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ABSTRACT

The pressure broadening in the ?7-bands of nitric oxide,
which has been the subject of considerable controversy in the
literature, has been studied guantitatively with the Carj
Ultraviolet Spectrophotometer. The behavior of the optical
density, as a function of total pressure and of the amount of
gas in the path, has been investigated for the 7(1,0) and
7{0,0) bands. Both the nitric oxide self-broadening and the
broadening by nitrogen were studied. The classical theory of
Lorentz gives an adequate description of the effect. Curves
of growth computed from a model of the spectrum near the band
nhead of 7(0,0) have been used to analyze the pressure effect
gquantitatively. Without recourse to absolute intensity data
it is not possible to do more than show that the collision
diameter is less than 9 A, The recent measurements of Inten-
sity made by Weber and Penner permit the collision diameter
to be estimated as 3.8 A. By this criterion the pressure
broadening cannot be called "abnormal."

The photographic work of Naudé on the pressure effect has
given support to the suggestion of a large pressure broadening.
A photograph taken by him shows no fine structure at a pres-
sure of 450 mm Hg, and this was attributed to a broadening of
the lines into one another. A photograph taken in this labora-
tory under the same conditions is in strong disagreement with

his results, showing very clear fine structure. There exists



at present no other evidence on pressure broadening in the
¥-bands which cannot be harmonized with the interpretation
given above, It may be concluded that There 1s no evidence
from the pressure broadening effect for a pressure-induced

predissociation in these bands of nitrlic oxide.
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I. INTRODUCTION

The ultraviolet absorption bands of nitric oxide, especi-
ally those above 2000 A, have been the subject of a number of
investigations and considerable discussion (2-7). Most inter-
est has been in the question of the apparent pressure broaden-
ing in the 7 (1,0) and Y (0,0) bands at X 2159 and A2268, respec-
tively, and the 8(2,0) band at A2108. This guestion is of
interest because the phenomenon may relate to the values of
the dissociation energies of nitric oxide and nitrogen, which
are of course tied together by thermal data and the known value
of D(0,).

The term diagram for NO 1s shown in Figure 1. The ground
state isX*TT , with a doublet separation of 120 cm“l, the "1y,
state lying the higher (normal order). The ground state curve
has been extrapolated to two limits, corresponding to the two
disputed values for D(NO), 5.29 e.v. and 6.49 e.v. The known
exclted states in order of increasing energy are »AZZT} EfTT,
CQZ*, Dzzj"-. In addition, Mulliken (1) predicted a number of
other states, one of which, 2 'TT state, is of especial impor-
tance to the problem being considered, and is indicated by a
dashed line in the dilagram. The 7 -band system, which is the
most prominent in absorptlon, involves transitions to the
A*T" state: the jB-—uand system, to the B*Tl state. It will be

noted that the upper levels involved in the 9(1,0) and 7(0,0)
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bands are 5.76 and 5.47 e.v., respectively, above the greund
state, and are intermediate between the two proposed disso-
cilation limits. For this reason any abnormal behavior in
these bands might be ef significance in determining the dis-
sociation limit; and just the kind of abnormality one might
expect was reported early in the study of NO.

The T state as predicted by Mulliken crosses the At
state near its lower vibrational levels, but never intersects
the B*TT state. If the lower value for D(NO) were correct, a
radiationless transition into this *TT level from the /\22+
state would bring about a dissociation of the molecule. This
would be an intercombination, and is therefore forbidden, but
under the influence of external field perturbations during
collisions with other molecules the selection rules could be
sufficiently altered to permlt a "pressure-induced predis-
sociation." This explanation was put forward by Wulf (5) to
account for the observations made by Lambrey (2) and Naudé (6).
On the other hand, even if fhe higher value for D(NO) were
correct, the possibility still remains that radilationless
transitions into the “TT state could take place. The probabil~
ity of such transitions would tend to be less than for transi-
tion to a continuum, and would tend to be non-uniform for dif-
ferent lines, because of the discrete character of the levels
of the ‘Tl state, but if the state has a very broad minimum,
the situation would more and more closely approximate that of

a continuous distribution of energy levels. Consequently,
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while a strong pressure broadening effect may be interpreted
as arising because of an induced predissociation, it is not
in itself an unambiguous indication that the energy levels
showing such broadening are above the dissociation limit.

In any case, the purpose of this investigation was not
to consider the theoretical problem of interpreting the pres-
sure broadening, but rather to quantitatively describe that
broadening. Lambrey (2), who was the first to report any
anomalous behavior, studied the absorption spectrum above
A2000 by photographic methods over a range of pressures from
4.6 to 650 mm Hg total pressure, and cell paths from 0.4 to
2 m long. He also studied the effect of added inert gas on
the spectrum. His results demonstrate that the optical den-
sity in the 7Y(1,0) and 7(0,0) bands varies as a function of

of NO, and P the total gas pressure. However, Lambrey in-

, where I is the cell path, p the partial pressure

correctly concluded that the density was proportional to

.8

prO Because of this, his results have sometimes been
disregarded. Lambrey also studied the much weaker band
ﬁ(a,o) and found no such pressure effect. Naudé (6) observed
the qualitative effect of about 440 mm of added nitrogen on
the spectrum of the ¥(1,0) band, in a path 90 cm long filled
with NO at 21 mm Hg. He found that lines separated by an
Angstrom appeared distinet initially, but upon addition of

the nitrogen "every rotational line is broadened so much that

absorption becomes complete between them." Mayence (3) made
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a study of these bvands and others in the vacuum uvultraviclet
region with low resolution., She disagreed with Lambrey's
conclusions, but corroborated his results for the 9-bands.
However, she found that‘ﬂmaﬂ«b&nds and d-bands in the vacuum
ultraviolet also show the same pressure effect as the Y -bands.
Her conclusions were that the optical density, d, can be ex-

pressed as follows:

d = c Vbl

However, her data alone do not conclusively demonstrate this.
Gaydon and Fairbairn (7), having found no apparent anomalies
in the emission spectrum of NO, studied absorptlon bands
Y{1,0) and Y(0,0) with a cell path of 15 cm and pressure p

of 2.0 mm NO, and one atmosphere of added nitrogen. They were
able to resolve the fine structure quite clearly, and dispute
the guestion of whether there really is a slgnificant broaden-
ing of the lines at all. Marmo (4) has studied the vacuum
ultraviolet absorption spectrum of NO with a photoelectric
recording spectrophotometer, with falirly good resolution (up
to 0.2 A), and has found "apparent absorption coefficients”
(Section III) for most of the region A1050 to A2272, at vari-
ous pressures with a cell 4.70 em long. An apparent pressure
effect was observed by him in all systems. He also observed
a true pressure effect in the Y(4,0), §(0,0), and other bands,
by observing the effect of adding methane, but he has published

no gquantitative data about it. Without recourse to the results
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of Lambrey, it is not possible to determine conclusively if
the apparent pressure effect 1s actually partly due to line
broadening or 1s only the result of incomplete regolution,
since Marmo did not have any means of studying the variation
of optical density with cell path, in order to l1solate effects
due to incomplete resolution from the true pressure effects.
The investigation reported here conslsts of three parts.
The first 1s experimental, and consists of a study of the
Y(1,0) and 7(0,0) bands at various pressures and three cell
paths, using an ultraviolet spectrophotometer with good reso-
lution. Both nitric oxide alone and nitric oxide pressure-
broadened by nitrogen were studied. The dependence on the
optical density at the peaks of the spectrum upon the pressure
and cell path has been obtained. fﬁ%ﬁﬁ(g,o} band was studied
gualitatively, but was too weak for reliable results. The re-
sults agree substantially with those obtained by the workers
mentioned, and prove conclusively that there is a measurable
pressure effect. The second part consists of theoretical cal-
culations on a model of the spectrum; the results obtained
are In agreement with the experimental behavior, and provide
a method of estimating the collision diameter for the mole-
cule in the A?DT state. The third part is a photographic
reinvestigation of the experiments of Naudé and of Gaydon
and Fairbairn; our results disagree with those of Naudé, show-

ing very clear fine structure in the region where he concluded
g v 2
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that the lines are broadened completely into one another, It
has further been shown by this investigation that nitrogen
is just as effective as NO itself in causing line broadening

in these bands.



