Walsh diagrams. 14 ~ 113 
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2. A ed Mechanism of Predissociation 

lack of rotational structuring, even coarse rotational 

structuring arising from the K ection rules may be due to predissociation 

of the molecule. The short lifetime of a predissociated state would 

smear out fine structure due to uncertainty broadening. A mechanism 

of predissociation may be proposed using the theory developed in this 

study: 

The double conical intersection of 1I- and 16 would break down 

in the linear configuration. If then~ during the bending motion of 

the excited states~ molecule passes through the linear configuration 

and simultaneously the v1 vibra on is at its left hand turning point 

as indicated in gure molecule would expected to 

fly apart into the fragments N2 (X1 +) and 0 (1D) when these two combina

tions are simultaneously met. This is because in the linear configuration 

the avoided crossing would not occur and the left hand turning point 

v1 would repulsive '6 state correlating with N2 (1I g+) and 

0 (1D). In fact, it is interesting that the photochemical studies 

ad ley 4 point to an excited state of N
2
0 with an estimated 

lifetime of 10-8 second, although is unconfirmed 11 me may also 

result from other physic such as quenchi or fluorescence. 
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Appendices 

A. Results of 15N Substitution 

L ure Effect--Raw Data 

To prove the reproducibility of the previous results and to demon

strate the extent of the observed isotope shift on the structured 

absorption, the 15N isotopes of nitrous oxide, N15No, 15NNO, l5Nl5No 

were purchased from Prochem (British Oxygen Co.) with a stated isotopic 

purity of better than 99.0%. 

Gas purity and isotopic labeling purity were further checked 

by measuring the infrared frequencies of the various isotopes with 

a Nicolet 7199 Fourier-Transform Spectrometer and comparing this result 

with literature values 128• 129 . All experimental procedures used 

were identical to the previous section, however a longer wavelength 

range was covered, 197 to 172 nm for six temperatures using 1250 data 

points for each spectrum. 

Signal averaging was carried out for two runs on both background 

and sample spectra at slightly less resolution, to improve the signal/ 

noise ratio (0.7A). For optimal comparison with the unlabeled isotope, 

lar N20 (Matheson) was also run in the same manner. 

The result of the temperature dependent absorption of each isotope 

is shown in figures 28 a-d for six temperatures from 197 to 172 nm. 

As expected. isotopic substitution does not significantly alter the 

si of absorption at a given temperature. It is also clear 

from figures that even at high temperatures the observed struc-

turing is qui weak at longer wavelengths. 
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2. Deconvolution and Isotope Shift 

Using the unique infrared frequencies of each nitrous oxide isotope~ 

it is possible to deconvolute the raw data presented in figures 28 a-d 

using the first order or second order iterative procedures outlined 

in the last section. Figures 29 a-f show the result of a first order 

deconvolution into the (000) and (010) state spectra. To demonstrate 

the observed isotope shift~ figures 29 a-f are shown superimposed~ 

as a permutation of all possible isotope comparisons. In each case, 

the extent of the isotope shift. as indicated by the displacement 

of the structured spectra, is seen to increase at the shorter wavelengths. 

At longer wavelengths, the isotope shift is minimal and the peaks 

most nearly coincide. This is to be expected, since the extent of 

isotope shift would be greatest for high quantum vibrations, corre

sponding to the short wavelength transitions. It is also seen that 

the extent of isotope shift is greatest for the most dissimilar iso

topes, such as NNO and 15N15NO whereas the isotope shift between more 

nearly similar species, such as 15N15No and 15NNO, show the least 

displacement. It is also seen that the observed isotope shift can 

be so 1 arge as 125 cm- 1 at the short wavelength end of the spectrum. 

In comparison with the isotope shift of less than 15 cm- 1 for v / = 1 

in the ground electronic state, this large isotope shift appears to 

indicate transition to high quantum vibrations in the upper electronic 

state, in agreement with the theory discussed previously. 

Using the second order deconvolution procedure to solve for the 

(OOO). (010) and (020) state spectra is also revealing. With the 

larger wavelength range of this study, the (020) state spectrum is 
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is now more clearly defined. As seen in figures 30 a-d, the (020) 

state spectrum is slightly more intense than the (010) state spectrum 

and is noticeably red-shifted. Unlike the result in the previous 

section, here the (020) state spectrum extends weakly to shorter wavelengths, 

although to avoid the very large noise resulting from small equilibrium 

populations of (020) and their minimal contribution at short wavelengths 

it was necessary here to use a seven point digital smooth and display 

only the portion of the (020) state spectrum above 175 nm. 
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Appendix B: An Anomalous Result 

In one sample of isotopic nitrous oxide, 15NNO purchased from 

Prochem, an intensely strong and sharp absorption was noted. The 

sample, batch number 19X95 was found to contain a large amount of 

noncondensables in liquid nitrogen even though the flask was received 

in good condition with the seal unbroken. The noncondensables were 

pumped off and the remaining gas was purified by vacuum distillation. 

A mass spectrum of the purified gas indicated 95% atom purity of 15NNO, 

in agreement with the manufacturers specficiations, without other 

noticeable impurities. 

Unlike the other samples of isotopic nitrous oxide, including 

a sample of 99% atom purity 15NNO, the sample alone indicated a series 

of sharp, featureless absorptions following an apparent progression. 

Absorption spikes were noted at 201, 197, 183 and 179 nm in the intensity 

pattern 3:1:3:1. By comparison with the second sample of 15NNO it 

was concluded that these absorptions were the result of an impurity 

present in the 95% sample of 15 NNO since this other sample of the 

SMne isotope did not show these features. 

Spectra of this anomalous absorption were also recorded on the 

3 m vacuum spectrograph. At 0.03 A resolution it was possible to 

measure the sharpness of these features: the 201 nm absorption had 

a full-width-half-maximum band width of 0.20 A while the 197 nm absorp

tion had a FWHM of 0.39 A. Neither absorption exhibited any additional 

fine structure at this resolution. 

Repeated exposure of the same sample to ultraviolet light weakened 

the intensity of these absorptions~ indicating that dissociative 
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photolysis was resulting. This eliminated the possibility that the 

absorptions were atomic in nature. Addi onally, the wavelengths 

noted did not match the absorption lines of any likely atomic species. 

The temperature dependence of this unexplained absorption was 

also measured. From room temperature down to 200 K no significant 

change in absorption was noted. At temperatures below 200 K the impurity 

froze out. At 150 K only a very weak absorption could be noted. The 

201 nm and 197 nm absorption exhibited a uniformity in their temperature 

dependence as described above. 

In a further effort to identify the purity responsible for these 

sharp absorptions. the infrared spectrum of the contaminated sample 

of 15NNO was recorded on a Nicolet 7199 Fourier Transform Spectrometer. 

Signal averaging was carried out for 2000 scans of sample and background 
-1 at 0.06 em resoltuion. No impurities were identified by these techniques, 

a'lthough the sensitivity of results was enough to detect the 11 hOt 11 

(001) + (100) transition of 15NNO in a 10 em cell. At room temperature 

0.2% of nitrous oxide molecules are in the (100} vibrational mode. 

It is possible that the impurity is not infrared active. 

The impurity should not be a trace impurity because of the extremely 

intense absorption noted in the U.V. Knowing the total pressure of 

a gas sample and the absorption of these 11 Spikes 11 in that sample, 

it is possible to estimate the concentration of the gas impurity 

as> 0.1% since a smaller concentration would result in an absorption 

cross section of greater than lo-16 cm2. 

A mass spectrum of the contaminated sample of 15NNO indicated 

the results shown in Table 8. Trichloroethylene was identified as 
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Table 8. Mass Spectrum Results for 15NNO Sample 

Peak No. ~·1a s s % Rel. Area 

2 1{) 1. 78 

6 28 2.56 

7 29 2.69 

8 30 12.17 

9 31 1.11 

10 44 3.22 

11 45 100.00 
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an impurity by this method, but this could not be responsible for 

the observed spectrum in the U. V. 

Further spectra were obtained in the U.V. using a double beam 

technique in which the sample of 99% 15NNO not exhibiting the spikes 

was placed in the reference beam of the Cary spectrometer. Using 

equal measures of the two samples, one in the reference beam and one 

in the sample beam results in subtracting out the common absorption 

of nitrous oxide, and leaving the spectrum of the impurities only. 

The result of this technique is shown in figure 31 at a SBW of 0.3 

Here, two of the spikes are noted at 201 and 197 nm and an additional 

weak feature is found at 193 nm. It is also seen that the spikes 

are not features superimposed on a weak absorption but instead the 

background is flat. The increasing slope below 195 nm is due to oxygen 

in the spectrometer (not purged for this run). The presence of some 

weak 11 ive" absorptions at 1onger wavelengths in the lOX curve 

is due to ace impurity of NO in the reference sample. In conclusion, 

is trum is inexplicable since the absorption spikes do not fit 

absorption spectra of any likely molecular or atomic species. 
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C. Computer Programs 

1. Deconvolution and Comparison of Observed and Predicted Spectra 



10 

20 

25 

30 

c 

c 
c 
c 

A~~~~;~~~~~F~f:;~~~g~~~g~,FIL~,ASPEC,~SPEC,T~PE6:0UTPUT, 
~N/RiiCVIfE~< !ll,QTE~I ll l(POP&I II lLPOPC< ill 
~N/IGSZZZ/Zl200li~/SPECT 900> KI~OOl 
~N/FlT/V( 11,900l,VOOOt900l,VOI0(~00l,VGS<900l,GAUSAt900l 
Oi~~IUN V0201Y00l 
EliTEI!IliiiL I'I!HT2 
011\TA <TE~( I 1,1 ~1,11 l/151., 182., 196.,223. ,2~1. ,268. ,3()1,, 

0 333.,372 .• ~z •.. ~oS./ 
00 12 1~1,900 

Ml I l~l/1( 1.000350( !90.02-11$0. ll•IE-1> 
'1'020< I l~O. 

12 roHT!IliUE 

CIILL I'I!JOESGI ZL6 1~11TEST l CIILL \IEC! G< Z >0"' 2, 0 l 
CI'!LL SETS~GI ~,51,!. l 
CALL SETS~G<Z,93 OOOl 
CI'!LL SETSMG<Z,!O§,-l.Ol 

m~ ~m:g~ i+· !g~~ ~~i;: 
~•0• USED 0 uwAW CIRCLES FO~ DATA POINT§$$$$$• 

CALL SHS>'IGl l, 8~, 3HS52) 

CALL 08JCTG(Z,15.,11.,90.,95. l 

••• 900 D~TA POINTS ••• 
!!1~'100 
C~Ll SUBJEG<Z,5Zh00.,.8,53200.,1.9l 
ClilLL PI HI,M( l ) 

00 II llllll=l ll 
.00 16 J•I,;OO, 10 

00 9 !=I, '100 

SPECH I )~V( l'#d,! l 
9 CONTINUE 

••• 

i. 
I 
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105 
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PROGRAM F! 1\10 TbOil-'7600 OPT:) 

15 CONTINUE 

INITIALIZE CALCULATION 

CALL 5£TSMG< l, 8~, 3H$SK) 

nob< l ~~vi~ 0 
l ) 

VGS< l l=Y< 1 j l 
CONTINUE ' 

~•••••• NJJ I5 COUNTER FOR V020 ITERATION••••••••• 

1\lJJ=O 
51 CONT li\IUE 

JJJ IS COUNTER FOR YOlO SUB- ITERATION ••••••••• 

JJJ=O 
50 COI\ITll\lUE 

n~ &(: ~~(J 900 
COI\IT I I\IUE 
1\1(\1:8 

•••• CALCULATES ( 010 l STIIH SPECTRUM ••n 
•••• FOR FIRST-ORDER CALCULATION <0201 !5 SET TO 0 •••• 

00 20 l = l 900 
ZO 68~0i ~0t V< NN, l l-VOOO< I l•QTEMP< 1\11\1 l-Y020< I >•POPC< 1\1(\1 l )/(POPS< Ni\1)) 

gg~~7N==ll9bb 
SPECif l l=VOOO< l l•QTEMP< Nill >•YOlO< I l•POPB< 1\11\1 >•Y020< I >•POPC< 1\11\1 > 

21 CONTINUE 

........ CALCULATES CORRELATION COEFFICIENT ••o.n•• 
A=O. $ C=O. sAA=O. s CC=O. sAC=O. 
R=O. 

00 30 1=1,900 
A=il<Y( NN l l 
AA=AIHV( NN I )H2 
CC=CC~SPEcf< l >••2 
CoC+SPECT< l l 

JO ~g~~f~0~ 1\11\1, I >•SPtCT< I > 

R=< ( III•AC l-A•C l/( SQRT( I! l•~A-A•A )•SQRT( ll I •CC-C•C l > 
V!!'IITE <6,2001 JJJ,TEMP<NIIIl,R 

200 FORMAT ( IX,•ITER. 1110. •12,• HMP K •F 6.1• COR. COEFF. •F~.b) 
23 COI\IYINUE 

CORRECT 151 K SPECTRA FOR MOT CONTRIBUTION 

DO 25 l = 1,900 

06 FEB 79 22.56.51 BKV PAGE 2 



120 

125 

130 

135 

150 

!55 

165 

170 

-164-

25 
~g~~\ ~~E< VI I, l l-VO I O< l >•POPDI l l-V020< 1 >•POP C( l l l/QTEI'II'< l l 