IT. EXPERIMENTAL
A, PREPARATION OF CGASES AND SAMPLES FOR ANALYSIS

Nitric oxide was generated in the apparatus shown in
Figure 2, by filling the generator A, which had a capacity
of about 500 cc, with approximately 150 cc of a solution con-
taining 167 g KI and 333 g KNO, per liter, and adding 50%

fe]

H?SO dropwilge from the feeder B. Additional iodide-nitrite

M
solution could be added from the feeder C. Before the genera-
tor wag started, the whole train as far as the transfer bottle
E was flushed with pure nitrogen. The gas evolved was passed
through a washing bottle El filled with 94% sulfuric acid,

and then through one Dg containing a 50% solution of KOH;
these two scrubbings removed iodine and much of the NOQ. The
rate of evolution was difficult to control because of poor
mixing in the generator. The gas was collected in the trans-
fer bottle, displacing the dibutyl-phthalate which was used

as a level control, until about 300 cc was accumulated; then
the two-way stopcock #8 was switched so that the generator
discharged into the waste line. The gas collected in the
transfer bottle was discarded until it formed NOE upon dis-
charge into the alr; subsequent batches were cautlously trans-
ferred via stopcock #9 through a calcium chloride drying tube
and into the primary collecting trap H (see Figure 3), which

was cooled in a liguid nitrogen bath. Both the drying tube
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and the trap were 1nitlally evacuated. When the contents

of the transfer bottle had been shifted to H, then stopcock
#9 was closed and the generator line again opened at stop-
cock #8. By this method the nitric oxide was collected in
batches of 3300 cec at atmospheric pressure, and each batch
transferred to the collecting trap. The process was continued

until about 10 g of solid NO had been condensed in the trap H.

Q

The use of dibutyl-phthalate in the transfer bottle showed

no observable effect on the gas; however, in time a yellow
color was imparted to the dibutyl-phthalate, apparently from
its action on the "Koroseal" tubing which connected the trans-
fer bottle to the leveling reservolr F.

The NO thus condensed in the trap H had intense brown,
blue, and green colorations, due to water and nitrogen dioxilde
impurities. It was purified by simple distillations through
the three traps Jl’ Jg, JS’ the last fractions being discarded
through the waste outlet K. The resulting product collected
in the trap M was a grayish-white solid, a light blue-green
liguid. At this point the gas thus purified was evacuated
while frozen, to remove the nitrogen collected from the genera-
tor train; then it was evaporated into the evacuated storage
tank L, a large vacuum desiccator which had been packed with
"Dural® alloy and aluminum shavings, and stored there perma-
nently. The aluminum apparently reacts with NOQ, because 1f
impure NO stands for about two weeks over 1it, it no longer will

have any green coloration when condensed, but becomes the light



blue reported in the literature, and the ultraviolet absorp-

tion spectrum 1s freed from NO? or NEOS absorption. The

-

reaction gulte probably produces nitrogen, since a small
pressure of non-condensable gas always resulted after im-
pure NO had been stored inside. The reaction 1s most likely
catalyzed by small amounts of water on the surface of the
metal.

Although the cobalt indicator in the drying tube showed
that the drying capacity of the calcium chloride had not been
exhausted, it would probably be more effective to use phos-
phorus pentoxide as a drying agent.

To fill cells for the photographic work, the cell, which
was fitted with a ball Jjoint, was attached directly to the
cell-filling line P (see Figure 4), gas was admitted from
the trap into the evacuated line until the deslired pressure
was attained, and the pressure was measured with a scale
attached to the open-end manometer Q. Then the cell was
closed, and the excess nitric oxide was re-condensged in the
crap M before detaching the cell.

To £ill the cells for the NO self-broadening experiments,
a cell manifold (see Figure 5), was constructed so that sev-
eral cells could be filled simultaneously, and this manifold
was attached to the filling line. Instead of a fourth cell,
if desired a bypass line to the forepump could be attached

S N .

to the manifold. Then the part of the system which Included

A

the pressure gauges, the filling manifold, and the attached



cells was evacuated: for this purpose, 1t was found that the
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to the vacuum line to remove non-

O

through the stopcock #1
condensaple gases. After pumping for a short while, tThe pump
was cut off at stopcock #21, the liquld nitrogen bath was
removed from M, and nitric oxide was evaporated into the sys-
tem until the manometer indicated the desired approximate
pressure., Then #16 was closed again, and the liguid nitrogen
bath replaced at M. The pressure of NO was measured With

the calibrated gauge R if the pressure were less than about

60 mm Hg, and with the manometer if it were greater (the

gauge R worked basically on the same principle as a Mcleod
gauge). After measurement of the pressure, the cell stop-
cocks were closed, the stopcock #16 was opened to recover

the excess NO, and then closed again. Next the stopcock #19
on the filling line P was closed, and finally the cells were
detached and the spectra taken immediately. After the spectra
were taken, the cells were re-attached, to the manifold, but
not opened, and the manifold and gauge lines were evacuated

as before., The cells were opened to the manifold at the

time when NO was being added from the trap M. Subsequent pro-
cedure was a cyclic repetition of the above; in this way a

series of spectra at steadily increasing pressures was ob-
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tained,

After the nitric oxide self-broadening experiments, a
sufficient amount of NO wag prepared and stored in the storage
tank, and the generator and purifying traln were removed to
make room for other apparatus.

Nitrogen for the nitrogen-broadening experiments was
purified in the apparatus shown 1in Figure 6. Linde Pure
"Dry!'" Nitrogen was bubbled through a mercury rate indilcator
and thence into a fused quartz tube packed with copper wool,
which had been previously cleaned with concentrated ammonium
hydroxide, dried and heated to about 1500°C with nitrogen
pagsing through it. The tube was inside a tube furnace oper-
ated at about 400°C. The hot gas then passed into an ice-
water cooler and then through a stopcock and pressure-reducing
device to the storage tank N, which was attached to the vacuum
system through stopcock #17. The storage tank was initially
evacuated, while the best operating pressure in the purifying
line was about atmospheric pressure. In spite of the pressure-
reducing device, 1t proved extremely difficult to maintailn
steady flow rates with such a drop in pressure. By constant
supervision, however, i1t was finally possible to fill the 5-
liter storage tank with nitrogen at one atmosphere. When the
nitrogen had been purified, the reservoir was sealed off at
stopcock #18 and the apparatus was dismantled.

The following procedure was employed to fill the cells

Tor studying the pressure broadening by nitrogen:
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1. A definite amount of nitric oxide was added to the
cells, and the partial pressure of NO measured. Then the
spectrum was taken of this initial sample,.

2. The cells were next re-attached to the cell manifold,
and the small side-arms provided on each cell were immersed
in liguid nitrogen. (The cell stopcocks remained closed).

The vacuum manifold and cell manifold were evacuated thoroughly.

3, After the side-arms had been immersed in the liguid
nitrogen baths for a sufficlient time to freeze out the nitric
oxide present in the cells, operatlons to add nitrogen to the
cells were begun: the vacuum line was closed off by means
of stopcock #21, then by opening stopcock #17 nitrogen was
admitted to the system until the manometer @ indicated ap-
proximately the desired pressure, and then #17 was closed.

4. The cell stopcocks were opened in cyclic order and
then immediately closed in the same order. Then the liguid
nitrogen baths were removed, and the pressure in the vacuum
manifold was measured with the gauge R, or with the mano-
meter, if the pressure exceeded about 45 mm Hg.

5. Stopcock #19 was closed, the cells removed and the
spectra obtained. Care was taken to warm the cell side-arms
to room temperature before taking the spectra.

6. After the spectra were obtained, the cells were again
attached to the cell manifold and the side-arms placed in the
liguid nitrogen baths. The pump bypass shown in Figure 5 was

employed to remove air from the cell manifold. Then the pump
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stopcock was closed, and stopcock #10 was opened. Subse-
guent procedure beginning at step 3 was a cyclic repetition
of the above, with steadily increasing pressure of nitrogen
added 1n each cycle, A given seriesgs of such measurements at
a constant partial pressure of NO is designated a "series”

in the tabulated data of Appendix, Data Table DB.

b

B. SPECTROSCOPIC TECHNIQUES

Two basic methods of studying the pressure broadening
were employed: A photographic method simllar to the procedure
used by lLambrey, and a method using a direct-reading ultra-
violet spectrophotometer, which gave tracings of optical

densgity versus wavelength,

1. Lambrey carried out his experiments in the following
way: Cells of several different path-lengths were used, and
in each cell the partial pressure of nitric oxide was adjusted
so that the product of cell path and partial pressure, (£p),
was a constant. Under these circumstances he found that the
optical density in the 7-bands increases markedly with pres-
sure, while the optical density in thelﬁ—baﬁds remains about
the same. Further investigation of the 7Y-bands showed that
the optical density of these bands for pure nitric oxide re-
mains constant 1f the quantity (lpl'g) is kept constant.
Lambrey alsoc studied the pressure broadening of NO by argon

and nitrogen, and found that the optical density of the 7 -bands
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can be expressed as a function of (lp?o‘g}, where P is the
total gas pressure. A serious gquestion regarding the validity
of Lambrey's comparison of the behavior of the 9/-bands and
ﬁ?abands arises from the fact that the intensities, and thus
the optical densities at the same optical path, of the two
bands are widely disparate. The ?-bands, it is now known,
are of the order of one-hundred Times ag strong as the pmbaad
in guestion. The first experiments were designed to over-
come this objection, by comparing the - andlﬂ~bands, at the
same total pressure and partial pressure of NO, but at cell
paths correlated with the relative intensities, so that the
optical densities would be comparable. For this purpose a
double cell, made of two parallel and Interconnecting tubes
of the proper lengths, was constructed.