2b CONTI I\IUE 

JjJ:JJjv) 
l F (JJ J . LE. 5 l GO TO 50 
••• FIRST-ORDER RESULT ODTAII\IEO fROM NJJ:O ••• 

IF (NJJ .EQ. Ol GO TO I~ 
1\!N:ll 

•••• USE ~23 K SPECTRA TO CALCULATE 1020> •••• 
!\IN : 10 IS TWE ~23 K OAT~ 

00 H !:l, 900 
~~~~~f;~~~~~~ I >-VO!OI l >•POl' iii !\IN >-VOOO< l >•OTEI'II'< !\IN l )/( POPC< !\IN) l 

l F ( VPO !NT . LE. 0. l V020<l ):0. 
71 CONTINUE 

I\IJJ:I\IJJ•l 
•••••• CONVERGENCE IS REACMED ~V 8 ITERATIONS ••• 
IF INJJ .LE. 8> GO TO 51 

l~ COI\ITI NUE 
NCOI\IT: l E:tt ~~:45g~5;52eoo.,o.,sazoo.,s.o> 

•••• DRAW SPECTRA OF <DOD>, <OiOl AND 10201 00•• 

~=tt tl:~~g :~·lll·~·~g~g; 
C~LL Lli\IESG<z 6 iti,~fV020l IF II\IJJ .EQ. l Gu 0 8 

CALL LEGI\IIlG<Z,5~200.,2.0,8,8HI020 + ll 
;,IlliTE < 8,100 l vooo 
;,IlliTE I 8, !05 I 
;,IlliTE <8,1001 ¥010 

;,IlliTE IS 106> 
WRITE < s, loo > vazo 
CONTI I\IU£ 

~~ ;:]j :~8 o~\~W~~r 1 bg~> vooo 
!F 11\/JJ .EQ. Ol WRITE d IDOl V010 

105 FORMAT I •THIS IS <O!Ol ~HCTRUI'I<> ) 
106 FORMAT I •THIS IS 1020) SPECTAUI'Wl 

CILL LEGI\IOGIZ,I6Z00.,~.5 I lmOlOII 
CALL LE&NDG<Z,I6ZDD.,I.3~,t,INI0001l 

CI'ILL SU3JEGIZ,52600.,.0,58200.,l.3l 
CALL PI KTURI I ) 
CALL Lli\IESG< Z, l I l, t, VOOO l 



175 

ISO 

185 

190 

195 

SVI'llWL! C 

EI\ITRV POINTS 
525 7 Fli\10 

Vllfl! ABLES Sill 
6262 A 
6266 AC 
6265 cc 
6252 I 
6256 IK 
6261 JjJ 
62Yl 1\iCOi\IT 
b25'4 ~" 

I"OPC 
R 

VPOI 1!4T 
YOlO 
z 
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CALL PO!NTG<Z,l!l,X,VG$1 

IJ ~8~f~~~~JEG<Z,52600.,.8,58200., !.9> 

•••••• CALCULATE CONVOLUTED SPECTRUM ••••••• 

CALL PI KTUR< l l 
DO 55 1\!N=NCOI\IT, 11 , 2 
DO 60 1=!,900 

CALL LlNESG<Z,Ill,X,SPECTl 
CALL PO!NTG<Z,lli,X,GAUSAl 

55 CONTINUE 

!\ICOIIIT=NCOi\IT •1 
I\IJJ :i\IJJ ·>! 
IF < i\ICOI\IT . Ell. 2 l GO TO l3 
IF < NJ J . EQ. 2 l GO TO 51 

CALL EXlTG<Zl 
Ei\10 

REFERENCE MAP !R=l l 

TVPE RELOCATION 
REAL 
REAL 
REAL 
INTEGER 
1 i\IT£GtR 
!NTEG£R 
HITEGEH 
!fiiHGER 
RftlL AAAAV RACY 
RE~L 
~EAL l!flRAV RACY 
REAL ARRAV Fl T 
~fAL 
REAL FIT 
REAL IGSlll 

626'< M 
6263 c 

30'l70 GAUSA 
6253 Ill 
6255 J 
625 7 K 
6260 i\IJJ 

26 POPB 
13 QHI'lP 
0 SPECT 

160~ X 
2666~ VGS 
l325• vooo 

6272 Y020 

REAL 
REAL 
REAL 
INTEGER 
li\ITEGER 
INTEGER 
l NTEGER 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 

ARAAV F! T 

AARAV RACV 
ARRAY RACV 
MRAY !\!NO 
ARRAY !\!NO 
MRAV FIT 
AARAV FIT 
AARAV 
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PROGRAM Fli\ID r&oo~rooo OPT"l !'Till ~. 6+~52/()JQ 06 FEB 79 22.%.51 BKV PAGE 

FILE 1\dAI'\ES MODE 
31~3 A5PEC ~20q BSPEC 2102 Fl LM 0 11\i!'UT FMT 
10~1 OUTPUT 10~1 TAPE6 I'MT 3!Q3 TAPE7 FMT ~20Q TAPES FMT 

EXTERNALS TYPE ARGS 
STEMP I EXITG 
FOI\IT2 0 LEGNOG 
Lli\IESG Q I'IODESG 
OSJCTG 5 P!KTUA 
POINTG ~ SETSMG 
SQRT REAL l Ll BRARV SUBJEG 
VECIG 3 

STATEMf.NT LABELS 
0 , 0 7 5621 B 
0 q 0 12 5650 !3 

5571 1~ 0 15 () 16 
0 20 0 21 0 23 
0 25 0 26 INACT! VE 0 30 

5'10'1 50 $Q03 51 0 55 
0 60 0 77 6121 !00 FMT 

6175 105 FMT 6201 106 FMT 6131 200 FMT 

LOOPS LABEL INDEX FROI'l-TO LENGTH PROPERTIES 
5263 12 l ll 1" lOB INS TACK 
5323 15 • I\IN 36 58 •oB EXT REFS I\IOT li\INE~ 

5324 16 • j 37 42 238 EXT RHS I\IOT 11\li\IER 
5332 • K "o •o II B EXT RHS 
5353 9 I "" •7 3B !1\dSTACK 
5376 7 ! "" 67 

38 l NSTACK 
5'107 5 l 79 so 28 l NSTACK 
5'12'1 20 l 86 88 78 INS TACK 
5'135 23 • 1\11\1 89 110 o6B EXT REFS I\IOT !IIINER 

"""" 21 l 90 92 7B INS TACK 
'5~6" 30 l qe 1 o• 138 OPT 
5526 25 I l1'l 116 78 l NST liCK 
555'1 77 I 129 133 ll B INS TACK 
%5~ 55 • I\IN 180 192 318 EXT RHS I\IOT li\INER 
5&65 60 l 181 !86 lOB I NSTACK 

COI'If'IJN SLOCKS LENGTH 
RACY "" IGSZZZ 200 
Nl\iO !800 
FIT 13500 

STATIST! CS 
PROGRAI'l LENGTH 26•58 l'~"' 
BUFHP LEIIIGTH 52458 2725 
SC~ lABELED COMMON LENGTH 362708 15.5'1'1 



SUSROl1TlNE P!KTUR 71>0()->HOO OPT~! 

10 

15 

20 

SUSROUTl NE PI KTUR< W) 
COMJ'iON/ l GSZZZI Z < 200 l 
li\ITEGE~ W 
CALL PAGEG<Z 0,1,1) 
CALL GRID G (z,O,O,O,Ol 
HIT o 6.0 

m~ ~m~G~z(i6~·:?0~>' 0 'Ff'ITJ 
CALL LABELG<~ 1 o,loo. 6 l,lM J 

CALL SETSM~Z, 0<,-3. ) 
Ff'IT " ~. 2 
IF (W .EQ. l) GO TO 50 

CALL LABELG<Z\lll.,O,FMTI 
CALL SETSMG< Z, 7o,l. J 
CALL LASEL~Z,l\'0.5,l,lH I 
~LfosnsMGlZ,l s,o., 

50 CONTli\IUE 
CALL LABELG< Z, l v 2\0 ,FMT) 
CALL SETSMG<Z, l rB, . ) 
CALL LAIEL~Z,l,. 1

6
1,1H ) 

CALL SETSMG<Z,lr8, . I 

70 
g~~~~~~SMG<Z,l03,-l.Ol 
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25 CALL TITLE G <Z,!O,l0HWAVENUMSER,3,3HCSI\I,3,3HN20J 
RETURN 
END 

SVMBOLlC REFERENCE MAP <~=I I 

ENTRV PO li\ITS 
3 Pl HUA 

VAAl ABLES 51\1 TVPE 
REAL 
REAL 

RELOCAT!Oi\1 
2!0 Ff'IT 

0 z ARRAY I GSZZZ 

EHERI\IALS TVPE ARGS 
Gtl1 DG 
PAGEG 
T!TLEG 

STATEI'!£f\IT LABELS 
36 50 

COI'I\'!Oi\1 BLOCKS L£1\!GTH 
lGSZZl 200 

STAl'!ST!CS 
f'AOGAI'\1'1 LENGTH 
SCM L~BELEO COMMON LENGTH 

5 
~ 

7 

2250 
3!08 

50 70 

1~9 
200 

0 w 

LABELG 
SETSMG 

II\ITEGER F. p. 
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SUBROUTINE llTEf'l!> 

10 

SUBIIOUT!IIIE 8Tff'l!>( 1\11\J l 

i~~~~~~~f~,1~~:f~~~~~~(l~~2~~~~~~~ l,POPC<!I l 
BC=< 1-EXP! -128~ ./! TEf'l!>( 1111\1 l•. 6952 l l) 
80=< 1. -EXP! -2223 .I( TEf'l!>! NN l•. 6952 l l l 
QTEf'l!>! NN l=BB•BC•llO 
POPS! 1\11\1 l=2•! EXP! -589 ./( TEf'll'( 1\11\1 l• .6952 l l l•QTff'l!>( NN l 
POPC! Nl\l ):3. •< EXP! -2. •585 ./( TEf'l!>! Nl\l >•. 6952) l l•QTEf'll'< NN l 

A • ~. •< BP( -3. •582. /( TEf'l!>! NN l•. 6952 l) l•QTEf'l!>! 1\11\1 l 
RETURN 
END 

SYMBOL! C REFERENCE MAP (A= 1 l 

EI\ITRV POli\ITS 
3 BTEf'l!> 

Vll!RJ "'BUS SN TVPE RELOCATION 
70 3B REAL 
72 BO REAL 
26 POPS REAL ARRAY RACV 

13 QTEf'll' REAL ARRAY RACV 

EXTERNALS TVPE ARGS 
EXP REAL I Ll BRARV 

COf'II'ION BLOCKS LENGTH 
RACV ~~ 

STAl!STl CS 
PROGRAM LENGTH 
SCM LABELED COMMON Lfi\IGTH 

738 
S~B 

7l BC 
0 1\11\1 

~~ POPC 
0 TEI'lf' 

REAL 
li\ITEGER 
REAL 
REAL 

Oo FEB 79 22. 56.51 BKV PAGE 
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2. Computation of Difference Spectra and Energy Levels in the Upper 
Electronic State 
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D. Listing of Data 

1. Cross Sections from 190-172 nm for Eleven Temperatures 

i' I . ! . 

i 
• I 



W~Vtf\lt(f'nBER MelVElt\\lGTH CROSS SECllO~ ~ E ~ Cl'i-2 , ~ 
[I'"--! i 5 l. 182. l'?b. 223. 30!. 333. 372. ~23. '11!5. 

=; 2'€· l 3. _cyliH 
19. 1 . 'Jl! 0@ 
?4. -~63'4 . '1!12 !. 
30 .~130 !. 

S?HS. . 'll ,,~ I. 
. 8& 13 .'H'>7 I. 

~- .f!.f:.ri .9!69 I. 
~2(-';?. i!i/, 1'! '1111 .9 82 I. 

.'li\ll !. 

.'?!98 !. 
I. 
I. 
l. 

I 1'i'l " 'iii '~'"" 
I. 

'l!1?1 I. !>52 
1.6'1 
I. &'I 
l. 

1.0138 !. 
l.lH'13 1.6'1'1'1 
1.0138 I. 
i.IHI<iJ I. __, 
1.07'<19 I. CP 1.() !. 6'11 

I. 6'1 I 
1.6'117 
l. 6'120 
I. €-'125 
l. !\'130 

lii.€. 11'19.'12 i. 6'131'-
~21i!O. I .'<0 . 0'136 
'5?71'5. i .J@ !. 79 I. .30 I. 1"17. 1'1 I. €-'111 

i. 
I. 

L2'"" L 
I. I. 
I. I. 
I. i. 
I. I. !. 1119. If'! I. I. r. 11!9. 16 I. I. 

1119.1 I. !. 
11'19. I I. I. 
IP9. I .'1'5'10 I. I. 
ll'l'l. .'ll'5'1'll I. 

'>?~ rs. 111'1.0;<. .'II I i .95 I. 
~?1'1'10. 1!19.()'1 . 913 I I. 
~?Pi>~. !1'9.0? qj~) .'111-0~ I .1'172 I. ~063 
~?~'l?. !>''1.00 .'IISI- .951H .'U·U !. 2-IP I I. ~01'-5 



Wlllllf"'l'~'~flfR WI'IIIHfll!(;TH CROSS SECTION X E19 Cl'l-2 , !( 
[I'l-l 1\11'1 I 5 . 11'12. 196. U3. 301. 333. Jn. '123. 'Iii'S. 

'?2i192. .'1156 I. 1.1 I. I I. 2260 I. I. I. 
"528'11. .'IIH I. l.i I. I i.U90 I. I. 5'~1 I. 
52'103. I. 1.1 1.1 1.2306 I. I. 5'116 I. 
'52901'. 1.0119 I. 1.1 I. lJII !. I. 5'12'1 I. 
?29 ~- l.iH I. I. I 1.2317 I. I. '5'1'1:1' I. 
52920. I. I. 1.1 1.2Jl"i I. I. 5'155 I. 
52'125. I. I. 1.1 1.2338 I. 1.5'171 I. 
'52931. I. I. I. Uri'! 1 . .235'1 I. I. 5'182 I. 6'1 'I 
52'13!-. I. I. I'!J 1.1 'I 1.2373 I. I. 5'1'12 I. 
'5;;>'1~2. I. I. II T'll 1.1 I. 231!'1 I. I. 551'1 L 
519<~!'1. I. 1.! 1.1 1.2'106 I. !.55'10 I. 

I. 1.1 I. .2'122 I. 36 1.5555 I. 
I. I. 121 'I I I I .2'130 1.3157 1.551'1 I. 
I. 1.1 1.1 .2'1'19 1.3177 1.55'15 I. 
!. 1.1 .17Hl 1. 2"~6 r I . J 1'18 I. 1.56!3 I. 
I. I. I;> i. I f'l 1.2'1!!6 1.3:Ull I. I 563 I. 
L 1.1 1.1 1.2'500 i. 32'1'1 I. I. I. 
I. I. I 1.1 1.2511 i. 3263 I. I. I. 
I. I. I I. I 1.2516 1.3273 I. I. I. 
I. 1.1 I. I I. 2'519 I. 3126€1 I. I. I. 
I. 1.1 I. I 1.2'532 1.3266 I. I. I. . 
I. 1.1 I. 1.2'5'46 1.3218 I. I. I.Hl€1 _, 
I. I. I. 1.256'1 i. 3302 I. I. I. 66'52 00 
I. 1.1 Li i. 2583 1.3326 I. I. '5150 I. N 
I. !.I 1.1 I. 261'5 1.:nse I. 1.51!02 I. I 

I. I. I 'l I.! i .26'111 1.3391> I. I. '5@'11 I. 
.9'11!6 I. 1.1 1.1 I. 26t'5 I. 3'132 I. .'5876 I. 
.'\11'1'1'5 I. 1.1 I. I '\1172 .2720 I. I. '!'5'\111 . '5923 I. 
.9'513 I. 1.1 1.2007 i .2153 I. i.'ll>'ll! 1.'5'173 L 

'DO~'~- .'\11'529 I. i.l i. 2'030 1.2790 I. 1.'11>91 I.Ml2'5 I. 
'5301>0. .95'13 I. 1.1 1.2'050 I. 283'1 I. I. 1.6013 I. 

.38 .'H'52 I. 1.1 I. 2'083 I .2869 I. I. 1.1>112 I. 

.36 .'\11'56! I. 1.! 1.2!1'1 I .:1'90'1 I. I. I .61'5'1 1.7! 

.J'I . 'l'.i 7') I. 1.1 1.2!39 I. 293'1 I. I. .6212 I. 

.Jl .9'59'5 I. I. 1.1 1.215q I. 29'S5 I. I. L€>2'51 I. I 

.30 I. I. I. I I. 21 7'1 I. 2963 I. I. 1.6275 1.11 
'5]()9'<. -2~ L I. 1.1 1.21!1'5 1 .2qy" I. 1.'1'106 I. 1>2!!13 I. 71 
'iJ()'I'I. I .26 I. I. 1.1 1.2202 1.2'182 1.3 I. 'I'll 'l 1.6li'J() I. 71 "" !OS. l!li'J.2'1 I. I. 1.1 I.UI'.i I .2990 1.3 I. " 1.1;,272 I. fl'l'l 

II. 22 I. I. Ll 1.222'5 1.2995 1.3 I. 1.1>272 I. 71'1'4 
IL .20 I. I. 1.1 1.2228 1.2'190 l.H82 I. I. 6277 I. 71€19 

'531 .l!l I. I. 1.1 1.u:n 1.2'1'1() 1.311!'1 I. I. 6ll'l0 1.71 
'531 . 16 I. I. 1.1 1.22318 1.3000 I. 31'17 I. I. IS2H I. 
'>JI .I'! I. I. 1.1 1.22'51 1.3003 1.380!> I. I. 6280 I. 
'531 .I L I. 1.1 1.22'51'l I. 301 'I I. Jill 'I I. I. 6290 I. 
'531 I. I. 1.1 1.221>1 I. 302'5 I. 3826 I. .1>]0'1 I. 
531'50. I. I. 1.1 1.226@ 1.30'11 I. 3113'5 I. L " I. 
'53!'51-. I. !. 1.1 1.22711 1.301>0 I. 31'1'10 L I. 'I I. 
'Dil-l. I. I. 1.1 1.22'1! I. 30 T3 1.3€1'50 I. I. 9 I. 
'5311-7. I. I I. 1.1 I.U'I'I I. JO!Il I. 3!1'5'1 I. I. 9 I. 
'>Ji n. I. 0?11'1 I. 0 71>'4 1.1 1.?309 I. 30'1~ I. 31'1!-'1 I. 1.1>3:/'l I. 

.. '. 
'.~ ., •• ,.-.' ' 0 



C!'IGSS ~ E!9 K 
l5l. l~l. I%. 30!. 333. 372. '123. <;85. 

!. 

.....! 

I. 
I. 
I. I 
I. I. 
I. I. I. 
I. I. I. 
I. !. !. 
I. I. I. 
I. I .. ? I I. I. 
I. I. 21 I. I. 
I 1.21 I. I. 
I. 1.21 !. I. 
I. 1.21 I I. 
I. 1.21 I. 1.5 
I. 1.21 I. I. 5! 
I. 1.21 I. I. '51 
I. 1.1! l I. 1.'5!1 
I. 1.2 HI! I. .5120 

!!" r. oe> I. I. 21 I. .5126 
1 t'l r. 06 .0 I. 21 I. .'5 3'1 

J'<~f. I II 7. O'l I. I. 2'22! I. 2712 i. '51 '12 
S1"~?. "r. o? 1.0 1.22'12' 1.2719 !. 'j '50 
<; 1 «'i 7. II' 7. 00 1.1() 1.?2'57 1.272? I. 'i i €-I 
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I. I. I. 
'5~1"3'1. I. I. r I. .'l 
'i'i~40. I. r 1.2'3'10 I. I." 79'5 
'j'jf!M~. 1.221-lO 1.23"1<; I. '13 I. 'I T'IJ 



WIW1Hil11'1!1fR WCIIIH£1\if,T~ CROSS SECTION X f!9 CM-l , Tfi'IPER~VURE OEG. OC 
fM-l 1\11"1 151. 182. %. U3. 2~ 7. 26/'l. JOI. 333. 312. '12'3. "~"-

179. ()() I.! I. 1.23'1'5 I. 265® I. 36.1'3 1.'1078 I. 1>209 
11!'1. 9!l .I l. I. 2'3'5 ~ I .2637 I. 3639 I. 'I(Jfl3 i. €,;>31 

<;~~'>9. 11!'.% l.l I. 228'1 I. 23'19 1.263'4 I. 3633 1.'10'1~ . €-2:33 
"~"'~"- 11~. 'I 'I 1.1 1.2271 I. 23'1 1 1.263'1 1.31>01! Lilli I .1-lSI'I 