The source used was the molecular emlission spectrum of
hydrogen, produced by a discharge lamp operating under con-
tinuous pumping at about 2 to 4 mm Hg, and a 1200-volt,
60-cycle a.c. power supply. Quartz optics were used through-
out, crystal quartz in the lenges, and fused quartz for the
lamp and cell windows. The spectrograph was a Bausch & Lomb
Medium Quartz instrument, with a dispersion of 4.6 A/mm at
A2200. Eastman-Kodak "Orthochromatic DK-50" plates were
used; these are somewhat insensitive in the region or inter-
est, but can be sensitized by the application of a coating
of fluorescent material. For this purpose, it was found most

satisfactory to dip the plates before use into a solution of
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petroleum jelly in ligroin (40°-60°C), which had been warmed
to dissol?e all the solute, and then to withdraw them quickly
to insure uniformity of coating. The grease was removed be-
fore development by a thorough rinse in acetone. The result—_
ing plates.were gatisfactorily sensitive, but more care in

the procedure would be necessary to obtain plates suitable

for photometry. It is important, for instance, that the coat-
ing of fluorescent material be as thin as possible and still
secure sensitization, because of the fact that the fluorescence
is re-radiated in all directions; and this will produce a loss
of definition in the fine structure of a band spectrum.

The lengths of the two cells in the double cell ofiginally
were 100 cm and 27 cm; this ratio was suggested by crude data
gathered from two sources, and is totally incorrect. The
v-band Y(0,0) at such a path ratio is still very much stronger
than the B(2,0) band. (The B(1,0) pand overlaps the 7(1,0)
band, and therefore it is preferable to compare the isolated
bands 7(0,0) and p(z’,o).) Doubling the long path was still
inadequate, and it is probable that a more correct equi?alent
path, for a l-meter path for the‘ﬂ—band, would be less than
4 mm for the ¥-band. The major difficulty is that the/S—band
is so weak that it is impossible at low pressures to record
anything except the head of the band. Due to the unavall-
ability of the proper focal length in a quartz lens, 1t proved
impractical to use the 2-meter cell, since much of the light

was scattered, and exposures necessary became excessively long.
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There remains, of course, the alternative of increasing the
pressure of nitric oxide in the cells; but there are two ob-
jections to this: Tfirst, the experiments must be conducted

at a low pressure in order to demonstrate a significant ab-

normality; roughly, this:wouldvlimit the maximum "low" pres-
sure to about 100 mm Hg. Secondly, and more stringent, 1is
that the 7-bands degrade toward the violet, while the/?—bands
degrade toward the red, and the fine structure from 7%1,0)
encroaches and covers the fine structure fromjs(E,O), making
it impossible to be accurate in distinguishing them at pres-
sures above about 40 mm.

Because of the unsatisfactory character of results being
obtained by the above method, attention was turned to a new
approach to the band spectrum problem: namely, instead of
attempting to compare the ¥-bands with thejg-bands, to attempt
an analysis of the behavior of the 7 -bands in themselves, and
to try to deduce values for the line parameters from indirect
informatibn obtained with incomplete resolution. This second
procedure proved SO successful that the photographic method
was abandoned and all the data used for quantitative estima-
tions have been obtained by it. It now seems likely, as will
be more fully discussed later, that any procedure based on
a comparison of the two bands would be inconclusive.

2. The'second method involved the direct measurement
of optical density versus wavelength setting, at several path-

lengths, and a range of pressures, with a double-beam double-
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monochromator ultraviolet spectrophotometer, a commercial
instrument made by the Applied Physics Corporation of

| Pasadena, California, called the Cary Spectrophotometer,
Model 11M. - This uses a hydrogen discharge as sourece, and
has a split-beam system with balanced photoelectric detec-
tors. A diagram of the optical system of the spectrophoto-
meter is shown in Figure 7. Tracings of optical density of
the bands were made at two resolutions; slit widths in mm
and effective spectral widths for the two band-heads 7(1,0)

and 7(0,0) are shown for each setting used, in Table 1, below:

Table 1.

S1lit Widths and Effective Spectral Widths

Resolution 'Wavelength 81it Width, mm | Effective Widt?
‘ ) A cm~
Higher Setting 22268 0.037 0.32 14.1
A2157 : 0.087 0.57 - 26,4
22268 0.068 0.59 26
Lower Setting

A2157 0.167 1.10 51

Narrower slits were available, but the signal-to-noise ratio
was too small to give reliably'reproducible results, and the
highest setting used above was a sort of compromise between

the desired high resolutlon and the difficulty mentioned.
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The absorption cells were made of pyrex glass, and were
fitted with 2 mm stopcocks and ground ball joints. Their
diameter was about 20 mm, and the cells designated CI, C, B,
and A had respective lengths 11.48, 9.95, 4,98, and 2.38 cm.
Quartz windows were sealed to the ends with red sealing wax
for the NO self-broadening studies. When they were properly
sealed, there was no observable leak over a period of two
weeks. The transmission of the windows, as observed through
the evacuated cells, was good ovef the whole range from A2000
to the visible reglon; although for two of the windows a gently
sloping absbrption continuum began atkk2150 and increased to-
ward 22000, it could easily be extrapolated under the ¥(1,0)
band (see Figure 8). When the nitrogen-broadening experi-
ments were carried out, a short side-arm of 6 mm tubing was
attached to each cell for condensing out the NO as described
earlier, so that the nitrogen for pressurizing could be added
without any escape of NO from the cell. The freezing-out
process caused the rest of the cell to become very cold by
conduction, and the sealing wax on the windows cracked, pro-
ducing leaks. Thls difficulty was circumvented by the use
of "Araldite," a furane-base resin cement, able to withstand
very low temperatures, but removable by heat or by treatment
with hot chromic acid cleaning solution.

Care was taken that in the nitrogen-broadening experi-
ments the cells were brought approxiﬁatély to room temperature,

by warming them with the hands, and then allowing them to
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stand briefly (about 5 minutes). Results were normally re-
producible, so that complete re-mixing of the NO appeared to
have been achieved by this process,

Typilcal tracings for each of the bands are shown in
Figure 8. Measurements were made at the points marked, and
are designated in the tabulated data (Tables A and B) accord-
ing to the indication used in the drawings.

An attempt was made to study theJﬁ(E,O) band at \2108,
but it was far too weak throughout almost the entire range of
pressures studied; and as has been already mentioned, the
tail from the ¥(1,0) band strongly overlaps it at higher
optical paths.

For the nitric oxide self-broadening experiments, pres-
sures from 1.04 to 501 mm Hg of NO were employed; for the
nitrogen broadening, partial pressures of NO from 4,19 to
27.2 mm Hg, and added nitrogen pressures from zZero to 500 mm

Hg, were used. Data obtained are tabulated in Tables A and B.
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ITI. GENERAL FEATURES OF THE PROBLEM

The purpose of this sectilion is to discuss the relation-
ship of the guantities which may be studied experimentally
to the physical parameters of the molecule and its spectrum.
The general significance of spectral line widths in the case
under consideration will be first considered, followed by
technical definitions of useful quantities and a formulation
of the general problem involved in a theoretical analysis of
the experimental data.

The shape of a spectral line is a statistical indication
of the conditions under which measurement of the energy dif-
ference of two states has been made. From a study of the
particular contour of a line, it may be possible to ascertailn
what processes limit the stability of the excited state, and
to calculate the values of certain of the quantum mechanical
parameters of the system. There are five main processes
which affect the width of a spectral line: natural decay or
"radiation damping," gquantum mechanical resonance effects,
Van der Waals or simple collision broadening, field perturba-
tions by permanent dipoles, and the Doppler broadening (8).
In a more general sense, the first three of these effects are
similar, in that they may be understood in terms of the
Heilsenberg uncertainty principle. The lifetime of an excited

state may be limited by its own instability with respect to
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emission, or by collision deactivation with another molecule,
or yet again by the possibility of exchanging a quantum of
energy with an identical molecule nearby. Consequently, each
of these effects will produce an uncertainty in the enefgy,
AE , which is of the order of magnitude given by the require-
ment that AEAt24 , where At is the average lifetime of the
excited state,

The fourth cause of line broadening may be thought of as
arising from a statistical average of the Stark or Zeéman
shifts induced by the electric or magnetic fields of permanent
dipoles in the gas. This problem was first‘treated by Holts-
mark (9), and the results applied to the broadening of the
Balmer series lines in the hydrogen atomic emission spectrum
at great pressures. An exact second-order calculation leads
to asymmetric line contours, which are in fact observed in
such a case. In infrared spectra, line asymmetry has occasion-
ally been observed at fairly high pressures, notably in the
case of HCl. However, in our experiments this very interest-
ing phenomenon probably contributes nothing to the line shape,
since (1) the pressures were always low compared to those in-
the cases mentioned above, (2) NO has a very small electric
dipole moment, and magnetic effects would not be noticeable
at such small pressures, and (3) nitrogen, which has no dipole
moments, has been observed to be just as effective in broaden-
ing the lines in the 7-bands as nitric oxide itself. Quadru-

pole field effects are of course far too small to be observed
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in any case.