'5'>!'171. r®.n 1.1 !.2?78 1.231>7 I. 263J 1.31>33 1.'1 2''1 I. 62'11 
'>'5!'7€". 171'1. '10 1.1 l. 1.23!13 I .162~ 1.36'!9 I. '1!39 I. 632'1 

17€1.!'11'1 1.1 !. 1.2'31ll I. 2611 1.31>33 I. 'I 52 I. 1. f-3'5 r 
IT@. . ! I. 1.23'56 !.2M) I!! 1.36'1'1 !. 'II '57 !. I. 6'103 
11!'. 1.1 !. 1.23'1'5 1.2639 I. 3679 I. 'I I '52' I. I. 6'1'5'5 

'i'5903. 111'1. !.I I. I. 2 36 3 l.<'lolJ I. 3 T I 'I 1.'1136 I. I. 
'5'5'10'1. P!l. I. 1113'5 1.2261 I. 2'31>'5 I. 21>'13 I. 1.'1131 I. I. 
o;<;q s. 1713'. I.! 0 I. 2261'> .23'10 I .26"18 I. I. 'I I 'I 'I I. I. 

I. 71'1. 1.1 1.22~2 1.233! I. 77 I. .'11'5'1 I. I. 
11fi. 1'1 I. 11<1'¥ 1.221'5 1.2331 I. I. I. 'li61 I. I. 662'5 

'5'0'H'~. re. 1.11'16 I. 1.232'1 I. L 1.'1! I. I. 
'5'5'1'10. 178. 1.1 I. 1.2327 I. I. 1.'1 I. I. 

Hll. 1.1 I. 1.2322 I. I. I. I. !. 
1 r~. 66 1.1 I. i .231'5 I. I. I. I. I. 
17!1 1.1 I. I. 2'338 I. I. I. I. I. 

'5'5'11~'5. I 1.1 I. I. 23'52 1.2 I. I. I. I. 
1 I 1.1 1.2336 I. I. I. I. I. --' 

I 1.1 I .2333 I. I. I. I. I. !,!) 

N I 1.1 I .2358 I. I. I. I. I. I I 1.1 1.2390 I. I. I. I. 
I 1.1 1.2'11 I. I. I. I. I. 
11!1. 1.1 I. 2'! I I. I. I. I. 
178. 1.! I. I. I. I. I. I. I. 

'>HH'5. 118. '16 1.1 I. I. I. 1.'1 I. I. I. 
'So!-()2.1!. 11~.'1"1 1.1 I. I. I. I. 'I I. I. .61 
'56021'!. 11111. 1.1 I. 1.2 I. I. I. I. I. 

Hill. l. !. I. I. I. I. I. I. 
I 1.1 I. I. I. I. I. I. I. 
I 1.1 I. I. I. -I. I. I. L 
I I. I I. I. I. I. I. I. 
I !.I I. I. I. 1.'1 I. I. 
I 1.1 I. I. I. 1.'1 I. I. 
I I. I I. I. I. I. I. I. 
I I. I I. !. I. I. I. I. 
I I. I I. l. I. I. I. l. 
I I. I. 1.2'116 I. I. I. I. 
I I. I I. 1.23'110 I. I. I. I. 
I I. I I. .231'1 I. I. I. I. I I. I I. 1.2:171:1 I. I. I. I. 
I I. I I. l.2336 I. I. I. I. I I. I I. 1.230'1 I. I. I. I. 
I I. I I. 1.230'11 I. I. I. I. 
I I. I I. 1.22'111 I. I. I. I. I I. I I. 1.2262 I. I. I. 1.5 I I. I I. 1 . .1'230 I. I. I. 1.'5 
I !.I I. 1.220'! I I. I. 1.'5 1111. I.! l.l'l'l/'5 I. 2'2'03 I 3 I I. I. I. '51 



Wf<VH[!\f(;T!-4 C~OSS SfCTlON ~ ERq 
' 

I{ 
NM I~ I. 1€12. 96. JOL 333. 372'. '123. '11'1'5. 

I. !. I. L'>IIJ 
I. !. L I. '5108 
I. i. I. I. I i 
I. I. I. I. 
!. I. I. I. 
!. I. !. I. 

I I. I. I. I. 
l.i I. I. I. !. 
.I L I. I. L 

I. I. I. I. L 
I. !. 21 I. I. I. 
I. I. I. I. I. 
I. I. I. I. I. 
I.! I. I. I. I. 
I. I I. I. I. I. 
I. I I. I. I. I. 
.I L I. I. I 

I. I I. l. I. I. 
1.1 I. I. I. I. 
I. I I. I. I. I. I 
1.1 I. I. I. I. I. -' 
1.1 I. I. I. I. L \.0 
I. I I. I. I. l. I. 
1.1 I. I. I. I. I. I. 
1.1 I. I. 1.'1 I. I. I. 
I. I I. l. I. I. I. I. 
1.1 I. I. I. I. I. I. 
I. I I I. I. I. I. I. 
l.i I. I. I. I. I. I. 
1.1 I. !. I. I. !. I. 
1.1 I. I. L I. I. I. 
1.1 I. I. I. L I. I. 
1.1 I I. I. I. I. I. 
l.i I. I. I. I. I. I. 
1.1'1'16 I. I. I. I. I. I. 
1.1'1~'1 I I. I I. I. I. 
I. I I. L l. I. I. I. 
I. I L I. I. I. I. I. 
I. I 'I I. I. i. l. I. I. 
I. I I. i. I. I. I. I. 
I. I I. I. I. I. I. I. 
I. I L I. L I. I. I. 
I. I I. I. I. I. I. I. 
I. I I. I. I. l. I. I. 
I. I"~ I. L I. I. I. I. 
I. I"~ I. I. I. I. !. I. 
1.1 !. I. l. I. I. I. 
1.1 I. I. I. I. I. I. 
1.1 I. I. I. I. I. I. 

S6<~71. I. I I. I. !. I. !Ill I. '533'5 I. 'S6'11Y. 1.1'106 I. I. I. I. S 131 I. '5308 I. 



blllllfi\I\'I"BfR WIIIIHfi\IGHl CROSS SECTION X E!'l HMI'fRIHIJRE ~ 
r~"-l 1\11'1 151 It'll. I '16. z~ r. 301. 333. 312. ~lJ. 'l!"l'i. 

Sl-'477 11 . 00 I.! l. I tll 14 1.2'000 I. 2350 I. 3163 I.H'I'I 1.'5 I. 5621! 
"~-~~'4. l 71-. 'I~ I. I. 1819 !.1993 1.23<n I. 3161'1 1.3 I. I. '55'11'1 
~1-'4'10. 1 r 1-. 1.1 . 8 2 l.l%1'1 I. 2391 1.3113 1.3 I. I. '5'5 73 
'5!--4'H. I H-. 1.1 1.11"02 I.'""" 1.2307 I. 3163 1.3 I. I. '5'5143 

111>. 92 I. I" L lf'll9 . 19'53 1.2256 I. 1161'1 1.377'1 I. I. 5<~9<~ 
!H. I. I ~&'I I. !~60 I. I '171 I. 22'11 I. 31 1!8 I. I I. I. 5'112 

'56511-. !16. 1.1%9 I. I l.l .2210 I. 311'13 I. I. 1.'533'5 
'il-'522. 11~- I. I '!69 !.I !.I 1.2206 I. 31 '13 I. I. I. 5280 
'51-'52'1. 17&. ~'I 1.1'1&9 1.1 1.1 1.2237 1.3132 l. I. I. '5220 
'5&'53'5. Hl>.!'t2 1.1%2 I. I 1.1 1.2255 I. 3 I r I. !. I. 51 r 
'51'-'i~l. IH.II:lO l.l'l'l'l l.l!:l'l'l I. I .223~ l. 31 I. I. 1.5 

IH·. 711 l.lil'l'l I. I '18'1 1.223'1 1.31 I. I. !. 
176. 11; l.!l'!'l'i !.I I. 22~ I I. 3092 I. I. I. 

'51-'il-0. 111> 1'1 I. I 1.1 I. 230il I. 3061 I. I. I. 'l'IIJ 
7. 171:-. 1.1 1.1 1.2302 .2'11'11 I. I. 1.'11'1'53 

HI>. !.I .I I. 22'56 .2qso l. !. I." rqJ 
176. I. I !.I I. 21 '13 1.2'1'50 I. I. 1.'1731'1 
176.1>6 I. I I.! 1.21'12 I. 2'135 I. I. 1.'!1>86 
11&.6'! !.I I. I. I! 'I 1.2'105 I. I. !. 
HI>. I. I I. !. ;; 1.2®3'! I. I. I. 
176. I. I I. I. H 1.2®'1% I. I. I. '15'10 --' 
11&. I. I 1.1 L I. 2®03 I. I. I. \.0 

~ 176. l. !.I I. I.~ 153 I. I. I. I 116. I.! 1.1 I. 1.213® I. I. I. 
116. !.I 1.1 I. 1.2153 I. I. I. 
H6. !.I I. 1.1 1.2692 L I. I. I. '1'162 
116.'11!1 I. I I. 1.1 1.1612 I. I. I. I. 'll.ii26 
HI>. '16 I.! I. 1.1 1.2667 I. I. I. I. '13'16 
176. "" I .1'15'il I. 1.1 I. 2631 I. I. I. I. 
116. I. I I. !.I 1.2662 I. I. I. I. 
116. I. i. 1.1 I. 2667 I. I. I. I. 
116. I. L 1.1 1.2636 I. I. I. I. 
!16. I. I I. I. I 1.25'il6 I. I. I. I. 
116. !.I I. 1.1 1.25'91 I. I. I. I. '!31 
116. I. I 1.1 1.1 1.2'555 I. I. I. 
116. !.I 1.1 1.1 1.2'5'50 I. I. I. 
lf6. 1.1 1.1 1.1 1.2'5®1 l. I. I. 
116 I. I 1.1 1.1 1.2'516 I. I. I. 116. I. I 1.1 l.l 1.2611 I. I. I. 116. 1.1 !.I I. I 1.2'591 I. I. I. '1390 
H6. I. I 1.1 I.! I. ~5'15 I. I. 1.'4'10'1 
!16. I. I 1.1 1.1 I. 25 76 I. I. i. 116. 1.1 1.1 I.! 1.2'51!1 I. I. I. 176. I.! 1.1 I. I l.l'HI I. I. I. 116. I. I 1.1 I. I 1.25'51) I. I. I. 116. I.! 1.1 I. I I. 2'5®6 I. I. I. 116. 1.1 1.1 I. I 1.2621 I. I. I. 11&. 1.136'! !.I I. I I. 2631 I. I. I. lYE-. I.I:H6 I. I 1.1 1.2616 I. I. I. !11'-. . 131'13 1.1 I. I 1.2611 I. I. I. 11&. .1392 1.1 I. I I. 16'52 I. I. ]'I I. 

-.--. ··-··-:·· -:._.,.-
·---~-. ,.r,· ',.-.---·,· 



W11/fllil 11'1!lfR WA11HflliGYH fROJS SfC1!01\i ~ f '? Hl"lPfRIHl!P.f OEG. K 
Cl'l-i 1111'1 I'!!. 182. l~&. -~ 7. ?61:'-. 301. 333. 3!2. ~23. "~"-

'i€-1'11:'-. PiS. 00 I 1.1 l."llr'5 l. I . <~I' 1<; 
115. 9~ I. 1.1 l. 'llfl I. !.'Ill~ 

ll. 17'5.'1~ I. .I I. 7 I. I . "7"" 
5~~11". l7S. 'l'l I. l.l !. I. l. '1771 

!75.'12 1.1 I. '1'136 I.'-13H .'11"09 
17'5.'10 1.1 l. '1'-1'5 7 I . '131!2 I. 'I~'Sf. 
H'S.€'1@ 1.1 I. '!'lb3 l. 1. 'li''?l 
17'5.!'1~ 1.1 .'1'197 1.'1'1 .'1919 

'51-1'50. 11'5. 1.1 I. I. '!'I'IS I . '1'1'51 
'5!-~'.il-. 11'5. 1.1 i. I. 'I "'f' 1 

11'5. 1.1 I. I. '5012 
!15. 1.1 I. I. l. 50'15 
11"5. 7€:< 1.1 1.3 I. l !1'5. 7'1 1.1 i. I. l. '512 
115. ?l l.l i. I. I. '513'5 175.70 1.1 I. I. 1.5122 
17'5.!<.@ l.l I. I. I. 1 
!15.!:-6 1.1 !. i. I. 

15. 1.1 I. I. 1. 
H'i. l.l i. I. I. 
H'5.Ml l.l i. I. I. 

-" I fl"j 51>. 1.1 I. I. ~-~ \.0 115.56 1.1 I. I. '12'18 I. 
P?. 1.1 I. I. 'I 'I'! I. 11'5. 1.1 i. I. I. 'I I I. IY?. 1.1 I. I. I. 
11'5. I. I I. I. 
lf'>.'ll!> I. I. I. I. l. 
11'5 ·"" I. I. I. I. I. 
115. I 1.1 I. I. I. I. Hili. I. I. I. I. I. I. I. 
17~.36 I. I. I I. I. I. I. 'liM 
11'5.36 I. 1.1 I. I. I. I. I. 17'5. I. I. I. I. I. I. I. 17'5. I. I. I. I. I. I. I. 11'5. I. !. I. I. I. I. I. 
1¥'5. I. l. I. I. I. I. I. H5. I. I. I. I. I. I. I. 115. I. I. I. I. I. I. I. 11'5. I. I. I. I. I. I. I. H'5. I. 1.1 I. I. I. I. I. 115. I. 1.1 I. !. I. I. I. 1 ro;. 6 I. 1.1 I. I. I. I. I. 115. I'! I. 1.1 l. I. I. I. I. 11'5.1<: I. 1.1 I. I. I. I. I. lf'i. Ill I. 1.1 I. I. I. i. I. 11'5. I. !.I I. I. I. I. I. IT'S. i. 1.1 I. I. l. I. I. 11'5. I. 1.1 I. I'll I. I. I. 1?'5. I. i.E I. I '103 I. l. I. 12@ 175.00 I.O•Hl I. 1<!66 . l 1'111' l.li''52 l. l.3HH 



u'llllfii!•.•M!'If>< I>'IIIIHFN;;H4 (RO~S SECTION X E 9 CM-2 , TEMPERATURE OEG. K 
\M- 1\Jr" !51. 1~2. 19&. 223. ?~L lfR. 301 331' 37?. "n """· 

57 I 23. !75.00 1. o~ rz !. !'166 l. 8 72 1 lSO~ !.3107 
'i ll29 '" 98 I. 0'1~2 I. 370 I. 1~97 I. 2'4 75 !.301111 
5713~. 17". 9~ I. I. 12 72 I.! B'~2 I. 30b I 
5 7l "2. !7~. ~~~ I. I. 1199 . 1852 I. 303'1 
571 "q· 17'1.92 I. 1.11 !. 1882 l. s 7151-. !1'!. I. !.I! 1.1 HI I. 30 
"i 7 ~ 2 . 1714. .0'-''lO !. I. II I. !161 I. 
'PJI-q. 17'4. I. I. I. II 39 I. II! II I. 
'HPS. 17'4. ~" I. I. .I I !.11!27 I. 
<; 11 f'l2. 7'1.82 I. I. I.! I 1.1771 I. ,. 

!'fl. 17'1.80 I. 0322 I. 1 1.1 I. 
~ 7!95. 1'1. '€'! I. I. I. I I. 
~7201. '"· 76 I. I. I. I I. 
'H20!". IT 'I.'" I. I. 1.1 I. 
'5 !'I. 17'1. 12 I. I. !.I I. ., I. !1'1. i. I. 1.1 I. 
'> !1'1. I. I. 1.1116 I. s T'l.&lb I. I. 1.1 I. 
<; 17'l.lb'l I. I. I. 
'5 7'1. !. I. !. I.! I. 
5 If'!. i. I. I. I.! I. _, 
'5 H~. I. I. I. 1.1 I. 1.0 '5 11'1. I. !. I. !.I I. 0'1 '5 11~. I. !. I. 1.1 I. i 
5 H'l. I. I. I. !.I I. 
5 !1'1. I. I. I. 1.1 I. 

17'1. 'IS I. I. I. I. I I. 
11'1. '16 I. I. I. I. I 
11'1.'1'! I. I. I. I. I 
!1'1. I. I. I. I. I 
11"1. I. I.Oibl I. 1.1 
17'1. I. I. I. I. 
H'!. I. !. I. I. 
I I. I. I. I. 
H'l. I. I. I. I. 
11'1. I. I. I. I. 
11'!. I. I. I. I. 
11'1. i. I. I. I. 
11'1. I. I. I. I. 
11'1 I. I. I. I. 
11'1. I. I. I. I. 
I f'l .. I I. I. I. I. 
1?'1.16 I. I. I. I. 
11'!. " I. I. I. I. I 
11'1. I. I. I. I. 
H<~. I. I. I. I. 
11'1. I. I. I. I. 
H'!. I. I. I. I. I 
11'1. I. I. I. 1.1 
!7'1. I. I. I. !.I 
if 'I. I. I. 1.1 



Wlll/fl\ll'FI~fR WJI\IflflliGHl CROSS SfCH u 1:!9 lfMI'fP.IITlJRE Ill 
(!">-! ! 51. 182. 96. 2'-17. 301. 333. 372. ~23. ~€15. 

~~- I. I !. 
!73 .I I. 
!13. 96 1.1 

73.9'! 1.1822 
113. 1.1 
HJ. I.! 
!13. 1.1 
H3. 1.1 
n. 1.1 
13. !.I 

173. 1.1 
113. 1.1 I. 

13. 1.1 I. 
113. 1"1 I. I. I. 
HJ. I. !. I. I. n. I. I. I. I. n. I. I. I. I. 
13. I. I. I. I. 

113. I. I. I. I. 
HJ. I. I. I. I. 
10. I. I. I. !. ---"1 

n. I. I. I !.I I. I. 1..0 
I 13. I. 1.1 !.I I. I. 
HJ I. I. I. I. I. 
HJ. I. I. 1.1 I. I. 
HJ. I. I. I.! I. I. 
lfJ. i. I. 1.1 I. !. 
113.'16 I. I. !.I I. I. 
!13.'1'1 I. I. 1.1 I. I. 
HJ. I. I. 1.1 I. I. 
H:ll. I. I. I.! I. I. 
HJ. I. I. !.I I. I. 
13. I. I. 1.1 I. I. 
13. I. I. !.I I. I. 

113. I. I. 1.1'1 I. I. 
HJ. I. I. 1.! I. !. 
HJ. I. I. . I I. I. 
1?3. I. I. !.I L I. 
113. I. I. 1.1 I. I. 
H:!. I. I. !. I. I. 
HJ. I I. I. I. I. 
113. I. I. I. I. I. 
HJ. I. I. 1.1 !. I. 
HJ. I. I. 1.1 I. I. 
113. I. I. 1.1 I. i. 
113. I. I. 1.1 I. I. 13. I. 1.1 I. I 'l'l'l I. I. n. I. 1.! 1.1 I. I. 
173. I.OH 1.1 !.1 I. l. 
HJ. I. 01 1.1 I.! I. I. 
1?3. 1.0160 l. 01'!1-~ i.IS23 l. i"H 'I I. 2'10-30 



-198-

M
~
o
®
~
~
~
~
~
o
~
~
~
®
-
-
~
~
-
o
~
~
~
~
~
 

M
 
-
~
-
~
~
~
-
~
~
N
~
-
O
N
~
~
M
~
~
~
~
~
~
~
~
 

~
 
N
-
N
N
~
~
~
~
~
~
~
~
~
~
~
~
~
~
N
-
C
©
-
~
~
 

~
 
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
-
~
~
~
-
-
-
-
-
-
-
-

~ 
.... 

o 
.. 
~
•
~
•
~
 

.. 
4
~
o
o
o
o
a
•
o
•
•
•
•
u
•
•
~
•
•
•
•
•
•
•
 

--------------------------------------------------
N

M
'\®

N
-
®

tt\-
M

 
0
M
®
-
M
~
f
i
r
2
'
«
4
J
 

M
<

t'>
l!!rlt\l!!rM

2
rlt\l!!r 

------~-""""" 

o
o
o
~
•
~
•
•
"
•
o
~
~
o
o
o
o
o
o
e
e
~
~
~
~
o
o
o
o
o
&
O
&
&
o
a
o
 

~
-
~
-
-
-
-
-
~
~
-
-
~
~
~
~
-
~
-
-
-
~
-
~
~
~
~
-
~
~
~
~
-
~
-
~
~
~
~
-
-
~
 

o
o
~
t
~
-
o
 

M
<
N
O
«
>
~
 

M
N

@
i),..O

 
0
0
~
@
'
-
0
 

l ,. 
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2. Cross Sections of First Order and Second Order Deconvolutions, 
190-172 nm. 



-200-

CROSS SECTION X El9 CM-2 
WAVENUMBER WAVELENGTH FIRST ORDER SECOND ORDER 

CM-1 NM ( 000) ( 01 0 ) ( 000) ( 01 0 ) ( 020) 