There remalns the Doppler broadening, which is simply an
average of the Doppler effect over the Maxwellian velocity
distribution in the gas.

A brief derivation of the line contours which these ef-
fects produce will now be given:

(a) Doppler, broadening: According to the Doppler ef-
fect, systems with velocity Vo in the direction of propagation

will absorb a frequency

2, (/= %¢)

The number of atoms in a velocity range dvX at Ve is given

by the Maxwell distribution:

ez //2 MVz
h= “”éﬁ/ﬁ/ P /_ 28T dl; .

M is the molecular welght, n is the number of atoms or mole-
cules per cc. The fraction dn/n is also the relative inten-

sity in the frequency range dv at#:

{(V/%-Q/” = /znwm €>)(/D zerp Alnle ‘%)_ / dz

Thus a Gaussian distribution arises whose "half-width" is

= 2(h2) /"77 2

seen to be:
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It follows that the "Doppler half-width" is increased with
temperature, and it is usually the predominant factor deter-
mining line contour in the obtical region, being of greater
magnitude than most natural line widths. It will be noted
that the Doppler width is independent of gas density.

(B) Natural line width and collision broadening: As
has been mentioned, the basic explanations of both these
phenomena are similar, and the treatment for each case re-
sults in an ildentical form for the line contour. Detailed
and refined gquantum mechanical treatments of these phenomena
have beeh made, and the results agree in thelr outward form
for the line contour with what is obtained from simpler
classical considerations. Natural decay corresponds to the
classical problem of an osclllator damped by its own radiation
energy losses; collision broadening, or Van der Waals inter-
action, to the problem of a monochromatic oscillator inter-
rupted at random by collisions in the gas. Only in the latter
analogy ié there much true physical correspondence in the
classical picture, and it 1s also the one which has remained
to the present day as a useful concept in‘treating the prob-
lem. The quantum mechanical treatment of the collision
broadening problem has been done by Karplus and Schwinger (10);
a useful discussion of the general nature of collision broaden-
ing has been made by Van Vleck and Welsskopf (11). The basic
form of the line contour, however, was derived a long time

ago by H. A. Lorentz, and for that reason 1t is called the
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"Lorentz contour.'" A brief outline is given here for the
derivations based on classical "radiation damping" and on
collision broadening:

In the case of radiation damping, one considers the rate
of energy loss by an harmonically oscillating charge; this
loss rate 1s proportional to the square of the instantaneous
acceleration. If one supposes that damping is small compared
to the amplitude of oscillation, the result is that an en-
velope for the amplitude 1s obtained which falls off expon-

entially with time,

Alt)= A,e” 7%

The Fourier analysis of this damped wave train gives a fre-

guency distribution:

- [AL?
- (T/Z{%%—%)’L/r //
(o)

Here éﬁq; is the half-width, is related to the charge of

the electron, its mass, etc., and is a constant for all emit-

ters on a wavelength scale; it is at this point that the
classical picture 1s lnadequate, since there is actually a
great variation in the natural widths of lines.

The treatment of collision broadening is also simple:
one imagines an oscillator of freduency"zg to emit monochroma-
tic radiation for a time t, at the end of which it is inter-

rupted by a collision. A Fourier analysis of this finite



-33-

wave train is made; and then the contributions to the spectrum
are averaged over all times t between collisions with the
probability factor e-g% , Where T is the mean time between
collisions. Again the Lorentz curve is the result.

Therefore in the case of nitric oxide in the ultra-
violet, it will be necessary tovconsider two basic contours:
the Gaussian line shape, which is due to the Doppler effect,
and the Lorentz contour, involving those effects which 1imit
the lifetime of the molecule'in the excited state. It can be
shown that the half-widths fof natural line width and colli-
sion broadening are additive (8); and therefore one may treat
them as a single parameter, the Lofentz half-width oc; . The
combination of the Doppler effect and the Lorehtz contour,
however, is complicated, and cannot be put in closed form
in the general case, eXcept as an integral. However, for
special cases, certain approximations are valid. It 1s clear,
for instance, that at any_reasonably large distance from the
line centér, the Doppler contribution is very small, and the
line shape in the wings is essentially a Lorentz contour.
Even for intermediate cases, it will always be meaningful to
speak of a parameter related to the contribution.of Lorentz
broadening to the line contour.

The consequence of the Lorentz theory of collision
broadening is that the half-width or related parameter of a
collision-broadened line is related directly to the gas den-

sity and the molecular dimensions by the kinetic theory of
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gases:
o« -2 I
L“ T where Y4 is the mean number of

collisions per second.

From the kinetic theory, for a homogeneous Maxwelllan gas

composed of hard elastic spheres of diameter o,
/. — v 17 2 . s—— o-——-—-—ﬁ
FTRTAVT 5 M=LT 760

where n is the number of molecules per cc, v is the mean
speed, and o 1is called the cqllision diameter. Thus the
half-width is proportional to the total pressure‘in the
Lorentz pressure broadening theory. An expression for V may
also be obtained from kinetic theory:
V:Vﬁ: 2V2TTkT
MTC TVm

from whence we may deduce that

e o e _ o« cR (760)i/7tmT
kT NV p / R

This leads to the result at T = 300°K:

- S,
o = 3.80x10  YLeom LT
P P inmm Ay
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AT 3OOOK, use of the formula for the Doppler half-width and

the molecular weight of NO, gives &, = 0.10 em™t

at_x2268.

Therefore if it were possible to ascertain the value of
the Lorentz half-width parameter for some pressure, assump-
tion of the Lorentz theory would immediately provide a value
for the "optical collision diameter." Since many gases which
do not have large electric dipole moments giVe results from
their'infrared or microwave spectra which are‘of the same
order of maghitude as those obtained by viscosity or other
standard kinetic measurements of size, the value of the colli-
sion diameter o for the molecule in these bands would afford
some criterion of abnormality.

It will be useful to define a few quantities of interest
in the tabulation of data and in the interpretation of results:

(1) The observed spectrum results from the contributions
of many'absorption lines, of‘different center frequencies,
intensities, and shapes. These superpose on one another to

produce a function {ﬁv), which we shall call the true absorp-

tion coefficient. If one could observe the spectrum with

infinite resolving power and an infinitesimal layer of absor-
ber, the curve ﬂhﬂ Vs frequencyz) could be obtained.

(2) The length of absorbing path is designated by 4 ;
the partial pressure of the absorber by p; the total gas pres-
sure by P. In addition we shall define a quantity X, called
the "optical path," which is the product (fp) in the units

cm-mm Hg.
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(3) A quantity /Agzd , called the true absorption, is
defined as follows: Let monochromatic radiation of fre-
guency 2 and intensity I traverse an optical path dx of
absorber; then the change in intensity, dI, is given by the

equation

d7 =-fe [ i

Integration leads to the well-known Beer-Lambert law,

I -»
fro = exp/-frwix/
A
where IT is the transmitted and IO the incident intensity of
light passing through the optical path x of absorber with true

absorption coefficient ﬁu» . The true absorption, AtﬁO ,

is then defined by the equation

A )=/~ fgj— = /- exp(-fwix) .
(4) 1In actual observation, resolving power is never
great enough to observe ,Ata» directly; instead, the spectro-

meter admits a band of radiation containing contributions

bfrom frequencies centered around the frequency of observation,
2z, , with a weighting function, /O(Z)—Zg) . It has been
shown that this function can be satisfactorily represented

by a Gaussian curve, whose width is the effective resolution

of the instrument (13). What one may observe, then, with an
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actual instrument, 1s the observed absorption,

Ay) = ﬁof%v/ﬂ @) v~ W//O(v Z)(2-2)

(5) A guantity which is analogous to the true absorp-

tion coefficient ﬁa» , is designated l@ﬁ%) , and is called

the apparent absorption coefficient; 1t is defined by the

equation

Ao(22) = 1 = €Xp(~hotaix)

(6) Finally, a quantity d, called the optical density,

18 defined by

dw) = — o (1-Am) + o= o)X
= 0‘7"’( )i d 2,303

(7) To facilitate discussion of the spectrum, it will
be well at this point to set down for reference a few rela-
tionships, so that the significance of the experimental vari-
ables to the Quantum mechanical parameters of the system will
be clear. For a single spectral line (dipole radiation), if
we integrate 'ﬂh» over the line contour, the following re-

lation 1is true:
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Here %f is the center frequency of the line in question, N

and Nn” are the numbers of molecules per cc in the upper

n'

and lower states, respectively, of the transition giving rise
to the line, and B,,, is called the Einstein absorption co-

efficient. The Einstein coefficient is

_ 2z a ; 2
. Bn'n" = 31%2// X”/”II/ -/_*//L(Jn'ﬂ”/ 74‘//”2,7’”"//

where /qb is the quantum mechanical dipole matrix element
‘”"l”

between the ‘two states,

[ ¥t

(7) Assuming the lines to have symmetry about their cen-
ters, a number of parameters for the lines will be defined:

zj is the central frequency of the jth line.

o is called the half-width of the line, and is de-

fined by the condition that the absorption coefficlent of

the 1line have one-half its maximum value at the frequencies

(m+ G ). The maximum value of .5&2} will be called Fj.
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The interpretation of observed spectra in terms of the
true line contour and line width is difficult because of the
analytical problem arising from incomplete resolution by the
spectrometer. The problem essentially is to compute the

integral:

/Jo(v—,vo)[/— GX/O/—ny(y)/]C/V

For the case where {va is a single line with Lorentz con-
tour, Ladenburg and Reiche (12) computed the "integrated

absorption" with a uniform constant weighting function,

/Ao(y,,)c/zzo

and found that over a considerable range of x and o it 1s
proportional to the square root of x and of «_ . Dennison (13)
has shown that the absorption of a single Lorentz line at

its center is proportional again to Yx«. . Elsasser (14)

has computed the integrated absorption for an infinite series
of equally intense equidistant lines, all of Lorentz contour
with equal half-widths, and has found that over a wide range
of x and e it is proportional to the square root of (xex, )
also. More:recently, Penner and Tsien (15) have shown that
for arbitrary intensities and random spacing, but with no
overlapping of lines, the integrated absorption is still pro-
portional to YXe, . Behavior of the optical density roughly

parallels that of the integrated absorption.
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The above results are valid over a wide intermediate
range of x and «_, but it is fairly obvious that at low
values of optical path x the observed integrated absorption
must become a linear function of.x, while at high optical
paths it must eventually reach a maximum. On the other hand,
for low values of half-width, the contour must approach
Doppler form, and qualitative considerations will make it
evident that for small «_ , a change in the Lorentz half-
width will not greatly alter the integrated absorption.

While the general behavior of the optical density as a
function of the line width and the optical path may be thus
predicted if the Lorentz theory is correct, the quantitative
form of the curves for optical density, as a function of the
half-width, for various values of optical path, the so-called
"eurves of growth," will depend moré critically upon the de-
tails of the spectrum. In order to make an analysis which
will permit an estimate of the collision diameter, it will
be necessary to obtain curves of growth and correlate them
with experimental curves of optical density versus pressure
at constant optical path, at the same frequency and optical
path. In order to make the correlation it is almost abso-
lutely necessary to know the absolute intensity of the 7 -bands;
without that information one may only hope to guess at an ap-
proximate correlation based upon the behavior of the indl-
vidual curves for different optical paths.

Because the experimental results justify the assumption
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of Lorentz broadening, detailed calculations were carriled out
to obtain complete curves of growth for two optical paths.
The results of the calculations show a very clear "break" in
each curve of growth, in'a region where the Lorentz half-
width becomes a significant contributor to the increase of
optical density. It was initially hoped that the half—widﬁh
at which this "break" occurred would not depend critically
upon the optical path, but this turned out not to be the
case, Fortunately, however, an estimate of the absolute in-
tensity of the 9/-bands has become avéilable through the work
of Penner and Weber (22).

The next section. presents an analysis of the experi-
mental results on a qualitative basis, and shows the correct-
ness of the Lorentz thedry as a description of pressure ef-
fects observed. The section following gives an account of

the theoretical calculations of the growth curves.



Lo

IV. EXPERIMENTAL RESULTS

The spectrophotometer tracings gave the optical density
on a linear wavelength scale for the two absorption bands
Y(1,0) and 7(0,0). Figure 8 shows the appearance of these
bands at the higher resolution employed, and contains a key
to the Data Tables A and B. As will be noted, there is fine
structure indicated by the appearance of the ¥(0,0) band to-
ward 1ts short wavelength side. The two double-headed sub-
pands characteristic of a 2L - 2T transition are clearly seen,
the main splitting being due to the spin splitting in the
ground state, the doubling of the sub-bands to the P~ and Q-
type heads.

| At higher pressures in the NO self-broadening studies,

a very weak continuum was observed underneath the ¥Y(1,0)
band, which increased in strength as the pressure increased.
The absorption did not change with time, so that it was not
due to leakage of air into the cell, with consequent forma-
tion of N203. It is unknown whether this continuum was a part
of the NO spectrum, which seems unlikely as it has not been
previously reported, or due to a trace of N203 or other con-
taminant. The transmission of the quartz cell-windows seemed
to be slightly different for the various cells, and some ab-
sorption by them in this region was noted as a contributor to

the background in the case of the 11.48 cm cell (CI). In any
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case, 1t was always possible to accurately extrapolate the
continuum as a monotonic background underneath the‘Y(l,O)
band. Many of the cases in which a strong background éould

be seen were discarded for quite another reason: namely,

the high optical density of the bands at higher optical paths.
When the optical density at the peaks in the bands became
greater than about 1.5, it began to deviate systematically
downward from the expected behavior, and became erratic, often
decreasing with increasing pressure. The explanation of this
is simply that at high optical densities, very little light

is transmitted, and accuracy is limited by the reliability of
the photocell response to progressively weaker signals; There-
fore in the data tabulated, no values of d are extended beyond
about 1.5; and downward deviations of these high densities
from behavior predicted by obvious extrapolation are not con-
sidered significant.

The collected data for NO self-broadening are shown in
Table A, Data Tables; the data for nitrogen broadening are
in Table B. In addition, Figures 9-20 show the dependence
of d as a function of the variables J, p, and P.

The higher resolution used 1n the experiments was compar-
able to that attalned by Marmo, and therefore a comparison
can be made with his quantitative data on self-broadening
in the 7(1,0) and 7(0,0) bands. He used a single cell 4.70
em long, and has recorded the values of KJ%), the apparent

absorption coefficient, at various pressures and several
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wavelengths. He observed that the value of ko decreased as
the inverse-square-root of the pressure, L& 7Fé=f . This

o
phenomenon he correctly attributed to incomplete resolution.

In order to compafe his data with our values of optical
density versus pressure, it 1is necessary to multiply the k-
values from his tabulation by x/2.303 (x is the optical path,
A@O). Figures 9 and 10 show some values of Loglo(d)‘versus
Loglo(p). Marmo's data are represented by the open circles
and dashed lines. It is thus evident that Marmo's data are in
moderate agreement with values obtained in our experiments.

It will be observed that the curves of Loglo(d) versus
Loglo(p) increase in slope as p increases, and reach a linear
dependence upon p, at pressures above about 20 mm Hg. This in
itself is not necessarily avsignificant fact, since in the
limit of strong absorption, when the lines are cpmpletely ab-
sorbed out and merge into one another, one would obtain this
result (Beer's law). However, aside from any discussion; as
to whether these conditions hold, which might be based on the
intensity of the absorption, the phenomenon above may be demon-
strated to be a true pressure effect by the dependence of
Loglo(d) on Loglo(f), which is shown for various pressures and
two wavelengths in Pigures 11 and 12; namely, at pressures above

20 mm, the dependence of d upon p is significantly different

from that of d uponﬂé, under identical conditions of optical
path and total pressure.

The slope of a plot of Loglo(d) versus Loglo(p) or Loglo(f)
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is proportional. Thus from Figures 11 and 12, one may deduce

that d is roughly proportional to the square-root of £ over
the range studied (actually, the slope goes from about 0.4 to
0.6 over the range of pressures studied). The dependence of
d on the cell path Jis important, because it enables one

to isolate the effect of optical path, x, from any true physi-
cal effects of pressure on the spectral line contour. After
proper treatment of the data, one may obtain an estimate of
the true effect of pressure on the spectrum. The results ob-
tained from pressures above about 10 mm Hg are in agreement
with the data of Lambrey and the conclusions reached by
Mayence, namely: o= C/%Of/?zolé , d = Cl//é/(? for
self-broadening.

To provide a clear illustration of the self-broadening
effect in NO, the data for the wavelength 22149 were treated
as follows:

1. Third-order polynomials in (1og10 p) were fitted by
the least-square-ordinates method to the experimental curves
of 1oglO d versus 1og1O p. These expressions were then dif-
ferentiated to give expressions for (g%gﬁ%} for each of the
three cells, as a function of loglO D.