52619. 189.'18 .8<425 <4.0~61.+ .8-452 3.6'197 2. 8067 
526211. 189.96 .8397 4.1100 .8423 3. 7366 2.64!9 
52630. 1$9.94 .8'110 '+.1298 .8'136 3. 7562 2.6-433 
52635. 189.92 .8419 '1.156'1 .84<+5 3.7877 2.6084 
526"11. 189.90 .8431 4.1793 .8'157 3.8153 2. 5761 
526<46. 189.88 .8433 4.205! .8458 3.84483 2.5246 
52652. 189.86 .8'733 't.2290 .8<+58 3.3802 2.4676 
52658. 189.84 .841.f5 -4.2359 .81.f70 3.8862 2.4747 
52663. 189.82 .8'161 4.2386 .8'186 3.8878 2.1.1818 
52669. 189.80 .8470 4.2420 .8491; 3.~91.f9 2.4556 
52674. 189.78 .SI.fEJl 4.2385 .8505 3.~929 2 . .1.i455 
52680. 189. 76 . 8493 '1.2327 . 8517 3.8906 2 . .1.i208 
52685. 189.74 .8503 '1.2260 .8527 3.c"l887 2.3865 
5U9l. 189. n. .8515 '1.2170 .8538 3.8826 2.3666 
52696. 189.70 .8525 '1.2086 .8548 3. 8779 2.3'101 
52702. Hl9.68 .8532 4 . .2102 .855'+ 3.~896 2.2683 
5270 7. 189.66 .85'+3 '+.2060 . 8565 3.8900 2.2355 
52 713. 189.6'+ .8558 14.1894 .8581 3.e662 2.2870 
52 719. 189.62 .8561 -4.1818 .8584 3.8554 2.3093 
52724. 189.60 .8559 4.1815 .8582 3. 85 .l.i6 2.3135 
52730. 189.58 .8561 4.1818 .858'4 3.8563 2.3027 
52735. 189. 56 .8563 Lf.1867 .8585 3.8694 2.2457 
52741. l89.5.1.i .8562 "1.1939 .8584 3.rsso 2.1854 
52746. 189.52 .857'7 "1.1881 .8596 3.8796 2.1830 
52752. 189.50 .8593 11.1776 .8615 3.8635 2.2227 
52758. Hl9.~8 .8612 4.1710 .8634 3.8551 2.2357 
52H3. 189 . .146 .8633 11.1727 .8655 3.8608 2.2071 
52769. 189.4.!4 .86'+9 4. 1666 . 86 71 3.8518 2.2269 
52774. Hl9. li2 . 8673 4.15112 .8695 3.8337 2.2681 
5?.780. 189.40 .8694 '7.153~ .IHlb 3.8369 2.2404 
52785. 189.38 . fH12 Lf.l549 .$734 3.8'139 2.2003 
5279J. 189.36 .8731 4. PHD . 8752 3. 83 73 2.2000 
52797. j€!9. 34 .iHLJ2 '7.1472 .8763 3.8Lfl9 2. 1602 
52802. 189.32 .fi.'T5Li .l.i.l%2 . 8775 3.81.f72 ?..1161 
52808. 189.30 .8763 4.1£44! .IH84 3.8489 2.0889 
52813. 189.21? . 8765 4.1388 .8786 3.8.1.i37 2.0882 
52819. 189.26 . 13761 '~.1327 .snn 3.8391 2.0776 

4. Hl9.24 . 8764 44.1267 .8785 3.S33b 2.07"14 
0. 189.22 .8778 44.1161.1 . SH9 3. 8230 2.8760 

52836. RS9.20 .8788 Lf.lOLfS J.SllO 2.0789 
1528 '41 . 189.18 .8789 Lf.0985 3.80.1.i6 2.0FI7 

1528111. i 89. 1 6 1 '4.0905 3. 79419 2.0Cil4 
189.1'4 .8818 '4.0876 3.1943 2.0754 

8. 189.12 6 Lf. ()7911 3. 7850 2.01:13! 
152864. 189. l 0 51 "4.0 5 3.1822 2.0752 

9. 189.08 "f.07419 3. 7799 2. 0871 

75. 189.06 4.0829 3. 7906 2.0683 
52880. !El9.041 Lf.0884 3.798Ei 2.01!!~15 

i89.02 'L 092 l 3.8053 2.0?94 
'52892. 189.00 '1.0905 3.80Lf3 2.0?150 



-201-

CROSS SECTION )( El CM-2 
WAVENUMBER WAVELENGTH FIRST ORDER COND ORDER 

CM-1 NM ( 000) ( 01 0 ) ( 000) ( 010) ( 020) 

52897. 188.98 .89% 1L 08~3 .8966 3. 7955 2.01i29 
52903. 188.96 .8969 1.!.0783 .8990 3. 7860 2.0678 
52908. 188.91i .8982 1.!.0806 .9003 3. 7899 2.0568 
529ll.!. 188.92 .8994 l.f.OE\20 .9015 3. 7933 2.01429 
52920. 188.90 .9005 1L 0825 .9026 3. 7930 2.0t+84 
52925. 188.88 .9021 l.i.08Sl .90/.fl 3. 797"1 2.0356 
52931 . 188.86 .9035 l.f.089l .9055 3.8038 2.0190 
52936. 188.8/.f .9053 LJ.0881 . 9073 3.8039 2.0108 
529142. 188.82 .9062 l.f.0915 .9082 3.8085 2.0024 
529Lf8. 188.80 . 9071 l.f.0973 .9091 3.813Lf 2.0086 
52953. 188.78 .9069 <+.lll.f7 .9089 3.8319 2.0009 
52959. 188.76 .9078 ~.1252 .9097 3.8"+33 1.9943 
5296"1. 188. 71.! .9098 "1.1275 . q 11 7 3.8'162 1.9905 
52970 .. 188.72 . 911 7 "1.1313 .9136 3.8527 L9719 
52976. 188.70 .9129 Lj.ll.fOO .91"'18 3.8639 1.9534 
52981. 188.68 .9137 11.1529 .9156 3.8803 1.9282 
52987. 188.66 .91 '4.1618 .9165 3.8907 L 9185 
52992. 188.6"1 . 91 5 4.1637 .917/.f 3.8888 1.94.+1.!7 
52998. 188.62 . 9172 4.1"189 .9191 3.8679 1.9884 
53001.1. 188.60 .9189 "1.136(: .9209 3. 8517 2.0158 
53009. Hl8.58 .9198 "1.1"100 .9217 3.8585 1.9918 
53015. 188.56 .9201 ~. 1556 . 9221 3.8787 1.9590 
53021 . 188.54 . 9215 "1. 1651 .923"1 3.8886 l 0 9566 
53026. 188.52 . 9227 4.1817 .92% 3.9058 1. 9516 
53,)32. 188.50 . 9239 "1.2022 .9258 3.9293 L 9313 
5303 7. 18€5. "18 .9247 "1.22.% .9266 3.9551 1. 90 7l 
53043. 188. 1-~t~ .925i.i 4.245"1 . 9273 3. 9718 1.8932 
530"19. 188./.f"' .9271 1..1. 2657 .9290 3. 9915 1.897'4 
5305"'1. l81L'+2 .928'5 4.2897 .9301..1 Lf.0257 L8680 
53060. 188."10 .9298 "1.3126 .9316 4.0532 L 8357 
53066. 188.38 .9305 '1.3326 .9323 .lf.0781.f l. 7991 
530 L 188.36 .9312 '4.3613 .9329 '4.1165 l. 7319 
53077. 188.3.!i .9325 11.3843 .93"12 &4.11.+"11 l. 6996 
53083. 188.32 .93Lf4 4.3937 .9361 lf.153l l. 7021 
53088. 188.30 .9355 !.J.3997 • 9371 "1.1633 1. 6731 
5309"1. 188.28 . 936•f J.f.3992 .9380 4.1636 1.6668 

188.26 . 937! Lf.398ii .93EH &4.1638 1.6602 
53105. J88.2Lf .9393 &4.3875 .9'110 1.+.1'494 1.68113 
53111. 188.22 . 9Lf lO 4.3801 .9"126 '1.1&411 l. 6948 
53!! US8.20 .9421 &4.3772 .li!.lf38 4.1391 l. 681.48 
53122. 188. 18 .91.130 4.3767 .94'11 .!t.l£410 1.6673 
53128. 188.16 .9W37 "1.3183 .91.45-4 .lf.l'118 L6132 
53133. 188.144 .91il.f6 i.i.3793 .94163 &.f. l.lf 11 1.6856 
53139. 188. !2 .9460 4. 3 762 .941;77 4. 1372 L 6915 
531&45. !88.10 .9"183 "1.3109 .9500 .If. 1327 1.6856 
531 188.08 .9499 &4.36 73 16 ~ 0 131 &.f 1.6691 

153! 6. 188.06 .9508 <lf.3651 ~.12'81 1.6775 
s:u lBB.O'i .9515 &4.3683 .9532 .If. 1350 l.t-510 
53!61. HHL02 .9522 44.3101 .9538 14.1381 L6'4i8 

113. 188.00 33 &4.3112 .9550 4.138Lf 1.6'413 



-202-

CROSS SECTION X El9 CM--2 
WAVENUMBER WAVELENGTH FIRST ORDER SECOND ORDER 

CM--1 NM ( 000) (()10) ( 000) ( 01 0 ) ( 020) 

53179. 187.98 .95'+5 ~.t.361H .9562 1.1. 1331 1.6667 
5318~. 187.96 .9559 4.3678 . 9575 4. 1353 1. 6LJ50 
53190. 187.9'1 . 9571 "1.3692 .9586 '1. l437 l. 5956 
53196. 187.92 .9580 Lf.371 1 . 9595 Lf.lLf97 1. 5662 
5320 l. 187.90 .9586 Lf.3702 . 9601 4.1'485 1.5684 
5320 7. 187.88 .9591 4+.3692 .9606 4.1'+69 1.5726 
53213. 187.86 .9608 '1.3584 .9623 4.1353 1.5786 
153218. 187.84 .9620 -4.3'416 .9636 Lf.l156 1.5986 
5322Li. 187.82 . 9628 Lf.3329 .96LJ3 '1.1108 1.5719 
53230. 187. 80 .9633 11.32% .96Lf9 Lf.1071 1. 51158 
53235. 187.78 .96311 Lf.3201 .961.!9 Lf.l030 L 5359 
5321.41. 187.76 .9631 4.3181 .%46 Lf.10Lfl L 511.46 
53247. 187. 7Lf .9630 1.4.3260 .961.411 11.12Lf5 1. 11258 
53252. 187.72 .9631.! &!.3216 . %Lf1 &!.1280 1.3702 
53258. 187.70 .96LJ6 &!.3032 .96t,O 4+.1037 1..!411'1 
53264. 187.68 .9663 &f.28Lf5 . 9678 Lf.0761 1.11751 
53269. 187.66 .9678 Lf.2830 .9692 41.0780 l . .!4508 
532 75. 187. 64 .9691 4. 2782 .9705 .!4.0803 l.ttOOl 
53281. 187.62 . 9711 Ll.2598 . 9725 L!.060'4 l.Lfl08 
53286. 187.60 .972f? 'f.2504 .9739 &!.0513 1.-4086 
53292. 187.58 .97411 -4.2"162 .9758 Lf.0/172 l.Lf075 
53298. 187.56 .9762 .!4. 21175 .9776 Lf.0/189 1.11051 
53303. 187.5LI .9778 11.2517 .9791 44.0561 1.38113 
53309. 187.52 .9787 .!4.2536 .9800 41.0602 1. 3 6 83 
53315. 187.50 .9796 11.2"175 .9810 1.1.0501 1.3966 
53320. 187.<48 .9799 4.2-471 .9813 £4.04191 1.£4010 
53326. 187."46 .97% Lf.2530 .9809 4.0587 1.3753 
53332. 187.4.44 .9793 tf.2599 .9806 Lf.0709 1.3369 
53337. IS 7. "12 .9795 4.2664 .9808 tt.0842 1. 2898 
533Lf3. H.H."'O .9800 .1.4.2686 .9812 Lf.0864 l. 2892 
53349. i87.38 .9818 4.2589 .9832 &!.0701 l. 3360 
53355. lSL 36 .98440 4.2519 .9853 "1.0625 1.3'+01 
53360" 187.3Lf .9858 4.4.2587 .9870 1.!.0805 1. 2610 
53366" 18 7. 32 .9876 '¥.262'+ .9888 Lf.088l l. 23311 
53372. 187.30 .9901 "1.2566 .9914 04.0791 1. 2563 
533 77. 187.28 .9922 &!.2511 .9934 li.0737 1.25LJ6 
53383. HH .26 . 9928 <4.2558 .99-40 "1.087A l. U390 
533EI9. 187.214 .9933 Lf.26315 .99Lf"' "1.1 06'4 Lllll-
53394. l 8 7. 22 .9935 .1.!.26145 .99'46 '1.1120 I. 0790 
153<JOO. HH.20 .9943 4.250Lf .995Lf 'L 0908 l . 1291 
531.J06. HH.lS '1.2317 .9972 '1.0612 1.2061 
53412. HH.I6 .9972 44.2Ztt3 Lf 44.0502 1.2315 
534!7. 187.1'1 .'9981 .l4.2238 "1.0~@'4 1.2'408 

~23. 187.12 . £4. I. 0008 £4.01462 1.2'15Lf 
i5 LJ29. 187.10 L -'4.21 I. 0020 .lf.03~3 L2771i 

531.f3LI. I R 1. 08 L 44.2198 I. 0028 44.0~38 1. .2'45'4 
~3tt'IO. 18 7. 06 L '1.2197 1.00'10 '1.0'151 I . 2 315 I 
53'V"Y6. !81.04 L .lf.2162 !. 44.0355 1.?.78'4 

~52. HH. 02 L 4 .4i, l£i"' I. 7 4L 0266 1.3288 I 
'451. H! 1. 00 l.OOLfB 'f. 3t· 1.006! '1.0381 1.3122 



-203-

CHOSS SECTION )( E1 CM-2 
WAVENUMBER WAVELENGTH FIRST ORDER COND ORDER 

CM-1 NM ( 000) ( 010) ( 000) ( 010 ) ( 020) 

531.463. 186.98 1.0056 &1.2310 L0069 .l.f. 0&.!92 1.2860 
53"169. 186.96 1.006'5 "1.2360 1. 0078 'L 0562 1.2718 
53"171.f. 186.9L! 1.0080 "1.2265 1.0093 "L03% 1.3229 
53"180. 186.92 1.0089 'V.2205 1.0103 4;.0276 1.3645 
53"186. 186.90 l. 0100 "1.22tt9 LOll"! L!.0307 L 3 746 
53LJ92. 186.88 1.0112 L!.2303 1.0125 4.0345 1. 3852 
531.!97. 186.86 1.0120 4.2"108 1.0133 14.0.1494 1.3'542 
53503. 186.8"1 1.0128 <4.2"f82 1.01'12 4.0595 1. 33"17 
53509. 186.82 1.0137 4.25'Tl !.0150 li.01l1 1.31\7 
53'51Lf. 186.80 1.0131 4.268l.f LOll.flf 1.!.0806 L 3289 
53520. 186.78 L 0130 "+.2818 1. 0 ll.f3 4 .0923 L3Lfl2 
53526. 186.76 1.0134 4.293Lf L 0148 1.!.1038 1.3Lfl6 
53532. 186.7/.i 1.013'5 .l.f.313£t l.OP-18 £+.1306 1.2933 
53537. 186.72 L 0141 '1.3198 1.0154 lf.l370 1.2931 
535lf3. 186.70 L 0150 .14.3232 l. 0163 .If. 1372 L 3157 
535149. 186.68 1.0166 l.i.3298 1.0179 .If. 1<406 1.3385 
53555. H:l6.66 1.0178 4.3527 1.0191 .If. 1691 1. 2995 
53r)60. 186.6~ l. 0202 4.3107 1. 0215 lf.l906 1. 271.f0 
53566. 186.62 1. 0233 4.3759 L 02Li6 '4.1913 1.3060 
53572. 186.60 L0272 'V.3781 1.0286 4+.1869 1.3523 
53578. 186.58 L 0307 "4.3941 1.0320 .li.20118 1.3399 
53583. 186.% L031.i7 4. 4179 1.0359 'f.2377 1.27Li4 
53589. 186.5.1.! L 0383 4."13H 1. 0395 lf.2'5"17 1.2519 
53595. 186.52 1.0407 '4.Lflf'!2 L 0"119 i.i.2728 1.2338 
53601. 186.50 1 . O.Y09 4.482.Y 1. 0'420 '1.3236 1 123"'1 
53606. lS6.Li8 1.0&.!02 "'1.5175 1.0&.!12 .Y.3760 l. 0013 
53612. ~86.&.!6 1. 039e &.!.5343 1.0"105 1.!.'4012 .9418 
53618. 186.144 1. 0398 4.5345 L 01407 "1.3995 .9554 
5362'1. 186.42 l.Ott03 "'. 5256 LOL!l3 "1.38.lf'1 .999'5 
5362'9. 186."+0 1.0397 1.4. Lj l.Ol.f07 Bi.3790 L 0149 
53635. i86.38 1.0382 '1.5319 L 0391 &f.3966 . 9'57J 
536"V 186.36 1.0378 1.4.53"15 L 0387 4.1.!029 .9317 
1536!.17. 186.3"1 L 0378 44.5235 l. 0388 l!.f.3883 .956'-1 
'53tJ52. i 86. 32 1.0383 .14.5113 l. 0393 '4.3762 .9563 
53658. Hl6.30 l. 0384 44.5018 1. 0393 £i.3709 .9264 
5366"1. 186.28 l. 0385 "1.1.!939 l. 0393 '1.3731 .8552 
53670. ll86.26 I. 0386 "'.l.f766 l. 0394 4.3603 .8229 
53675. 186.2"1 1. 0393 Lf."41.4bLI J. 01102 'f.3234 . 8702 ' 
5 l. ]86.22 !.01400 14.'1185 I. 01.109 Bi.287l .9300 
53687. U36. 20 l . 0'1 15 l!.f. 392 41 1. Ol!.f25 lf.256lf . %2 4 

53693. 186. 18 1.0"121 41.3835 I.OLJ30 11L251.fl .9155 

53698. 186. I 6 1. 0.!421 4.3875 !.04429 4.2688 .SI.fOO 

153101.1. Jl86. I"' l. 0'125 "i.3192 1. 04433 41.2630 . 82?2 

53710. Hlh.l2 I. 01.133 l!.f.3651 I. 04'42 £4.2t!.f4b .1!1523 
53 716. U36. ! 0 I. 0"145 l.f.3571 J. 0"1'53 44.2386 .84?! 
53122. 186.08 l. 0'-152 llf.3530 l.O'f60 '4.2361 .82H 
'53721. l8t.06 1. 01.169 l.f.3398 1.0'418 '1.2230 .BU·B 
53733. 186.04 l. 048l.i 44.3288 1. 0'-193 4.2090 .8'182 

53739. 186.02 J. 04fiiU £4.33£fl.f 1. 0492 4. 2200 .1'1091 
'537"45. 186.00 l. 0"484 "1.3383 L0149l "4. 1 . 71l03 



-204-

CROSS SECTION X El9 CM-2 
WAllE NUMBER WAVELENGTH FIRST ORDER SECOND ORDER 

CM-1 NM ( 000) ( 01 0 ) ( 000) ( 0 l 0 ) ( 020) 