2. At each pressure studied, there were three points
giving the variation of log d with 1og.1 . From these three
points, two values for 5%%&%& were obtained for each pres-

sure. These were plotted versus log p and a quadratic curve
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was fitted by least squares through the points. Thus the

function /@ﬂgii as a function of log p was obtained.
9@717p

3. Now, it is generally true that

od) _ [Shad| , (e st |
/;k?fdﬁj &Ayfji * JA{&/P/SéébD/mg

and since &/og 2
dﬁqg;%p/':-v/’

/9/02 a// ogd |
) - lad | folnd |
&A@%/wa /SA%yO‘/ J&y%ﬂlp ’

accordingly, the curve of 2 was subtracted from the three

derivatives of Step 1 above, and thus was obtained fgéii

as a function of log p for each of the three cells.
4. Figure 13a shows /aéﬁd as a function of log (pf).
&ky;)p]

This shows three curves, one for each value of # . If a line

of constant (pf) is passed through the curves, three values

of (Giéﬁﬁi are obtained, for the same pﬂ and for three
~ &Aqﬂola/ —
different pressures.

5. For several values of p/, these values of /ééﬁi{;l
og

o
were plotted versus log p, and straight lines were fitted by

the method of least sguares to each set of three points.

6. The analytical expressions so obtalned were inte-
grated to give quadratic expressions for the logarithm of
the optical density aéXfunction of log p at constant optical
path, x = jp, for several values of fp. - The optical densities

so obtained are relative only.
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7. In order to properly orient the curves for differ-
ent values of x with respect to one another, the assumption
was made that at a pressure of 10 mm Hg, d increases as the
square root of x. This served to fix the relative positions
of curves with respect to one another,.

8. The absolute value of d for all curves was deter-
mined by an approximate match from the curve for x=100, with
The experimental value of d at a pressure of 10 mm Hg and
an optical path x=100. The curves are plotted in Figure 13b.

There are a few objections to this procedure which
should now be discussed:

(a) Figure 13a shows a large discrepancy between the
curves for 4.98 and 11.48 cm, and the curve for 2.38 cm.
This results originally from the errors in the experimental
data for low optical densities. In fitting straight lines
through the three points from the curves which lie at any

given value of pf , (Step 5) one would indeed underestimate

the slopes of the straight lines in the intermediate range

of p/, and overestimate them in the upper and lower ranges.,

However, this only affects the second derivative of the curves
in Figure 13b, and since the qualitative behavior is all that
is desired, the error 1ls here neglected, in spite of the ap-
pearance of Figure 13a.

(b) A far more significant source of error is the
assumption made in Step 7, that the optical density increases

as X at constant pressure. This 1s only approximately true.
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Within the above limitations, one might expect to be
able to predict the behavior of the experimental curves for
self-broadening by the use of Figure 13b. Finally, these
true pressure-effect curves may be directly compared with
those from the nitrogen broadening experiments, Figures 14-20,

The nitrogen broadening experiments gave values of opti-
cal density versus total pressure P for a constant partial
pressure omeO. Some curves of log d versus log P, for
various values of the partial pressure p of NO, and several
wavelengths, are shown in Filgures 14-20. Several features
are important in these pldts.

1. The apparent effect of increasing the total pres-
sure with nitrogen is qualitatively the same as in the case
of the self-broadening by NO (see Figure 13); if the partial
pressure of nitric oxide is greater than about 15 mm, then
there is not much difference apparent between the effect
of adding nitrogen at constant optical path of NO, and the
effect of increasing the pressure of NO at constant optlcal
path of NO; (compare, for instance, Figure 15 with Figure
13b). Lambrey found a slight difference in the effect of
nitrogen and argon on the broadening from that of NO itself,
for partial pressures of NO greater than about 15 mm; he
" found that the exponent of P for nitrogenbbroadening was
0.38 instead of 0.40 as found for the self-broadening. It
is our opinion that such a distinction is not justifiable

because of the poor precision of the data.
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2. If the optical path of NO is decreased sufficiently,
then the apparent effect of adding nitrogen is considerably
decreased; and for very short cells, and low partial pres-
sures of NO, adding nitrogen causes little or no change in
the optical density (see Figure 16). This behavior is a re-
sult of the exponential dependence of the absorption upon the

optical path, and is shown by the growth curves in Figure 23.
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V. THEORETICAL CALCULATIONS

As was discussed in Section III, the calculation of growth

curves requires the computation of the following integral:

| po-2){1- expl-Xfe))do

Where %hﬁ is proportional to the true absorption coefficient
of the spectrum., If some assumption is made concerning the
contours of individual lines and the structure of the spectrum,
A?V may be calculated from the known constants of the.mole—
cule. It is also assumed that the absolute intensity of an
absorption line is not significantly altered by an increase
in the line width. This is equivalent to the assumption of
the constancy of the wave functions and their matrix elements
in the first-order perturbation theory, even though the energy
is shifted by the perturbation.

The calculations made were based on a model of the ¥(0,0)
band of NO, but neglecting spin splitting from either the.szT

1, and thus essentially splits the

state, which is 120 cm™
band into two sub-bands which are widely separated, or the
A*S" state, for which the splitting has not been observed
even up to high rdtationai guantum numbers. The structure is

therefore essentially that of a'}jﬁ-'Tr transition. The
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/\-doubling defect has also been neglected. The frequencies

of the three branches P, §, R are given by

| ' 2
R(J) = %, + 2Bl + (33;7-3;;)‘1 + (BX',—B\';)J

2
Q(I) = 2, + (B"I—B\';)J + (B"/,—B\’;)J

e

I

P(J) =2z}, ( BY-BY)J + (B!-B!)J

v v

J = J", the quantum number in the lower state; Bs 1s the B,
for the lower state, Bé that for the upper state. The P-

and R- branches can be represented by a single Fortrat parabola,

v =z, + (B!-BY)m + (B",—B\';)mg

where m goes through all integral values plus and minus ex-
cept m = 0O and m = 1., The Q-branch commences with J = 1.

Instead of values of Bo for the two states, the values of-Be

were used: For the *TT state, B" = 1.70 cm—l; the distortion
e

constant o =0.0178 cm™~. 1

1

For the A’Y" state, BL = 1.995 cm”
and «Kg=0.0164 cm™ Relative intensities for the lines are
given approximately by the Honl-London formulae (16) coupled

with the Boltzmann factor:

_E
FJ?__ J e 9?T

J 4
Q ~Es
- 2J+] /kT
Fe=27~¢

=P I+l AT
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The temperature used was 2980K. The band structure thus com-
puted has lines of frequencies and relative intensities which
are shown approximately in Table 2,

The sl1it function used Was a gaussian curve whose.effec—
tive width was 12.80 em™t (compare the slit width used in
the experiments, page 23 ). It was centered at a point -9.00
em™t from the band origin, i.e. toward the head at -11.40 em™t,

Two problems arise at this point concerning the matching
of the calculated optical density with the densities measured
in the experiments. It is not possible to determine exactly
how the frequency setting of the calculation is related to
the frequency at which the maximum of the peak 12268 occurs,
although in choosing thé setting used it was attempted to
choose a location likely to be close to that maximum. The
second difficulty comes from the difference of 10% in the
slit widths employed in the calculation and in the experiments.
Does the magnitude of optical density at a gilven frequency
depend critically upon the slit width?

The question about the slit width can be answered by
data taken with a slit width of 26.4 em™' for the ¥(0,0) band.
It was found that the optical densities for this width are
only decreased about 8% to 12% at \2268 from the densities
found for a slit width of 14,1 cm-l. Consegquently we may
safely neglect the effect on the optical‘density of a 10%
change in slit width.