53750. 185.98 1.0£+92 l.f.32Lil l . 0'199 LJ.2203 . 73'"19 
53756. 185.96 1.050/.f ~.30'"19 1.0512 '"1.1984 .753'1 
53762. 185.9'"1 1.051'"1 '1.2957 1. 0!'22 L!.1861 . 7754 
53768. 185.92 1.0519 ~.2978 1.0526 '"1.1927 .7'137 
5377l.!. 185.90 1.0537 1.4.2968 l. 05 44 4.1982 .6978 
53779. 185.88 1 . 05 65 '1.2865 L 0512 14.1878 .6983 
53785. 185.86 1. 0593 '1.2683 1.0601 4.1649 . 7319 
53791. 185.84 l. 0620 4.2531 1. 0627 4.1484 .7'105 
53797. 185.82 1.065'1 4.2408 1. 06'58 '1.1372 . 1334 
53802. 185.80 1. 06 77 Ll.2319 1.06.-31.! 1.!.1290 . 7279 
53808. 185.78 1. 0702 '1.221.f6 l. 07•)9 Lf. 1233 . 1166 
538 Pl. 185.76 l. 0720 4.2259 1. 0127 l.f. 1318 .6653 
53620. 185.74 1. 0 736 "1.2317 1.0742 1.!. 1'136 .6232 
53626. 185.72 1.07"17 -4.2306 L0753 4.!.1"131 .6190 
53831. 185.70 1.071.!7 1.4.2306 1.0753 "1.1.1156 .6012 
53837. 185.68 1.07"10 '1.2353 i. 07.115 l.f.l%6 .5568 
538Lt3. 18'5.66 1.07Lt0 '1.221L! 1.071.!6 .!1.11.!81 . 5 611 
538"19. 185.~jl.f l. 0 75! Lf.2'09'5 l. 0 75 7 1.!.12'28 .6136 
53855. 185.62 1.076-4 -4.1920 1. 0771 14.0981 .6643 
53860. 185.60 1. 0778 4.f .1872 1.078"1 1.!.0898 .6891 
53866. 195.58 1. 0797 "1. 1839 I . 0804 -4.0831 . 7131 
53872. 185.56 1. 0803 "1.1917 1 . 0810 '+.0918 .7069 
53878. 185.54 l. 0798 Lf.2038 1. 080"1 4.f. 1083 .6759 
538814. 185.52 1. 0795 &i.2068 l. 0802 4. 11 0"1 .6819 
53889. 185.50 ! . OBC2 .!4.2051 l . 0808 4.1060 .7014 
53895. H35.-48 l . 08ll 4.2110 L 0818 1.!.1157 .67'14 
53901. 185."16 1.0817 4.2188 l. 0823 ... 1253 .6616 
53907. 185.44 1 . 0829 4.2123 l. 0836 4f.l098 . 7254 
53913. Hl5. 42 l. 083"1 .1+.2080 1.0841 l.f.0980 . 7788 
53919. 185./.fO 1. 0831 .!4.2li.J9 l. 0839 '4. 1059 . 77!5 
5392'4. 1!35.38 1.0832 4.2254 1.0840 4.1193 . 7511 
53930. 185.36 l.08Lf4 4.2268 l. 0852 l.j. 1164 .7816 
53936. 185.34 1. 081.18 4.2336 1.0856 .!4. 1219 .7903 
5394?. 185.32 1.0859 4.2"145 l. 0867 ~. 1381 .7531 
53948. 185.30 1.0873 4.251.49 I. 0880 "1.1547 .7091 
53953. 185.28 l. 0892 4.2650 J. 0899 l.j. 1685 .6831 
53959. H.l5.26 1. 0894 Lf.2876 l. 0900 Lf.2002 .6187 

185.24 1.0891 '1.3095 l. 0896 4.2372 . 5112 
53971. 185.22 1.0898 4.3032 L0903 4.2323 .5014 
53977. 185.20 1.0909 "1.2821 I. 0914 1.!.2016 .%9~ 

3. t 85. 18 1.092! Lf.2653 I. 0927 4.1731 .6520 
53'188. j 85. 16 1.093.14 ~.2588 l. 09Lfl 8.f. 15136 .7091 
5399Lf. i 85. 14 l. 093 7 4.26'10 I . 09'15 &1.1580 .7502 
SAVOOO. l 85. ) z ~.09'1~ '4.27'"15 J. 0953 l.f.l650 .1747 

5'4006. I 85. l 0 i . 095 7 '1. 2fH8 I. 0965 "1.1758 . 7922 
544012. 185.08 1.0963 14.319~ J • 09 71 44.2166 .7291 
54.1018. 1815.06 1. 091;, 7 "1.3558 1.097"1 '1.251£l~ .6883 
5'1023. IBS.OI.f l. 09 73 '1.39~2 L 0~80 4.299/.f .HI.fO 

5"f029. JB5.02' J. 096 7 8.1.4538 !. 0972 &.!.3804 .5J90 
11)4403'5. 185.00 I .095 I l!f.5!80 1.0954 '1.'469'1 .3'1'13 



-20 

CROSS SECTION X nc; 
WAVENUMBER WAVELENGTH FIRST ORDER SECOND ORDER 

Ci"'--1 NM ( 000) ( 010 ) ( 000) ( 010 ) ( 020) 

5'10'11. 184.93 1.0931{ 'L5622 1.0936 .1.1.5248 .2645 
51.!047. 184.96 1.0930 41.5785 1.0933 41.5380 .2871 
51.!053. 184.91.! 1.0935 41.5886 1.0938 4.5~+65 .2977 
54059. 18"1.92 1.0938 Lf.5993 1.0941 4.5598 .2798 
5'106Li. 184.90 1.0937 '1.6072 1. 09Lt0 4.5117 . 2511 
5'1070. 184.88 L 091.!11 4.6057 1.0947 1.!.5756 .2129 
51.!076. 184.86 1.09~9 4.6014 1.0951 4.5116 .2107 
5"1082. 18Li.S"' 1 . 095 7 'i.5912 1. 0959 4.5556 .2520 
5'1088. 184.82 1.0969 "1. 5807 l. 0972 Lt.5446 .2557 
5409"1. 184.80 1.0983 11.5704 l. 09e6 .1.!.5391 .2218 
5'f099. 18Ll.78 1. 1006 -4.5507 1.1008 "i.5167 . 2 <t09 
514105. 18~. 76 1.1030 l.f.5296 l . 1032 1.!."1930 .2591 
514111. 181.1.74 1.10-47 4.5189 1. 1 0!.!9 '1.41874 .2230 
5.1.f 11 7. 1El!i.72 L 1061 4.5131d: l. 1063 &V.I.f888 . 1742 
5'4123. 184.70 L l 078 l.f. 50 ll 1. 1080 '1. 4 770 . 1705 
54129. 18i.J.68 1. 1093 "1.8.!789 1.! 095 tl.!.£4511 .1963 
51.!135. 1811.66 l. 1 09 7 li.4674 L 1098 4.14'115 . 1832 
54il{0. 184.64 1 . 1 090 "1.11642 l . 1 091 4.£1-4"10 . 1431 
5111'46. 18"1.62 1 . 1090 '4.4587 l . 1 091 4.4£114 . 1221 
54152. 18L!.60 l.. 1094 Lj • .1{560 1. 1095 '+.'1461 .0698 
5i.!l58. 184.58 1. 11 02 '1.1.1473 1.1102 'L 1144450 .016lf 
54416'1. l8i.!.56 1.1111 44.4237 L 1112 114.'1135 . 0721 
5Lt170. 184.54 1.1118 .l.f.3990 L 1119 ~.3810 .1270 
5~176. 1814.52 L 1120 'L 3905 L 1121 4. 3 773 .O•B"' 
5"1182. 181-1.50 L 1128 4.3803 1.112'1 4.3116 .0613 
54187. l8Lt . .!f8 !.1131 4.3671 1.1132 ~. 3595 .0538 
54193. 18'L'f6 L 1141 "1.3500 1.111142 ~.3409 .061-16 
54199. l814./!4Lf L 11 <49 4.337Lf 1. 1150 114.3277 .0689 
54205. 184.42 1.1157 4.::!212 1.1158 114.3176 .0679 
5Lt2l1. l8i!.Lf0 1.1165 "1.314.46 LllH A.f.30tj3 . 0723 
5"12 l 18Lt.38 L 1168 4. 3077 L 1168 &f.2990 .0618 
5"1223. H:14. 36 1.1176 4.2974 1.1176 £+.2898 .05111 
'5'l229. 18"1.3"1 l. ll 82 '1.293"4 L 1182 4.2901 .02311 
54234. 184.32 1!.1197 4.2816 l. 1197 114.2.173 .0309 
514240. 18'1.30 1.1212 l.f.2.667 l. 12B 4 . .2552 .0810 
5"12o.l6. 184.28 1. 1222 Lf.2590 L 1223 ~-2~'40 .1062 
51.1252. 1.8"1.26 n.12l6 '1.26t!VO L 1217 4.1.2515 .0887 
5t.~25e 184.2'-t l. !.206 4!. 71.10 I.. 1207 ~.268{ .0383 
5426"1 184.22 l. 1202 '4.2862 L 120? 4.2862 0. 
5"1270. 184.20 1.120.2 4.2822 L 120? 4f.2B22 0. 
5'127b. !l 84. l B 1.1208 "1.2590 L 1208 4f.2573 . 0118 
5'4282. Hl4. J 6 L 1215 1.1.2304 L 121 b 4L2121 .1289 

'5"1288. I. 84. )4 1.1221 ~.:!221.4 L 1.22: 4.1988 .1669 
1814.12 1.1228 i.i.221l L l23C 4.2050 .l5t-9 

1541299. JS&J.I.O L 1237 Lf.22'50 L l23'i' 114.2001 .17'19 
184.08 i.L259 "i.Z! l.l2H £1.1806 .2'310 

5"1311. 1844.06 1.12'70 44 • .21 1.1272 llf.1907 .2020 
5tv3l7. 184.0"4 1. l26Lt ll4.241lfl 1. 126~ llf. 9 . 10 72 

3. Hl4.02 I. J 255 "4.2685 L!25t- &f.263"4 .031':-Lf 
9. 1814.00 Ll 9 Lf.2785 ).1259 llf.27&!LI .0292 
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CROSS SECTION X El9 CM--2 
WAVENU"'BER WAVELENGTH FIRST ORDER SECOND ORDER 

C~l N"' ( 000) ( 01 0 ) ( 000 ) ( 0 l 0 ) ( 020) 

5"1335. 183.98 1.1270 44.2838 1.1271 "'. 280 l .0265 
5'13"1 1. 183.96 1.1290 &t.2878 1. 1290 '1.28117 .0213 
5"13"17. 183.9£+ 1.1313 "1.2857 1.131'+ '+.284.+5 .0085 
5'1352. 183.92 1. 133 7 '1.2781 1. 1338 '1.272.0 .0436 
544358. 183.90 1. 136 7 '+.2720 1. 1368 "1.2617 .0733 
5"136'1. 183.88 1. 1392 "1.2679 1.1393 l.f.2588 .0639 
5'+370. 183.86 1.1'+0'+ 4.+.2716 1.1'+04 Mt. 2697 .0136 
5'1376. 183.81.! 1.14413 !1. 2 766 1 . 144 13 '+.2766 0. 
5'4382. 183.82 1. 11.!29 "1.2817 1.1429 '+.2817 0. 
51.f388. 183.80 1.11.fL!2 1.!.2729 1. 11.!1.!2 Lf.2729 0. 
5'1391.!. 183.78 1.1443 '+.2690 l. 11.!43 1.!.?690 0. 
5Lfl.f00. 183. 16 1.1'1113 '1.2611 1.1LI.!i3 l.f. 2611 0. 
514'106. 183. 7'1 1.1'1'19 .lf.2538 1.1Lf'i9 '4.2507 . 0220 
51.1£+12. 183. 12 1.1!!53 1.!.2511 1 . 1'+53 .!f.2LI53 .01.!07 
54+'+18. 183.70 1. 1 !!60 &f.2503 1. J 1.!60 &f.2503 0. 
5'+'123. 183.68 1. 1'169 &f.2.1f98 1. 11.!69 1.!.2'198 0. 
544'129. 183.66 1.1'170 4+.2603 1.11.470 4+.2603 0. 
5'1'135. 183.64 1. 11.!66 '4.2669 1. 1.1f66 '1.2669 0. 
54+'11.!1 . 183.62 1. 11.!68 4+.2593 1. 14+68 &f.2593 0. 
5'1'4&f7. 183.60 1.11.!69 4.1.2'182 1. 114 70 1.!.2409 .051"1 
51.f'f53. 183.58 1. 11.!58 .14.2517 1.1'159 1.!.2386 .0925 
5'fi.!59. Hl3.56 1.1'439 LJ.2677 1.1.1439 '4.2607 .0'194 
5.1.J4465. 183.51.! 1.1'429 '1.2817 1.1'129 '+.2809 .0057 
544't1l. 183.52 1. li.J 18 l.f.2881.f l.l!Jl8 44.2862 .0156 
51.fl.i71. 183.50 1.1L~06 '1.2971.! t . ll.fO 7 '1.2930 .0311 
544'183. 183.118 l. 1399 4.1.3037 1.1399 &f.2957 .0564 
544'189. 183.446 L 1389 1.!.3121 L 1390 44.2985 .0962 
51.f.lf';l5. 183.4.1/.i 1. 13 75 '4.3264 l. 1376 .If. 3117 . 1035 
51.f501. 183 . .!f2 l. 135/.i "'.3510 1. 1351.! '+.3.1f.lf0 .01.!97 
5.1.J507. 183."10 1. 13.!f3 Lf.3736 1. 131.!3 -4.3730 .004Ll 

12. 183.38 L 1338 .!f.3897 1. 1338 4f.3888 .0067 
5'15!8. 183.36 1.13'11 '1.1.!005 1. 13112 4f.395l .0377 
5£V52"1. 183.3Ll 1.13'57 Lf • .lf086 1.1357 4f.l.f037 .0341 
5.14530. U33. 32 1.1390 .!f.'+166 l. 1390 44.'1166 o . 
514536. 183.30 J. 14439 .If • .If 111 L 11.!39 64.'1089 .0156 
5£f5.1f2. 183.28 l. 11.!88 'l.'f017 1.1'489 ~.3935 .0581 
54f5BfS. 183.26 l. 152 7 .!4_ 4f007 l. 1527 4f.3953 .0381 

.If. 183.244 1. 1558 l.f.£1091 I. 1558 '1 . .14091 0. 
51.f560. 183.22 1. 15 92 'L "1092 L 1592 4f • .lf092 0. 
5£f566. 183.20 1. J ~20 4.1.!01.f.lf !. 1620 l!f.i.f0'444 0. 
5"f572. 183.18 l.l6Lf3 .14.'4063 1. 16443 .lf.'f063 0 . 
5445713. ! 83. 16 1. H:S9 '4.44106 L 1659 44.'4106 o. 
54458~. lSJ.ltt L 16449 44.4.1229 l. 16449 'f.4f229 0. 
5'f590. 183. 12 I. 1630 .lf.lf311 J • 1630 &f.4f31l 0. 
'Sif596. 183.10 L 1626 44.1.fl55 Ll &f.4f155 o. 
5'4602. 183.08 L 1628 14.3926 1.1628 44.3926 0. 
544608. 183.06 L 1616 4f.3761 1.1616 14.3761 0. 
Sl.f61'L 183.04.f l. 1588 '1.3120 1. 1588 44.3120 0. 
544620. 183.02 1.15'7.2 14.3733 J. 1572 44.3133 0. 
S44626. 183.00 J .1568 4f.3665 1. 1568 &f. 3H5 0. 
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CROSS SECTION X El9 CM-2 
WAVENUMBER WAVELENGTH FIRST ORDER SECOND ORDER 

CM-1 NM ( 000) ( 010 ) ( 000) ( 0 l 0 ) ( 020) 

5"1632. 182.98 1. 1563 'i.3"i83 1.1563 44.3'483 0. 
5'+638. 182. 96 1.1561 &f.3ll.i7 L 1561 -4.31'17 0. 
5'+61.!"i. 182.9"1 l. 1551 "1.2833 1.1551 4.2833 0. 
511650. 182.92 1.1551 .1.!.2562 1.1551 4.2562 0. 
5~656. 182.90 1.1557 L¥.2377 L 1557 'L2377 0. 
54662. 182.88 1.1557 11.2283 L 1557 "1.2283 0. 
5~668. 182.86 L l. 551 .!.j,23Lt7 1. 1551 11.2347 0. 
5"16 73. 182.81.? 1. 1556 '4.2225 1. 1556 '+.2225 0. 
5"1679. 182.82 1 . 1579 4. 1965 l. 1579 '1.1965 0. 
5Lf685. 182.80 L 1593 '1.1878 1.1593 '4.1878 0. 
5%91. 182.78 1. 1596 '1.18"12 1. 11596 '1.18ii2 0. 
54ib97. 182.76 1 . 1 5 99 '+.1710 1. 15 99 '1.1710 0. 
5~703. 182. 71.f 1.1601 "1.164il 1.1601 'i.l{,Lj} 0. 
5<4709. 182.12 1.1607 Lj,l592 1. 1607 4.1592 0. 
5~715. 182.70 1.1607 "!. 1513 l. 1607 '1.1513 0. 
51.1721. 182.68 1. 1605 4. 1383 L 1605 .!.!. 1383 0. 
5.!.!727. 182.66 1. 1609 "1.1268 l. 1609 11.1268 0 . 
5Lt733. 182.6"1 L 1610 .!t.l189 1.1610 Lj.l189 0. 
51.!739. 182.62 L 1616 Li.1093 1.1616 44.1093 0. 
5"47Lt5. 182.60 :1. 1620 L!.1050 1. 1620 114.1050 0. 
5Lf75l. 182.58 1 . 1622 '1.1020 L 1622 Ll.1020 0. 
51.!757. !82.56 l. 1629 1.!.0797 1. 1629 Ll.(J797 0. 
51.!763. 182.54 1. 1635 ~.0518 1. 1635 8.!.0518 0. 
5.14769. 182.52 1.1626 Ll.0523 1. 1626 4.1.0523 0. 
54.1775. 182.50 1 . 1620 ~.0541 1. 1620 '1.0541 0. 
54781. 182.48 1. 1626 1.!.01428 1. 1626 '1.0'128 0. 
51.!787. 192.~6 1.1641 .!f.0294 1. 161.! 1 .t;, 0294 0. 
5"1793. 182.44 1.1653 11.02LlLI L 1653 44.0244 0. 
54799. 182.42 L 166~ 4.0192 l. 1669 lkf.Ol92 0. 
5'4805. 182.40 l. 1676 .!.!.022/,. 1.1676 4.0Z2Lf 0. 
:5t.-H3il. H32. 38 ] . 1678 1.!.02"12 1.1678 '4.0242 o. 
15'4817. 182.36 1. 1690 14.0191 l. 1690 11.0191 0. 

&9823 0 182.34 1. 1696 4.0215 1. 169t .14.0215 0. 
~829. 182.32 L 1696 .1.!.0310 1.16% 4.0310 0. 
4835. 182.30 L 1692 .lf.0321 l. 1692 .If. 0321 0. 
"-iS"' 1. 182.28 }. 1705 .!4.0273 1.1705 .14.0273 0 . 

'5481.i7. Hl2.2~ 1.111'l '-1.0308 L 17114 .lf.0308 o. 
lB2.2Ll L11l8 .!4.031?4 Ll718 "1.03814 0. 
182.22 J • 1720 "1.0"1"T4 ).1720 '1.0.!.!74 o. 

5"1866. 182.20 l . l 733 "1.0529 I. 1733 "1.0529 0. 
!$1.1812. 182. 18 L 17.140 1.1.0617 1.1740 "V.06l1 0. 

78. l 82. 1 6 1.1143 .!i.CHOO ].17"13 "1.0700 0 . 
5"H384. 182.1'4 L 1751 .If. l. 1751 "1.0653 0. 

l 82. i 2 L 1753 4. L 1753 '1. 0663 0. 
15~896. 182. l 0 1.17"1'1 -4.0861 1.1711"1 "'.OBl:-1 0. 

182.08 1 . 1 736 "1. 1 i 30 J. 1736 '1.1130 0. 
!82.06 Ll12B &I. 1 1 1.1728 "1.12tH 0. 

5"19)41. H~2. 04 1.1708 /,.j • 1 i.i708 .If. 1503 0. 
5 un. 02 L 16 "1.1131 J.JE-83 &!.1737 0. 
U5'f926. JB2.00 L 166 1.1.1973 l. 1660 "+.1973 0. 
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CROSS SECTION X E 1 9 Cf'll.-2 
WAVENUII\BER WAVELENGTH FIRST ORDER SECOND ORDER 

Cfli-.1 NM ( 000) ( 0 l 0 ) ( 000) ( 010 ) ( 020) 

544932. 181. 98 1.16"17 li.2237 l. 164 7 4.2237 0. 
5'+938. 181.96 1. 16'+5 4.2329 1. 1645 4.2329 0. 
54494'1. 181.94 l. 1640 4.2268 l. 1640 4.2268 0. 
5!.+950. 181.92 1. 1642 "1.2055 l. 16"+2 4.2055 0. 
5"+956. 181.90 1. 1655 "!. 1824 1. 1655 1.!.1824 0. 
54962. 181.88 1. 1664 4.18112 1. 1664 4.1842 0. 
54968. 181.86 1.1667 Li.2076 1. 1667 11J.2076 0. 
5'+974. 181.84 1.1683 4.2081 1.1683 LJ.2087 0. 
54980. 181.82 1.1711.! 4.1901 1.1714 4. 190 l 0. 
54986. 181.80 1. 1131.! 4. 195 6 1.1734 1.1. J 956 0. 
54992. 181.78 1.17'14 4.2150 1.1744 4.2150 0. 
51.f998. 181.76 1.17'47 4 . .2401 1.17Lf7 4.2Lf01 0. 
5500Lf. 181.74 1. 1161 Lf.2735 L 1161 'L 2 735 0. 
55010. 1 81 0 72 1. 1776 Lf.301.f9 1. 1776 Lf.30Lf9 0. 
55017. 181. 70 1 . 1172 Lf.3370 L 1772 4.3310 0. 
55023. 181.68 1. 1756 4.3638 L 1756 11.3638 0. 
55029. 181.66 1. 1135 4.3788 1.1735 "1.3788 0. 
55035. 181.61.J 1.1718 4.3935 1.1718 "L 3935 0. 
550LJ 1. 181.62 1 . 1 705 l.f.&f055 1. l 705 4.1.f055 0. 
550'l7. 181.60 l. 1688 Lf.-4196 1. 1688 4.4196 0. 
55053. 181.58 1 . 16 72 l.f.Lfl85 1. 16 72 4.'1185 0. 
55059. 181.56 1. 16 78 "1.3753 1. 16 78 4.3753 0. 
55065. 181.51.! 1. 1697 l1.32!!3 1.1697 l.f.32Lf3 0. 
55071. 181.52 1.1713 4 . .2926 1.1113 4.2926 0. 
55017. 181.50 1.1118 Lf.2661 1.1118 £+.2661 0. 
55083. 181. tt8 1. 1 720 &!.2393 1. 1720 1.!.2393 0. 
55089. 181 . 46 1. 1 725 l.f.2255 1.1725 4.2255 0. 
55095. 181. 44 1.1731.f l.f.2171 1.17314 <4.2171 0. 
55101. 181 . 42 1.1743 4.1971.f L 1743 l.f.197Lf 0. 
55108. 181. 40 1.17514 4.l72Lf 1.1754 4.17.24 0. 
55111.1. 181.38 L 1767 4.1525 l. 176 7 l.f.l525 0. 
55120. 181.36 l. 1 772 '1.1443 l. 1772 4.1443 0. 
55126. 181.31.f 1.1763 4.1448 l. 1763 4.1448 0. 
55132. l8L 32 1. 1756 4.1416 Ll156 4. l.!.f 16 0. 
55138. 181.30 1. 175 7 l.j .1321 l . 175 7 tj. 1321 0. 
5514.!'1. 181.28 1.1761 4.1096 L 1761 '1.1096 0. 
5~!50. 181.26 ) . 1760 '1.0863 l. 1160 4.0863 0. 
55156. 181.214 L1E7 1.4.01% L 1757 44.0756 0. 
55162. 181.22 1. l 753 'L 0624 L 1753 4.0624 0. 
55168. 181.20 L 1157 Lf.0397 l .1157 4.0397 0. 
55174. 181.18 J • 1763 '1.0229 L 1163 14.02.29 0. 
55181. B BL 16 l.l7b2 4.0093 L 1162 14.0093 0. 
55187. 181. 14 l.J15Lf 3. 996'1 1.175'1 3. 9%<4 0. 
55193. 181.12 1.17Li7 3. 9971 L 1141 3.9971 0. 
55199. l B l. ! 0 Ll l 3.9866 1. 1151 3.9866 0. 
55205. I B l. OB J.l 2 3.9716 1.1752 3.9716 0. 

11. 181 • 06 J.] 753 3.96(:;.0 L 1753 3.9660 0. 
5521 1. 181.04 L 1161 3.957~ 1.1161 3.9571.f 0. 
'55223. !BL 02 ] .1763 3.9450 1. 1 763 3.9A.f50 0. 
55229. I B 1 • 00 1.1760 3.9'137 1. 1760 3.9'437 0. 
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SECTION X E19 
WAVENUMBER WAVELENGTH FIRST ORDER SECOND I)RDER 

CM-1 NM ( 000) { 010 ) ( 000) ( 010 ) ( 020) 

55235. 180.98 l.l76L! 3.9387 1 . 1 7 61.f 3.9387 0. 
552'+ 1. 180.96 1. 1762 3.9368 L 1762 3.9368 0. 
552148. l80.9LJ L 1757 3.94166 1.1757 3.9Ltb6 0. 
5525-4. 180.92 L 1752 3.9~1.70 1.1752 3.95Lt0 0. 
55260. 180.90 1. 1 7 60 3.9'137 1.1760 3.9437 0. 
55266. 180.88 l. 1758 3.91.!27 l . 1 75 8 3.9'+27 0. 
55272. 180.86 1.1735 3. 9592 L1735 3.9592 0. 
55278. 180.81.f 1. 110-4 3.9858 1.17011 3.9858 0. 
5528'1. 180.82 1. 1685 3.991.!8 l. 1685 3.991.!8 0. 
55290. 180.80 L 1683 3.9810 I. 1683 3.9810 0. 
55296. 180.78 1. 1697 3.9579 l. 1697 3.9579 0. 
55303. 180.76 L 1711 3.91476 L1711 3.9A.f76 0. 
55309. 180. TA.i 1.1712 3.9612 Ll712 3.9<,12 0. 
55315. 180.72 1.1691 Li.OOOZ L 1691 M.0002 0. 
55321. 180.70 1. 1678 lt.0305 1.1678 Ll.0305 0. 
5532 7. 180.68 1.1681 Li.0£+11 l. 1681 J.J.0£+77 0. 
55333. 180.66 1 . 16 79 ~.0800 1. 16 79 4-.0800 0. 
55339. 180.61.! L 1670 4.j. 1021 l . 1670 4.1021 0. 
553"+5. 180.62 1.1679 Lt.l016 l. 16 79 't.l016 0. 
55352. 180.60 1. 1690 1.1. 1131 L 1690 't.l131 0. 
55358. 180.58 l. 170"1 Lf.l'i26 L 170-4 'i.l'i.26 0. 
5536LI. 180.56 L1710 "4.1800 1.1710 It. HlOO 0. 
55370. 180.5-4 L17P' 1.!. 1816 1.1717 Lf.l816 0. 
55376. 180.52 1 . 1 729 '4.1703 1.172.9 lt.1703 0 . 
55382. Hl0.50 L 1738 .t;.17l3 1. 1738 'L1713 0. 
55388. 180.48 1.1760 LJ.l572 1.1760 1i.l572 0. 
55395. 180.•HS L 1187 Li.1277 1. 1787 "1.1277 0. 
55"101. l80.l.f4.J 1.1 FH '1.1151.! 1.1797 4.115-4 0. 
55LI07. 180.'12 1. 1792 4.1.211 1 . 1 792 l.j. 1211 0. 
55413. 180.<40 1.1788 l.!.121Lf l. l 788 4.j. 1211-f 0. 
554£9. H!O. 38 l . l "{90 'i.llb1 l. l 790 l.f. 1161 0. 
55425. 180.36 1 . 180 7 4. 1038 l. l so 1 4.1038 0. 
'55'131. li80.34.J L 1826 Li.0972 1. 1826 i.l.0972 0. 
55438. i80. 32 L 1 '325 4.j. l 06 7 1 . 1825 4.1067 0. 
55Lil.fl./. 180.30 1.1817 .11. 1209 1.1817 .14.1209 0. 
55450. 180.28 1.1812 '1.1311) 1.1812 .14. 131, 0. 
515"4%. 180.26 1.1813 ii.j. l "151 1.1813 14.lli51 0. 
55462. ll€30.24 1.1816 4.138?. 1.1816 .1!.1382 0. 
55"468. UJO. 22 L 1800 "4.1301 1. l BOO .1!.1301 0. 
551k) 1'1. Hl0.20 L 1778 '4.1370 Ll778 tf.l370 0. 
55~iH. HJO. tS L 1768 '1.1"151.f L 1168 &f.l415Lf 0. 
55i!.lf57. n so. 16 L 1165 '1.1-450 L 1165 &!.1'!50 0. 
~j5"V93. 180.1&1 L 1161 "1. 1461 L 116! £1.1'461 0. 
55'499. »eo. 1 z L 17"1'1 .lj. l "tl.f 1 1.17'49 1!4. 144'1 7 0 . 
55505. 180.10 1.1 l.f. 1!8 7 L 1738 114. 11 B 7 o. 
555 J 1. 180.08 1. 1 73 l.f.09<40 l. 1131 '1.091f0 0. 
55518. 180.06 ! . 17412 I!V.09l3 L 11'f2 &j. 0913 0. 

i80.0"1 LJ l.f.CH~39 1. 1753 Lf.OS39 0. 
~5530. li 8(). 02 Ll "1.01571 J. 1180 Li.057T 0. 
55536. HHL 00 1. t 82LI '4.0222 l.l82£f &f.0222 0. 
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CROSS SECTION X El9 CM-2 
WAVENUMBER WAVELENGTH FIRST ORDER SECOND ORDER 

CM-1 NM ( 000) ( 010 ) ( 000) ( 010 ) ( 020) 

555'+2. 179.98 1. 186 7 .!i.OOOl L 1867 Lf.OOOl 0. 
555<i8. 119. 96 1.1892 Lf.0086 1. 1892 Lf.0086 0. 
55555. 119. 9Lf l. 1903 Lf.0155 1. 1903 ~.0155 0. 
55561. 179. 92 L 1913 Lf.0055 1.1913 .If. C·055 0. 
5556 7. 179.90 l. 1 922 .!f.0073 l. 1922 '1.0073 0. 
55573. 179.88 !.19lli li.0215 l.l9lli 4.0215 0. 
55579. 119.86 1. 1889 14. 0225 l. 1889 L!.0225 0. 
55586. 179.811 1 . 18 62 l.i.Ol~.t7 1.1862 Lt.Ol~.t7 0. 
55592. 179.82 1.183"1 Lt.0122 1.183"1 14.0122 0. 
55598. 119.80 J . 181 0 3.9950 1.1810 3.9950 0. 
55604. 179.78 l . 1 795 3.9590 1.1795 3.9590 0. 
55610. 179. 7 6 1.177Lf 3.9319 l. l 774 3.9319 0. 
55616. 179.714 1.171i6 3.9302 1.1746 3.9302 0. 
55623. 179.72 1. 1 724 3.9277 1.1724 3. 9277 0. 
55629. 179.70 1.1703 3.9092 l. 1703 3. 9092 0. 
55635. 119.68 1. 1699 3.8857 l. 1699 3.8857 0. 
55641. 119.66 1.1718 3.8505 L l 718 3.8505 0. 
5%47. 179.61i 1.1717 3.8089 1.1711 3.8089 0. 
55654. 179.62 1. 1694 3. 7839 1. 1694 3. 7839 0. 
556&0. 179.60 L 1676 3. 7731 1.1676 3. 7731 0. 
55666. 179.58 l . 168C 3.7528 1. 1680 3. 7528 0. 
55672. 179.56 1. 1697 3. 732 6 1.1697 3. 7326 0. 
55678. 119. 54 1. 1705 3. 7279 l. l 705 3. 7279 0. 
55685. 119.52 1.1699 3. 7152 1.1699 3. 7152 0. 
55691. 179.50 1. 1697 3.6904 1. 1697 3.6904 0. 
55697. 179.48 1.1698 3.6793 l. 1698 3. 6 793 0. 
55703. 179.% l. 16% 3.6862 1. 1696 3.6862 0. 
55 709. 179.414 1.1688 3.6%4 1. 1688 3.696Lf 0. 
55 716. 179 . .142 l. 1682 3.6973 1. 1682 3. 6973 0. 
55722. 179.40 1. 16 75 3.6886 1 . 1 b 75 3.6886 0. 
55728. l19. 38 L 1681 3. 6685 1.1681 3. 6685 0. 
55734. 179.36 l. 1702 3.6351 1.1702 3.6351 0. 
557'40. 179.3'" 1.1115 3. 6116 1.1115 3.6176 0. 
5571i7. 179.32 L 1"712 3.6268 1.1112 3.6268 0. 
55753. 119.30 l. 1 706 3.6381 1.1706 3.6381 0. 
55759. 179.28 L 1701 3.6446 L 1701 3.64~6 0. 
55765. 179.26 J . 1696 3.6512 I. 1696 3.£.512 0. 
55772. 179.214 1. 1708 3.6399 I. l 708 3.6399 0. 
55778. 119.22 I . 1723 3.6305 1. 1723 3.6305 0. 

5784. 179.20 1.1717 .'3.6472 1.1717 3. 61.!72 0 . 
790. 179.18 L 1711 . L 64r::? 1.1711 3.6~57 0 . 

55797. 179. 16 Ll716 3.6320 1.1116 3.63?0 0. 
55803. 119.114 L 1718 :L 6307 I. 17113 3.6307 0. 

809. 179. 12 1 . 1108 3.6422 1 . 1 708 2.6422 0. 
55815. 179. 10 1.1696 :3.6552 I. 1696 ~l. 6552 0. 
55821. 179. OS 1. 1691 3.6570 l. 1691 ~:. 6570 0. 
55828. )19. 06 l . 1684 3.6665 I. 16814 ::; . 6665 0. 
5583'4. 179.0'1 L 1676 3.6862 1. 16 76 ~.6862 0. 
'55840. 179.02 l. 1662 3. 7133 1. 1662 ? . 1!33 0. 
55f!Lt6. }19. 00 I. J 662 .3.7117 l. 1662 1.1!17 0 . 



-211-

CROSS SECTION )( El CM--2 
WAVENUMBER WAVELENGTH FIRST ORDER COND ORDER 

CM-1 NM { 000) ( 0 l 0 ) ( 000) (()1 0) ( 020) 

55853. 118.98 l . 1 6 79 3.6930 1. 16 79 3.6930 0. 
55859. H8.96 1.1683 3.7086 1. 1683 3.7086 0. 
55865. 178. 9~ 1.1679 3. 7328 1.1679 3. 7328 0. 
55871. 178.92 1.1673 3.7559 l. 1673 3. 7559 0. 
55878. H8.90 1. 1669 3. 7&99 1. 1669 3. 7699 0. 
5588~. 178.88 1. 1669 3. 7833 1. 1669 3. 7833 0. 
55890. 178.86 1. 1669 3.8010 1. 1669 3.8010 0. 
55896. 178.84 1 . 1669 3.8101.i l. 1669 3.El10~ 0. 
55903. 178.82 1. 1662 3. 8256 1. 1662 3.8256 0. 
55909. 178.80 l. 161.!0 3.8620 1.16'+0 3.8620 0. 
55915. 178. 78 L 1613 3.876~ 1.1613 3.876~ 0. 
55921. 118.76 1. 1599 3.87614 l. 1599 3.876/.f 0. 
559~8. 118. 714 1. 1595 3.9085 1 . 15 95 '!.9085 0. 
55934. 118.72 1. 1595 3. 9317 L 1595 :!.9317 0. 
559~0. 178. 70 l .1586 3.9306 1. 1586 :: .cnoe 0. 
55946. 178.68 L 1586 3.9'401 L 1586 ?.91401 0. 
5'953. 118. 66 1. 1603 3.9509 l. 16G3 3.9509 0. 
55959. 118.64 l.1619 3.9'196 1.1619 3.9'+96 0. 
55965. 178. 62 L 1627 3.95"85 l. 1627 3.9585 0. 
55971. 178.60 l. 16'1 1 3.9681 1.16'41 3.9681 0. 
55'H8. 178.59 l. 1665 3.9581 l. 1665 3.9581 0. 
559S!J. 178.56 1.1681 3.9608 1.1681 3.%08 0. 
55990. 178.54 1. l6 75 3.q760 l. 16 75 3.9760 0. 
559q7, 178. 52 L 1661 3.'H&8 1.1661 3.1:1768 0. 
56003. 178.50 1.16-49 3.959'-1 1.16'-19 3.959"1 0. 
56009. lHL"iS l. 1626 3.92-49 1 . 1626 3.92'-19 0. 
56015. 118. -46 1. 1593 3.9099 1. 1593 3.9099 0. 
560Z2. 118."1'+ l. 1570 3.8985 L 1510 3.8985 0. 
56028. 178.-42 1. 155'-1 3.8688 L 155'-1 3. 8688 0. 
5M>3~. !78. 40 l.l5Lil 3.8321 ~.15<41 3.8321 0. 
'560~0. 178.38 L 1517 3.8 '-12 L 1511 3.81~2 0. 
560 147. 118.36 L 1 "188 3. l. ltt88 3. 7989 0. 
56053. 11~. 3'4 L l.!fbO 3. '1836 1 . 1 £+60 3. 7836 0. 
56059. 118.32 L 1 "121 3. 7799 l.l£f2l 3. 7199 0. 
56066. 178.30 ll. 1395 3. 1593 L 1395 3.7593 0. 
%072. 118.28 L 1394 3.1251 L 139'4 3. 1251 0. 
156078. 11'8.2'6 l!. I t~Ob 3.6857 L 14f06 3.6857 0. 
5608"1. H8.21.f l. 1 "'OI.f 3. 6'156 l. 11.f04 3.6'f56 0. 
560'1 l. 1 HL 2'2 1. 1390 3.6122 1. 1390 3.6122 0. 

6097. HE!. 20 1. 1389 3.5961 1. 1389 3.5961 0. 
56 03 0 HS.lS L 1392 3.5831 1.1392 3. 5837 0. 
56!!0. 178. H6 L 1383 3. 588 l.l3El3 3.5 0. 
5' ,, 6. 118. PI 1. 136 7 3. ll.l 7 3.5290 0. 

e?~ 

'56122. 118. 12 i. l3'f5 3. 161 1.1 'f5 3.5161 0. 
11;6129. 118. 10 ~.1336 3.5103 L 1336 3.5103 0. 
56!35. HILOB L 1336 3.5032 L 1336 3. 5032 0. 
56) l.j u. 178.06 L 1331 :L '1171 1. 1331 :L4f171 0. 
'56i'48. iTS. 04 1.1319 3.14502 L 1319 3.4f502 0. 