If this effect of slit width is neglected, then it follows



-67-

Table 2

Nitriec Oxide Band Model

Line z>(cm"l) Ft(dﬁ Line | 2(em™ L) P _(T)
P(6) ~-11.40 0.50 (1) 0.60 0.30
P(7) -11.20 0.51 Q(2) 1.75 0.47
P(5) -11.00 0.47 . P(13) 2.60 0.32
P(8) -10.40 0.50 Q(3) 3.50 0.63
P(4) ~10.00 0.43 Q(4) 5.80 0.77
P(9) - 9.00 0.48 P(14) 7.00 0.27
P(3) - 8.40 0.36 R(1) 8.60 0.10
P(10) - 7.00 0.45 Q(5) 8.70 0.86
P(2) - 6.20 0.28 P(15) 12.00 0.23
P(11) - 4,40 0.41 Q(6) 12.20 0.92
P(1) - 3.40 0.20 R(2) 13.80 0.19
P(12) - 1.20 0.36 Q(7) 16.25 0.95

ete.
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that the calculated optical density is not greater than that
which would be obtained for the peak 12268, either in a
theoretical calculation, or in an experiment with an optical
path corresponding to the same theoretical optical path. To
prove this, one may consider the detailed structure of the
model of the spectrum which was used (see Table 2). It will
be evident that at the position where the slit is centered,
near the band head, if one imagines that the siit center
has been moved in from regions beyond the band head, toward
the band origin, the optical density would have been observed
to increase steadily from zero, and will certainly not have
passed through any minima, certainly not the pronouncéd mini-
mum between the two experimental peaks 22268 and 22267, which
is the minimum lying between the P-branch band head and the
Q,R-branch peak. As can be seen by inspection, this minimum
must lie closer to the band origin than the slit center at
-9.00 em™ T, Consequently, the optical density obtained for
the above location of the slit center cannot be greater than
the local maximum of the region to which we have shown it is
restricted, and this local maximum is Jjust the peak at A2268.
The first calculation is based on the assumption that
the lines have pure Lorentz contours with the same half-width.
The method of calculation is a straightforward graphical one.
Templates were made, for the relative intensities given above,
for all lines listed within the slit width. The curves were

traced and added. Then the ordinates so obtained were multi-
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plied by various values of X, the theoretical optical-path

factor, and the true absorptions, [/*eyOFXﬁ@&7 , were
plotted versus frequency on an ordinate scale determined by
the gaussian slit function’at that frequency. The integra-
tions were carried out with a planimeter; The error intro-
duced by the planimetef was less than 2%, but the major
source of errors was in the graphical estimation of line
wings; even though thesé were very small, a large error could
result when the value of X was large, since then the wings
became very strongiy absorbing. Still, the error involved
in thé overall estimate is probably not greater than 10%.
Since the extreme: accufacy of the éalculation is not ériti-
cal, no attempt will be made to estimate the error.

Table 3 shows the results of these calculations, and in
Figure 21 the calculated optical density is plotted as a
function of an optical path factor, X, and of half-width,

®,. . It can be seen from the curves in this figure that
the optical density at first increases almost linearly with
optical path, but subsequently changes over to a square-root
debendence. At high nitric oxide concentrations, one does
observe what is found by these calculations for large X. It
is interesting also that the linear relation which 1s obeyed
initially was also obtained by Elsasser. Another feature of
interest is that'the increase in optical density with increas~
ing o, is stfongly depéndent'on the value of X, the optical

path; if X is small, the effect of changing &, is hardly
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noticeable; but when X becomes larger, d eventually acquires
the full square-root dependence upon o, . The explanation
of this phenomenon lies in the following fact: when X is
small, the line centers are not yet completely absorbed; con-
sequently, the result of changing line contour at constant

area has only a slight effect on the true absorption. When

however the X-factor is large enough that the line center is
completely absorbed, then widening the line will give a sub-
stantial increase in true absorption.

The failure of this calculation to account for the behav-
ior observed at low NO concentfations arises from the naive
aésumption on which 1t is based: that the lines have purely
Lorentzian contour. Actually, for instance, when the line
half-width is 0.10 cm'l, it must have purely a Doppler con-
tour, at least af the line center, since that is the magni-
tude of the Déppler half-width at this temperature. IT 1is
unreliable, therefore, to extrapolate the curves from the
above calculation into the regions of lower pressure, because
it is just there that the Doppler width is of great signifi-
cance. Consequently, although this first calculation gives
satisfying confirmation of experimental results at NO pres-
sures above 30 or 40 mm Hg, it is unsuitable for estimating
the Lorentz half-width.

For this reason, it seemed advantageous to carry out a
second calculation, in which a more realistic line contour

was employed. In the opposite extreme from essentially
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Lorentzian contour, is the case when the contour is mostly
gaussian near the line center, and only in the wings is the
Lorentzian contribution dominant. The general form for a

line with both Doppler and Lorentz broadening can be accurately
expressed as an integral (see for instance Penner and Kava-

nagh (17)): 0o 2
~
Sa ey

o2 é
70 (@)= n-jJ (anT) _az‘ + [ )—j] ‘

= [ fwdy F= S[M)*. o)t o
/J T Zerer) 7 9T 2 2;;67/ o V"%
/
_ [z ) MP )2 2ro-p
/6-'///2'@7?): 2z

For the special case in which a is less than 0.2, the follow-

ing expression is accurate to 0.2%:

ffg)— e H) y2=a// 2@‘?)9@“? ey /+czﬁ 2@‘"}"/ =

define Frz)= 6‘276’-}’2/)/ (1)

If 5‘?1_>>1 , a good approximation is (wings of the line):
a

(11)

feg) _ a
,j?j }’"cz +(¢°§°}2//+ 2(§°§=)2/

In the case of the nitric oxide band spectrum model which has

been used, Table 2 shows that, except for the three lines at
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the band head, the distance between line centers is never
less than 0.40 cm"l.f Investigation of the magnitudes of the
expressions (i) and (ii) has shown that, for /ZL672<2200W”

(or /E-F;/> 3.330) , (i1) is a good approximation to (i), with
error less than 1% at 0.20 cm'l from the head. Consequently,
near the center of any line (except the three lines near the

band-head) the total true absorption coefficient, {ﬁd ,

may be éxpressed as follows:

: . F-E
flr=ff e - g2f1-24e-g) e'/‘c'g%’?{// » o -2le-5) e 5

’;§ # ey +”fff~>%

(1ii).

where the sum over k represents the contributions of the
wings. Further approximation to the expression for the
wings may be made; if a <0.2 and /?‘%5-/2 3.330 , an
acceptable approximation will be:
Atreg) a L[/ _3____/

£ T (F-8) 2(5-El):
In the actual calculation, a still rougher approximation was

used, by neglecting the correction term This

3
2 (&" ﬁ)z
would introduce an error of about 10% at /£-§/=3330, but it
becomes rapidly smaller as /E—ﬁj increases. The error
in the estimation of wing contributions will be not greater

than about 5%; and since, as we shall see, the total contri-
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bution of the wings to the a-dependent term is about 35%,
‘the total error in the a-dependent term as a result of the
above approximations will be of the order of 2%, in the

direction of underestimating the a-dependent term.

The problem then is to compute the integral:

/ :-5 /;—g,f// - e—Xszfy o

=)
2
where érb@LEJ is the slit weighting function, and é??)
has the form (iii) for ~/€—§-/\<3330 //V-g-/Sﬂ.Zﬂcm'/on either
side of each line center ;} ; and has the wing form in

all portions not in the above regions:

1= Z/‘ 5;)2/ )

In addition, for the three lines aﬁ the band head, (iii) is
not correct, since there is overlapping of ﬁhe lines to a
considerable degree. These will be treated separately later.
Let us consider also the non-peak regions in which (iv)
is applicable, the "non-peak' regions as they will be called.
Define the centers.of these regions as points z/ ; the sub-
script 1 will be used only for non-peak regions, j only for
peaks at their central regions, and k for all other lines
whose centers are away from the region under consideration.

The next step is to approximate the gaussian weighting
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function by Taylor's expansions for each region around its

center, Zﬁ or 2z, . This gives

5/;;; ~ g b i &S é/é‘( ~b(E i)
V)

~5)e @—s;(,,)- ~

~ /Q/j‘(l') + /LPQ‘/'([) (f—fjj(i))

It will develop that R2 contributions will be very small;
and they will be neglected.

The actual integration will involve three forms: peak
regions, non-peak regions, and the band head regilon.

1. Peak regions. Using the form (iii) for f@i’ s

one may write:

/@:} (/ez Za /—Zze ﬁ)’a}//,g a/ 22’/6’ +/(¢ E ;r-/z—/A,y)/2

Z= §-§ Ak-: /@"{?}
J Vi /
The limits of the integration are +2,= 3330 .  Expanding
the exponential'of ~Xﬁ@) in a power series, one must then

compute:

~2/’YF///’////-? -/—/[\3 z)d=

The linear term will be deferred till the nth order term has

been done. For terms of higher order than the first, the
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binomial expansion is used to terms of quadratic order in a.
The expression for wing contributions from other lines will

be approximated by a Taylor series:

Z )T /Z—-Ak}Z ~ }/_ 4‘/« ZV—_‘(A )3

~ /(,ja +//gj.czz ;

we shall also neglect the K2 terms as trial calculations have
shown them to be small.

For the n°l term (nz=2 ).