561 ~.f. 118.02 l 0 1299 3.14558 L 1299 ?. ... 558 0. 
561 i .00 1.1285 3.11f50Z 1. 1285 3 ... 502 0. 
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CROSS SECTION X El Cr'!--2 
WAVENUPIBER WAVELENGTH FIRST ORDER COND ORDER 

Crl-1 NPI { 000) ( 010 ) ( 000) ({)10) ( 02 0 ) 

5t:Jl66o 177.98 lo 1285 :LA~l52 lol285 3oAfl52 Oo 
56173. 177.96 1.1301 30396:? 1. 1301 3.3963 0. 
561790 111. 9&t 1.131~ 3.399U lol3l&t 3.3994 0. 
56185 0 1710 92 L 1312 303913 L 1312 3.3913 0. 
561920 111.90 1.1306 3.3802 1 0 1306 3.3802 0. 
56198. 177.88 L 1313 3.3873 1.1313 3.3873 0. 
5620'+. 177.86 L 1337 303695 L 1337 3.3695 0. 
56211 0 117. SLf L 13!.f6 3.3<t82 1.13% 3o3'i82 0. 
562170 177.82 1. 13!.f5 3. 3592 1. 13!.f5 3.3592 0. 
562230 171.80 lol350 3o36S~ 1.1350 3.3686 0. 
56230. 171. 78 1.1356 3. 392:? 1.1356 3. 3923 0. 
56236. 177. 76 L 1351 3.'+261 l. 1351 3 . .1f261 0. 
562'+2. 177. 7'+ 1. 13"10 3.<1453'f l.l3L!O 3.lf53'i 0. 
562&19. 117.72 1.1333 3."1837 L 1333 3.Li837 0. 
%255. 177.70 L 13tt2 3.4188 7 1.13!.f2 :3.44887 0. 
56261. 171.68 1.134.!8 3.Af7£t2 1.13448 :3.1;7"12 0. 
56268. 111.66 1. 13'+6 3."1692 L 13146 3.!.f693 0. 
5627'1. 177. 6"1 1.13'+9 :3. &V56'~ 1. 131i9 3.&f569 0. 
56280. 177.62 1 0 1360 3. &f56o L 1360 3. &t566 0. 
56287. 177.60 1. 1353 3.'+956 L 1353 3.&t956 0. 
56293. 177.58 1.1336 3.537&! 1.1336 3.5374 0. 
56299. 177.56 1 0 1322 3.5700 1.1322 3.5700 0. 
56306. 177. 5'1 1.1312 3.620? 1.1312 3.6205 0. 
56312. 177 0 52 1.1289 3.6895 L 1289 3.6895 0. 
56318. 177.50 1.1269 3 0 7382 1.1269 3.7382 0. 
56325 0 177. &fE! 1.1271 3. 76 Fl 1.1271 3.7679 0. 
56331 0 17 7. 446 L 1280 3. eo 16 1.1280 3.8016 0. 
56337. H·r. ~~ L 1280 3.8287 1.1280 3.8287 0. 
%31.1li. 177 0 ttl L 12£-5 3.8500 1. l2b5 3.8500 0. 
56350. 17 7. 440 L 1268 3.8519 1.1U8 3.8519 0. 
56356 0 177.38 ) . 1275 3.8687 L 1275 3.8687 0. 
56363 0 117.36 1.126&! 3.8953 1.12614 3.8953 0. 
56369. 177.344 1.12~8 3.9006 L J2Ll8 3.9006 0. 
56375. 177.32 l 0 12'+6 3.8892 1.124.!6 3.8892 0. 
56382. 111.30 1.12143 3.8929 1. 12'13 3.8929 00 

B. 177.28 L 1228 3.878'1 1 1228 3.878'1 0. 
5 177.26 L 1219 3.8558 L 1219 3.8558 0. 
!)6410 I. 177. 2~ L 1221 3.85'1'1 1. 1221 3.85~'1 0. 
%1401. 171. L 1232 3.S32b L J232 3.8326 0. 
56~114. 177. L 1223 3.7981 L 1223 3. 798 l 0. 
56'120. 177. l 8 1. 1206 3. 183'4 1.1206 3. 783tt 0. 

171.16 L 1201 3. 7812 L 1201 3.1812 0. 
564.433. 177. ]'I L 1210 3. 7516 L 1210 3.7576 00 

177.12 L 1221 3.1270 L 1221 3.12.10 0. 
156'1~6. 177. l 0 Ll 3. 7()97 L 12.23 3.7091 0. 
56.1f52. 111. L 121 3.6997 L 1212 3.6997 0. 

8. 177.06 1 . 1206 3.6910 1.1206 3.6910 0. 
56~6'S. 177.04 1.1 3.6786 L 1209 3.67@6 0. 
56'171. 111.02 Ll 3 0 6 721 1.1221 3.£.721 0. 
56"f17. 177.00 1.1 3.66!50 L 1222 3.66!50 0. 
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CROSS SECTION X El9 
WAVENUMBER WAVELENGTH FIRST ORDER ~ECOND ORDER 

CM-1 NM ( 000) ( 010) ( 000 ) (010) ( 020) 

%~8~. 176.98 1.1225 3.61..!.78 L 1225 3.6"+78 0. 
%~90. 176.96 1. 121.!6 3.6:tt~.+ l. 12146 3.634tl.f 0. 
%'+'H. 176.9&4 l. 1280 3. 6097 1.1280 3.6097 0. 
%503. 176.CJ2 1.12% 3.5829 1.12% 3.5829 0. 
56509. 176.90 1.1293 3.5~94{ 1. 1293 3.55911 0. 
56516. 176.88 1.129L! 3.5&..05 l. 129.tt 3.~1.+05 0. 
56522. 176.86 1.1295 3.5326 l. 1295 3.5326 0. 
56529. 176.81.! 1. 1296 3.5160 1.12% 3.5160 0. 
56535. 176.82 1.1.291 3.4t883 1.1291 3.44883 0. 
565141. 176.80 1.1275 :3.446£11 1. 12 75 3.l.f68l 0. 
565'18. 176.78 1.1258 3.1.f'i78 1.1258 :3. £4'178 0. 
5655Ll. 176. 76 1.12'12 3. •il 02 l. 121.f2 3.1.f102 0. 
56560. 176. 1'1 1. 1227 3.3725 1.1227 3.3725 0. 
56%7. 176.72 1.1207 3.3598 1. 120 7 3.3598 0. 
56513. 176.70 L 1178 3.3509 1. 11 78 :3.3509 0. 
56580. 176.68 1.1154 3.3338 L 1151i 3.3338 0. 
56586. il76.66 1. 1151.f 3.2979 Llli?Lt 3.2979 0. 
56593. 176.6L! L 1139 3.251.f7 L 1139 3.2547 0. 
56599. 176.62 L 1112 3.2316 L 1112 3.2316 0. 
56605. 176.60 1 . 1095 3. 2392 1. 1095 3.2392 0. 
56612. 176.58 1.1081 3.2297 1.1081 3.2297 0. 
56618. 176.56 1. 1053 3.2128 l. 1053 3.2128 0. 
56625. 176.5'1 1. 1023 3.19'11 1. 1023 3.194tl 0. 
56631. 176.52 1.0998 3.1861.f L0998 3.1864t 0. 
%637. 176.50 1.0976 3.2006 1. 0976 3.2006 0. 
566£+4. l1tL48 1. 0946 3.2106 1.094t6 3.2106 0. 
56650. 176.46 1.0925 3. 1995 1.09.25 3.1995 0. 
5665 7. l76.44t 1. 0922 3.18tH 1. 0922 3.1887 0. 
156663. l16.1.f2 1. 0906 3.19£40 1.0906 3.19"40 0. 
566 70. 176 . .&;0 L087tt 3.1871 1.087&! 3.1811 0. 
%676. 176.38 l. 08148 J.t6e9 LOE!Ii8 3.1689 0. 
~5~.H~82. 116.36 l. 08'49 3. 1579 1.08Lt9 3.1519 0. 
56689~ 176. 31.f 1.0856 3.1531 1.0856 3.1531 0. 
%695. 176.32 L0850 3.1'460 1. 0850 3.l.lf60 0. 
'56102. 116.30 L 0815 3.159~ L0815 3.1591.f 0. 
56708. 176.28 1. 0805 3.1670 1. 0805 3.1670 o. 
56715. 116.26 1.0819 3.1512 1.0819 3.1512 0. 
561.21. 176.2.'4 1. 0829 3. 135 7 1. 0829 3.1357 0. 
56727. l76. 22 1.0825 3.ll.f39 1. 0825 3.18.139 0. 
5613£+. 176.20 1. 0828 3. 1522 1. 0828 3. 1522 0. 
567"10. 116. 18 LOSI.fO 3.1576 l.OS.IfO 3.1576 0. 
561411. 116. 16 1. 0844"4 3. 1588 1.0€1'+/.i 3.1588 0. 
56753. 116. 1 1!4 1. 0835 3.159Lq 1. Oi:l35 3.15911 0. 
56760. 176.12 l. 08.23 3.162'8 l. 08.23 3.1628 0. 
%766. 176.10 L 01321 3.1721 L 08.21 3.1721 0. 
56112. H6.08 1. 0825 3.1110 L 3.1110 0. 
56 779. 176. LOS58 3.151:19 LOS5f.l 3.1589 0. 
56785. 116. 1. 0915 3. 11337 L 091 b 3. 1169 .llft9 
'56192. 116.02 J. 0925 3.15bl.f 1.0925 3. )4.j5l .0795 
156 798. 116.00 L 091 0 3.2001 L0910 3.2001 0. 
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Cf!OSS SECTION X E19 C~2 
WA\IENUI'IISER WAVELENGTH FIRST ORDER SECOND ORDER 

CM-1 NM ( 000) (010) ( 000) ( 010 ) ( 020) 

156805. 175.98 l. 0901 3.2261 1.0901 3.2261 0. 
56811. 175.96 1.091'1 3.2.268 1.091£+ 3.2268 0. 
56818. 175.9LI 1.09'19 3.2284 1.0949 3.2284 0. 
56tl2'1. 175.92 1.0971 3.2398 1.0971 3.2398 0. 
56831. 115.90 1.0979 3.2543 1.0979 3.25£+3 0. 
56837. 175.88 1.0971 3.2708 1.0971 3.2708 0. 
568'+'1. 175.86 1.0964 3.280'1 1.096'1 3.2783 .0150 
56850. 115.8'1 1 . 0964 J.28QU 1. 0965 3.2664 .0994 
56856. 175.82 1. 0967 3. 2896 1. 0968 3.2735 . 113 9 
56863. 115. so 1. 0965 3.3180 1.0965 3.3143 .0259 
56869. 115.78 1.09LJ7 3.3'161 L 094 7 3.3£+61 0. 
561376. 115. 76 l. 0925 3.3667 1.0925 3.3667 0. 
56882. 175.714 1.0905 3. 3922 1.0905 3. 3922 0. 
56889. 1 75. 72 1. 0880 3.4195 1. 0880 3. 'U95 0. 
56895. 175.70 1. 08'113 3."'1429 1.08148 3.4flf29 0. 
56902. 115.68 1 . OS 12 3.4752 1.0812 3.'+752 0. 
56908. 115.66 l. 0 789 3.5116 1. 0789 3.5116 0. 
56915. 175.64 1.0781 3.5163 l.Ol81 3.5163 0. 
56921 . 175.62 L 0753 3.507'1 1.0753 3.5074 0. 
56928. 115.60 l. 0695 3.5078 l. 0695 3.5078 0. 
56934. 175.58 1.0648 3.49Lf3 1.06£+8 3.4943 0. 
569'11. 175.56 1. 06lf3 3.43LfC 1.06lf3 3.1.!3'40 0. 
56947. 175.5"'1 1.0657 3.3687 1. 0657 3.3687 0. 
5695:t. 175.52 1.0653 3. 3231 1.0653 3.3237 0. 
569i:O. 115.50 L 0618 3.314f0 1.0618 3.31140 0. 
56967. 175.48 1.0576 3.3242 1.0576 3.3242 0. 
56973. 175.46 1. 0553 3.2968 1.0553 3.2968 0. 
56980. 175.4'1 L0532 3.2594 l. 0532 3.2594 0. 
56986. 115.42 l . 0525 3.23'+6 1. 0525 3.23&f6 0. 
56993. 175.40 1.0535 3.1960 l. 0535 3.1%0 0. 
56999. 175.38 l. 05'1/.f 3.1668 1. 05'44 3.1668 0. 
57006. 175.36 L 0558 '!.132'5 l. 0558 3.1325 0. 
5 7012. 175.34 1. 0578 3.0815 1. 0578 3.0815 0. 
57019. 175.32 L 0578 3.0528 l. 0578 3.0528 0. 
57025. 175.30 1. 0527 3.0788 1.0527 3.0788 0. 
57032. 175.28 J • 0469 3.0942 1. 0'469 3.0;;4.!2 0. 
57038. 175.26 1.0'4&f2 3.0% 0 I. 0442 3.0569 0. 
570'45. l1 1L24 1.0'435 3.0327 ! .0'435 3.0322 0. 
57051 . 1715.22 1. 0438 3.02U 1. 0438 3.0213 0. 
57058. 175.20 l . 0431 2.9879 1.0.1431 2.9879 0. 
'510614. 175.18 1. 0"1 12 2. 961:3 L 01.! 12 Z.%18 0. 
5 TO 71. 17'5.16 1. 0396 2. 9631 l. 0396 2.%31 0. 
57071. 175.1£4 l. 03 2. 9779 1.0373 2.9TN 0. 
51084. 175. 12 L 0361 2.968b ].0361 2.9686 0. 
'57090. 175.10 1.0364 2. 9322 1.03~~ 2.9322 0. 
5 709 7. I .08 l. 0355 2. 89~·2 I. 035 5 2.8%2 0. 
51103. 175.06 J .OJI.f7 2o857f:l 1.03'+7 2.8578 0. 
51ll0. 115.04 l. 0359 z.sJq'~ 1. 0359 2.8194 0. 
51116. !75. 02 1.0368 2.81"49 l. 0361:l 2.81~9 0. 
51123. JT5. 00 J. 0342 2.82$~ I. 031.f2 2.8?.8& 0. 
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CROSS StCTION )( El9 CM-2 
WA\IENUI"'SER WIWELENGTH fiRST ORDER ~ECOND ORDER 

CM-1 NM ( 000) (()10) ( 000) ( 010 ) ( 020) 

57l2•L 17'+.98 1.0312 2.8.259 L 0312 2.8259 0. 
57136. 11~.96 1. 0310 2. 7978 L 0310 2. 7978 0. 
511 4f2. H-4.9'1 1. 0309 2.7801 1.0310 2. 7787 .0099 
571149. 11'1.92 1. 0316 2. 7777 1.0317 2.7629 . 101.15 
57156. H-4. 90 1.0330 2. 76e3 1. 0333 2. n::9 .2289 
51162. 11'1.88 L 0315 2.7585 1. 0319 2. 7083 .3551.1 
51'169. 111.f. 86 1. 0282 2.76&12 1.021H· 2. 7079 .3985 
5 71 75. 11'1.8-4 1.0257 2.8138 1.02~8 2. 7926 .1501 
5 7182. 17-4.82 1.0208 2.8758 1. 0208 2.8758 0. 
51188. 11~. 80 1. 0188 2. 875f1 L 0188 2.8758 0. 
51195. 11-4.78 1.0206 2.84421 1.0208 2.8103 .2252 
5 1. HI.!. 7l- L 0213 2.8"1E:-9 1.0217 2. 7911.4 .3929 
5 HLI. 71.! 1.0207 2.8837 L0210 2.8383 . 3206 
5121 !.i. 11~. 1.2 1. 019"1 2.915; L 01 9t 2.88117 .2183 
s 7221 . 11"t.10 1.0111 2.944~LJ l. ()173 2.921'1 .1769 
57228. 1741.68 1. 011.10 2.9912 1.01'12 ?.9666 .l7li2. 
5723~. 11"1.66 1. 012.5 3.0197 !. 0126 ~.99544 . 1 719 
:H2"1 1. 17"1.6'1 LOllS 3. 0289 1.01 1 b 3.01314 .1100 
512"1 7. 17'1. 62 1\.0099 3.0.263 l.CllOO 3. 00644 .14406 
5725114. 11"1.60 1!. 0093 3.008 1 1. 0097 2.9"1% .1.!139 
51260. 17"1.58 L 0 1()'1 3.0110 1.0110 2.9305 .5697 
fii12b1. Htt.56 1.0110 3.057B 1.011'4 2. 9969 .41308 
57273. 17"1.5"1 1.0113 3.112~ 1.0115 3.0808 .2230 
57280. 17"1.52 L 0127 3.135~ 1.0130 3.1032 .2287 
5128 7. 11"1.50 L 011.!1 3.135f. L 01145 3.0786 .~031 

57293. H.I.!.~S 1.0121.! 3. 15 82 1.0128 3.0907 .'f712 
1.-7300. 114 . .!.!6 1. OO'H 3.2115 1.0100 3.160!! .3620 
51JOe. l7"1.4f4 1. 0083 3.26139 1. 00815 3.2Af30 . 1835 
51313. 171.!.'42 1. 00514 3.330:) i. 005'1 3.3300 0. 
57319. l7 4L 'fO 1. 0032 3.3816 1. 0032 3.3816 0. 
573.26. 174.38 1. 00~3 3.4020 1.001143 3.'4020 0. 
'57333. 17!.!.36 ) . 0081 3. 98 1. 0081 3.3898 0. 
5733'?. )1"1.31.! L 0 l 044 ~. 744 LOlOI.f 3.357"1 0. 
513~(;.. H4.32 LOlO.If 3.33i.t2 l. 01 0&.! 3.33"12 0. 

7352. 17"1. 30 ~. 0099 3.3297 1. OC99 3.3291 0. 
157354?. H·1L2S l. 0093 3.3266 1. 0093 3.3266 o. 
r:sne5. i 14.26 L 0081 3. 3252 1.0081 3. 3252 0. 
1H372. 11~.244 L 111 3. 3216 1. 0071.! 3.3276 0. 
r; 1319. 17~.22 L 3.3079 1. 0082 3.3079 0. 
51385. 17&~.20 L OiOI.f 3.259'4 1.010£4 3.259£4 0. 
51392. 11114. 18 1.0131 3.2331 L 0131 3.2331 o. 
i!£1398. 1114.1~ L 01 ~6 3.22153 L 01 >46 3.22153 0. 
1571405. 114. l '4 L013il 3. li L013S 3.208'4 0. 
151~12'. 114f.l2 1.0133 3. L0133 3.2023 0. 
~H"ti8. 11'1.10 L 0133 3.21 Hl 1.()133 .3.2118 0. 
578425. 11'1.08 L0130 3. 2211 1.0130 3. 2211 0. 
iS7ii.jJJ. 11"1.06 L01"15 3.2037 1.()l'f5 3.2037 0. 
5Tii.jJfJ. H't.OAI 1.0177 3. 1711 1.0177 3. 1111 0. 
'$1!l.f14'S. 11"1.02 I. 0187 J.I5U LOIS r 3. 1576 0. 
1'!)74451. 1114.00 L 0186 3.12'10 LOHib 3.12140 0. 



CROSS SECTION )( El CM--2 
WAVENUMBER LENGTH FIRST ORDER COND ORDER 

CM--1 NM ( 000) (()1 0) ( 000) ( 010 ) ( 020) 

571.!58. 173.98 1. 0166 3.1002 1.0166 3. l 002 0. 
57'1611. 173.96 L 0115 3.111.f9 LOllS 3.11Lt9 0. 
57'f1l. 173. 91.! 1.0080 3.12047 1.0080 3.1201.! 0. 
57"178. 173.92 1. 0060 3.11Lt9 1. 0060 3.11Lt9 0. 
57-481.!. 173.90 1.0025 3.108'1 1. 0025 3.108"1 0. 
571.191. 173.88 .9986 3.0767 .9986 3.0767 0. 
571.!97. 113.86 .99H 3.0061.+ .9917 3.006Lt 0. 
57501.!. 173.81.1 . 9963 2.9658 .9963 2.9658 0. 
5 7511 . 113.82 .9906 3.0021 .9906 3.0021 0. 
57517. 113.80 .9837 3.0371 .9837 3. 0311 0. 
5752'f. H3. 78 .9178 3.029"1 . 9778 3.0291.+ 0. 
57531. 113. 76 .97'18 3.0027 .97Lf8 3.0027 0. 
57537. 173.7<t .9769 2.9336 .9769 2.9336 0. 
575"1'1. 173.72 .9793 2.8583 .9793 2.8583 0. 
57550. 173.70 .9788 2.85'61 .9788 2. 8561 0 . 
57557. 173.68 . 9791 2.851.!1 .9791 2.85"11 0 . 
5756"+. 173.66 . 'H88 2.8306 .9788 2.8306 0. 
57570. 173. 6"+ . 9778 2.8191 . 9778 2.8191 0. 
575 77. 173.62 .9732 2.8480 . 9732 2.8LI80 0. 
575SLI. 173.60 .9690 2.8582 .9690 2.8582 0. 
57590. 173.58 .9685 2.8361 .9685 2.8361 0. 
57597. 173. 56 .9685 2.8050 .9685 2.8050 0. 
57603. 173.54 .9686 2.75'41 .9686 2.75-lfl 0. 
57610. 113.52 . 70Lf 2.72'+1-f .9701.4 2.72/i<! 0. 
57617. 173.50 96 2. 71102 .9696 2.7<102 0. 
57623. l73. LIS .9660 2. 7552 .9660 2.7552 0. 
57630. 173.'16 .96"15 2. 7'115 .961.15 2.7'115 0. 
5163 7. 173.4"1 .965<1 2. 1162 . 9654 2. 7! 62 0. 
5761.f3. l73.1lf2 .9619 2. 7328 .9619 2.7328 0. 
57650. 173. LIO .9595 2. 71127 .9595 2. 7'127 0. 
57657. 173. 38 . 9618 2. 7096 .%18 2. 7096 0 . 
57663. 113.36 . 96~4 2.67613 . 961.41.+ 2.. 6 768 0 . 
57670. H3. 34 .%61 2.6621 . 9661 2.6621 0. 
57677. 113.32 . 9670 2.6118 .9670 2..6718 0. 
57683. 113.30 . 9658 2.1008 .9658 2. 7008 0. 
51690. 173.28 . 9625 2. 7399 .9625 2.7399 0 . 
57697. 173.26 . 9575 2. 7138 .9575 2. 7738 0 . 
57703. 173.24 .9526 2. 79113 .9526 2.79"13 0. 
57710. 173. . 9526 2. 7521 .9526 2.7521 0 . 
57717. 173. . 9581 2.6790 .9581 2.6790 0 . 
57723. 173. 18 ,9639 2..6825 . 9639 2.6825 0 . 
57730. JH3.16 .9653 2. 7391 .9653 2. 7391 0. 
57737. 113. !'-! . 96'f8 2.1tt50 ,96'18 2. 7'150 0 . 
517'13. 113.12 .9661 2. 1110 . 9661 2. 7170 0 . 
57150. 113.10 . 9679 2.6968 .9679 2.6968 0 . 
57757. 173.08 . 9653 2. 7273 .9653 2. 73 0 . 
57163. 173.06 . 9602 2. 7818 . 9602 2 . 18 0 . 
57170. 173.011 . 9590 2.8ll'f .9590 2.811'1 0 . 
51117. 173.02 . 9607 2.8699 .9607 2.8~99 0 . 
51183. 173.00 . 9605 2.92511 .9605 2,92Sii 0 . 
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CROSS SECTION )( El9 CM-2 
WAVENUMBER WAVELENGTH FIRST ORDER ~ECOND ORDER 

CM-1 NM ( 000) ( 010) ( 000) (Ol 0 > ( 020) 

57790. 112.98 .9607 2.9162 .9607 2.9162 0. 
57797. 112. 96 .9613 2.9097 .9613 2. 9097 0. 
57803. 172.9"1 .9598 2. Stl% .9598 2.8896 0. 
57810. 112.92 . 9615 2.8"19'4 . 9615 2.8~9'4 0. 
57817. 172.90 .96'i2 2.9195 .96"+2 2.9195 0. 
57823. 112.88 .96'57 3. 0211 .9657 3.0211 0. 
5J830. H2.86 .9697 2.9903 .9697 2.9903 0. 
57837. l72.8Ll .9751 2.87LIO .9751 2.874.40 0. 
578Ll3. 172.82 . 9736 2.8508 .9736 2.8508 0. 
57850. 112.80 .9658 2.9173 .9658 2. 9173 0. 
57857. 172.78 .9603 2.q'l68 .9603 2.9"+68 0. 
5J81!:-Lf. 112. 76 .9558 2.9383 .9558 2.9383 0. 
57870. 172.71.! . 9&.!92 2. 9719 . 9"192 2. 9719 0. 
57877. 112.12 .94155 3.0298 .9Af55 3.0298 0 . 
57881.1. 172.70 . 9Af414 :L 0332 .914Afl.l 3.0332 0. 
57890. 172. 68 .9Af35 2.9534 .9435 2.9534 0. 
57897. 172.66 .9Lll0 2.8987 .9'110 2.8987 0. 
5790LJ. 172. 6Li . 9341 2.9862 .9341 2.9862 0 . 
57910. 172.62 .9272 3.0370 .9272 3.0370 0. 
57917. 172.60 .9267 2.8899 .926J 2.8899 o . 
5792'+. 172.58 .9294 2. 7982 . 929-4 2. 7982 0. 
5 7931 . 172. 56 .9310 2.8662 .9310 2.8662 0 . 
57937. 112.5'4 .9299 2.88241 . 9299 2.882'1 0. 
57944. 172.52 . 9237 2.8506 .9237 2.8506 0 . 
5J951. 172.50 .911.!5 2.8605 .91"15 2.8605 0. 
57957. 112. Af8 .9077 2.9091 .9071 2.9091 o. 
57964. 172.1.16 .901.!6 2.9557 .9046 2.9557 0. 
57971. 172.4!.1 . 9057 2.8860 .9057 2.8860 0 . 
57978. 172.42 . 9121 2. 7175 .9121 2. 7175 0 . 
5'7'98'L 112.40 . 9!78 2.6365 .9178 2.6365 0 . 
57991. 172.38 . 9199 2.6860 .9199 2.6860 0 . 
57998. 172.36 .9197 2. 769Lf .9197 2. 769'-l 0. 
58005. 172.34 . 9197 2.7710 .9197 2. 7110 0 . 
58011. 172.32 . 9215 2.74.429 .9215 2.7'-l29 0 . 
58018. H2.30 . 9176 2. 7805 . 9116 2. 7805 0 . 
58025. 172.28 . 9098 2.8120 .9098 2.8120 0 . 
58031. 172.26 . 9094 2. 7164 .909&.! 2. 716'-l 0 . 
58038. 172.24 .91t.t6 2.751.!7 .9146 2. 751.!7 0. 
58045. 172. 22 .9168 2. 7Af21 .9168 2. 74f2l 0. 
58052. 112.20 . 9184 2.672.3 .918'4 2.672.3 0 . 
58058. 172. l 8 .9206 2.5984 .9206 2.59814 0. 
58065~ n 72. 1 6 . 9201 2.5868 .9201 2.5868 0 . 
58072. 112. l.l.f .9167 2.681.f7 .9167 Z.68Af7 0. 

79. 172.12 .9163 2. 7089 .9163 2.7089 0. 
58085. 172. 1 0 . 91614 2.6015 .911!:-11 2.6015 0 . 
58092. 172. OS . 9135 2.5814 .9135 2.513114 0 . 
58099. 112.06 . 9136 2.6699 . 9136 2.6699 0. 
58106. 112. OAf .91'19 2. 7813 .91419 2. 7813 0. 
58112. 172.02 .9126 2. 8017 .9126 2.8017 0. 

190. .00 £4.0381 . 8435 3. 6517 2. 73'40 52~13 . 
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FIGURE CAPTIONS 

Figure 1 Optical arrangement of spectrometer, mirror housing and 

gas cell. 

Figure 2 --- results of Bates and Hays 12 

000000 this study 

approximate Rayleigh scattering of N2o 

Figure 3 Result of Sponer and Bonner, microphotometer tracing; c. 5 

atmospheres N20; 8, 1.5 atmospheres N20; A, vacuum baseline. 

Figure 4 Shorter wavelength absorption of N2o. 
oooo this study 

12 
-~ Bates and Hays 

Figure 5 Rate of N2o destruction, j. vs altitude, Km. 

~-this study 

12 ---- Bates and Hays 

Figure 6 Schematic drawing of the stainless steel cell. 

gure 7 Cross section, cm2 x 1021 vs wavelength, nm, for five 

temperatures. 

--this work. t::. data points of Zelikoff et 110 . Note 

the discontinuity at 210 nm due to two different 11 room 

temperatures." The estimated standard deviation of wave

length (± 0.04 nm) and cross section (± 2%) is indicated 

by the cross on the 263 K curve. Resolution 0.7 nm. 

Figure 8 Absorption spectrum of N2o from Zelikoff et 110 . Note the 

bulges superimposed on the absorption continuum. 
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Figure 9 High resolution spectrum in the structured region. Cross 
2 19 section. em x 10 vs wavelength, nm. Temperature = 302 K. 

Pressure is 44 torr N20. Resolution 0.075 nm. Compare the 

structuring observed here with Figure 8. 

Figure 10 Relative rotational populations vs J quantum number for 

three different temperatures of N20. 

Figure 11 Relative vibrational state population vs temperature, K. 

Figure 12 In the vibronically induced case on the right, transitions 

are allowed; otherwise all transitions are parity forbidden. 

II 

Figure 13 Vibronically induced transitions from v2 (0 or 1) in the 

ground electronic state to upper level vibrations of v2 
in the upper state. 

Figure 14 Quartz cell design. 

Figure 15 Absorption spectrum of N2o at 11 different temperatures. 

Axes in this and all following figures are cross section 

( ) -19 2 -1 CSN x 10 em vs wavenumber, em . Temperatures are 151, 

182, 196, 223, 243, 268, 301. 303, 372, 423 and 485 K. 

Figure 16 Densitometer tracing of plate exposure on the 3m spectro-

graph, in the region of structuring of N20. 

Figure 17 Results of first order deconvolution into the (000) and (010) 

( ) -19 2 state spectra. Axes are cross section CSN x 10 em vs 

-1 wavenumbers, em , corrected for vacuum. 

; 
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Figure 18 Comparison of observed spectra (data points) with convoluted 

spectra (solid lines) for every other temperature studied. 

Figure 19 Results of second order iteration: deconvolution into 

(000)~ (010) corrected for higher order vibrations. and the 

contribu on of the higher order vibrations. 

Figure 20a Comparison of observed spectra (data points) with the 
20b 

convoluted spectra using the results of Figure 19 (solid 

lines) for each temperature. 

Figure 21 Top curve, the absorption spectrum at 151 K; middle curve, 

an energy-weighted Gaussian curve empirically fit to the data. 

Figure 22 Difference spectrum at 151 K. formed by subtracting the 

"background absorption'' from the observed spectrum. Solid 

vertical lines denote selected peaks. Downward arrows 

. . . 7 -1 1nd1cate the progress1on of 9 0 em The difference 

spectrum is shown at each temperature in Figures 22a-k. 

Figure 23 Histogram of frequency of occurrence of energy spacings 

between selected peaks vs energy in wavenumbers. Shadings 

indicate contribution of individual temperatures. Energy 

-1 separations are in bins of 20 em . See text for details. 

Figure 24 Difference spectrum at 485 K superimposed on the difference 

spectrum at 151 K. Note the presence of alternate features 

in the cold spectrum and the presence of consecutive fea-

tures in the hot spectrum. Scaling is the same for both 

cases. 



Figure 25 

Figure 26 

Figure 27 

Figure 28a 

Figure 28b 

Figure 28c 

Figure 28d 

Figure 29a 
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Difference spectrum at 485 K with the calculated peak 

positions and assignments of v 2 "(0) and v2" (1) super

imposed. w2 is presumed to be an odd integer. 

Potential energy diagram in the v 3 coordinate taken from 

Figure 8 of reference 106. In this figure the repulsive 

curve has been relabeled 1
6 in agreement with references 

104a, band 14. 

Figure 26 has been altered to reflect the avoided crossing 

proposed in C
5 

symmetry. In parentheses the C states oov 

are shown. Note that the 1A'state from 1
6 is unperturbed. 

The Franck-Condon region is shown by the two vertical lines. 

N15 NO at 148, 213, 301, 372,442 and 503 K. 

15NNO at 148, 213~ 301, 3'72, 442 and 503 K. 

15N15NO at 148, 213, 301, 372, 442 and 503 K. 

NNO at 148, 213, 301, 372, 442 and 503 K. 

Superposition of first order deconvolution, NNO/N 15NO 

(red-shifted). 

Figure 29b Superposition of first order deconvolution, NN0; 15NNO 

(red-shifted). 

Figure 29c Superposition of first order deconvolution, NN0;15N15No 
(red-shifted). 

Figure 29d Superposition of first order deconvolution, N15No;15NNO 

(red-shifted). 
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Figure 29e Superposition of first order deconvolution, N15No;15N15NO 

(red-shifted). 

Figure 29f Superposition of first order deconvolution, 15NN0;15N15NO 

(red-shifted). 

Figure 30a Result of Second Order Deconvolution for N15No. 

Figure 30b Result of Second Order Deconvolution for 15NNO. 

Figure 30c Result of Second Order Deconvolution for 15N15No. 

Figure 30d Result of Second Order Deconvolution for Unlabeled NNO. 

gure 31 Ultraviolet Absorption Spectrum of Contaminated Sample of 

95% 15NNO with Reference Beam Containing Equal Pressure of 

99% Sample of 15NNO. 
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ta 

1 i ne 1 6 1 xl + 
/::. + I 

1 i ne 2 

last word than 

4th line from bottom 
+ to be distinguished from z ). 

4th line from bottom 

4th line 
l - 1 + 

z:: + z:: 

asymmetric 

Equation I Y(I) =I Y(I-l)/4 + Y(I)/2 + Y(I+l)/4 

1 i ne 1 0 

1 i ne 1 3 

I I 

H
2

: Lyman a, 

ocs 

(Table 5) last column, line 3 967 
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