CAE/ /‘/ =, e 'jif;g /-Pze /e’a’ j+/ % /a+a //—22 /e /
-l 2’7 22zl 2k fan)-2e )
' 2
(R )
multiplying out, one obtains:
-ﬁz / / Ly %@1«-—/’/1;&&@///79””’"’) z?%gr_g/?zé"”’%)’;j’//+azﬂewzz
4 .o
2 2z * 2 £ 2
—Patnzis " . %Q—z in-y)e "%, /%@7/%?—//2’*’6‘”2 ./e)’ @/ e“ a’a)
/&z/m Yz E eya// 220, —M—z)zy //(,/Zaz ) -2)2*
ly 1) Wy - n-ye
7,

_Vi/é;\;”/” //Z@M/} e‘ya//;///, +/? Z)CZ/Z.
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Since the above terms are all even functions of z, the R2 term

does not contribute; it only does contribute when multiplied
with the small K2 terms, so the result is negligible, The
integrals from-2z, to+2& are essentially the same as from -¢°

to+oco , except for certain special cases. Some integrals are
now evaluated:

o0 oo
/ o' dz = JZ /:::ze'”zzalz =Lz

- 00 - 00

2, z 2 Z ' z, Z,
_ 2 2 —-mz “2 e 2
2%?'”2/4;“cﬂ7 = £ /A; du | oL | e mE fe
A F-ijo 2m
-2, -2, z

= T m>1; :Zo—/'_{z:,)’ m=1

Pmlm=1~ 7~

Z

/7@5):'e"i;4;yiz?.

(4

where

Finally,

Z, z z %z z
2 2 2 2 12
/ e /e“é/a eldydz =~ /Z'é # '”Z/L?z)/ / ~2 /ze 70 e hacle
<z, ° 3 sz, -7, °

z s
_J/LT”ZJ/;“ZQQA;y;ya%
—% o 4
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The last term is:

z, z z
-nz? “Z/ y? P z
6= e e dul e Qj/c/z;nongzé eC//SZG'

so that
z

0

o

Z, z =z
2 2 ™ z 2
%@‘”"/@“a@afz <Gs [z6"” ’Qz/e“cézcé,
(4
_zo v

For n>2,

= <6< m-//r:z—

we have employed

- 17T
Cn-)In-2

For n=2 , substitute

Za
G ~ Z e ~(n-7) 2> C?/Z ZE

=2,

T

Tz Tt - /)) f>2
/ /”a/ e«"czj/a/z-

Z"F(z )+ Z,—-F1z, )+.’f:, n=>2.

Substituting these values into the expression for the n

th

term,

one obtains the following simplified expressions (next page):
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Summing over n from 3 to oo :

= VT (-G +IT G/J'}/XF/*/—G/{ LX)~ 235X

+ 28 6 17 +28,(0-E8 M1 23,

where the functionS(Q are defined:
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The fTerm for n=2 is as follows:
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The functions ﬁﬂd were calculated for a range of values of u
from 2.0 to 15.0. Iﬁ the actual estimation the quadratic
terms (i.e., n = 2) which have the same analytical form as
terms n=2 were combined at this level with the similar

terms from higher n, and the resulting functions were plotted,
before graphs were used to interpolate for the specifilc lines.
This device avoided the subtraction of two large numbers to
obtain a small one, and gave the small one directly from the
plot. The terms in question are the first four in each of
the above expressions, for n» 3 and n = 2.

Finally, the term n = 1 may be done explicitly:

(Xﬁ')/o/e_z 24 f/-Pze /é’yc//+a//~22)e /—2/5 e dk
*_ﬂb€%6f~ fafz) . ZQZAET/%)k% 7//

The value of F(zo) may be obtained from the tables of the func-
tion made by W. L. Miller and A. R. Gordon (18)., F (% ) =

.1582,

2. Non-peak regions. Here the function to be integrated

is:

Wi |
/o—'erXﬂ?—Ei%&a1*Az/$LfeyL@? V= F-F
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The quadratic term can be obtained by a Taylor series

expansion:

//“rw—A,()J[;EAZ 12[276 //V@AQ
/ZVéQ%/ /V“A/a// V*A"]w

Now, investigation has shown that under all circumstances

the linear and quadratic terms in « in this expansion con-
tribute less than 2% to the value of the term quadratic in
a. They will be neglected. Therefore, for the total con-
~ tribution of a non-peak region (Rg—contributions are againv

neglected):

2Xeawh
/%%// /F:dk [/~/ﬂ2% J/O?a@,
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where Oy =(&~&) ;5 2w is the width of the 1th non-peak

region in the dimensionless units of & = %fﬁEEZ

Abspecial non-peak region is the one which is in front
of the band head. This is treated the same way as the others,
except that 1t is not extended out to infinity, but only for

5.00 em™t to the left of the band head.

‘3. Band head region. Here there are three lines 0.20
cm"l apart from one another, and of about equal intensities
(.50, .51, and ;47);. Expanding the exponential of X%(§)
as before, we may still do the linear term accurately. For
higher order in n, the correct treatment of the problem
would involve the computation of integrals which are too
formidable to do without great labor. Instead, the higher
order terms will be approximately computed by treating the
peaks as in the case of the other peak regidns. The Klj
used will be considerably larger here, because of the proxim-
ity of the other peaks, but otherwise no unusual problems
develop. An estimate of the error incurred by this approxi-
mation will now be made.

For the nEE term, the correct expression is (in the

region of overlap from & to&,, between two lines):
(7 =F-£ )

(see next page)
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ing in the term independent of a. When #=0 or m=rn , one

Considef first the form appear-
has simply the non-overlapping contributions. When n-m or m
are large‘or even‘greater than 1, this expression tends
rapidly to zero everywhere, because of the extreme narrowing
effect of the index n or m. The largest term, in fact, comes
from the term n = 2, and it is 12€—¢2;¢f . The maximum
value occurs when ¥,=/,= %g,wz ; the value there is 1/128,
which when integrated from & to §, gives a result of .026,
to be compared with the total result from non-overlapping
terms, of the order of X;r

In the a-dependent term, again the quadratic (n=2) case
will contribute -the most, the higher terms will have very much

smaller contributions to make, etc., exactly as above. The
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term for n=2 can be estimated as followsg:  the correct ferm

is:

ZQ[ér¢7:£%(%ﬁ3hf7¢vv“aﬂo‘ﬂvé;?)-F---eﬁb]

The maximum value. is probably .of the order of the value at
0.10 em™t, which is 1/32 (.306a—.353a2). Integrating from
& to & agaln, one obtains the result that the error is
about (.064 Fl), which again is small compared to the total
a-dependency, which is of the order of /%{a} , about 10

or better.

The lasgst error will be from the term in a2 which arises

by a cross-product of the form:

£ 2-2nen)))-2n)

and, again using the value at 0.10 cm'l, one obtains

2

(.306)13.33) 5-/7?- FE = 0.2a?

which, when compared to the total a2 term, is negligible.

One may thérefore safely conclude that the error intro-
duced in the final answer, by the approximation'made for the
band head region, is less than 2% for any of the terms, con-
stant, linear or quadratic in a.

The final answer to the computation is obtained by summing
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the local integrals over all the running indices 1 and j,
and dividing by the slit function to normalize. The result
is the observed absorption at the freguency setting of the
slit. The final answers have been computed for two relative
optical paths, 10 and 20. The analytical functions obtained

are:

X

Il

10; A = 0.1253 + 0.1462a - .148%a°

X = 20; A = 0.1493 + 0.313a + .1818a°

I
il

o}

In Figure 22, the value of d as a function of a is shown on
a logarithmic plot.

In the limit of large a, the curves for the optical
density must asymptotically approach those found for the
Lorentz line calculation, and it would be useful to correlate
the curves obtained from each calculation. The cell path
factors used in each calculation were purély relative, and
the relation between them must be found in order to corre-
late the curves. In the case of the Lorentzian contour, it
was assumed that a Lorentzian line had magnitude 1.000 at
the line center for Ay = 1.00, and &,= 0.10 em™l. This means
that a factor (T ) (.05) was introduced into the standard

normalized form,

=
/e
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In addition, a scale factor of 1.13 was introduced before
the relative X-factors of 1,2,5,8,10,12,20, and 60 were intro-

duced. In the case of the analytical calculations, one may

easily find the factors as follows: when —S_&—>> |
Q /

the form = —7—-—= was used. In the limit of large a
T «a -ﬁ@LEV

this is indeed a Lorentzian curve, for all values of Q;—éa) H

but the above expression remains valid in particular. Remem-

bering that a= g((‘}'//?Z » and that &-g = %-?z/y/nz s
D D

one may see that

CZ/ / —_ 1T o oy /
Tl a? +(g-5)) ~ 47z (E +(2-2)"]

since o = 0.10 cm_l, the ratio of the two relative cell path
factors X and X', say, is (LB3YIX)N/mZ)= 1.667. That is, a fac-
tor 10.00 oh the X-scale of the pure-Lorentzian curves is
16.67 on the X-scale of the combihed contour.

A correlation is made between the two calculations by
plotting them both on a graph of Loglo d versus Loglo o(,
The curves for combined contour will at first lie slightly
above those for a pure Lorentz contouf because of the extra
width due to the Doppler broadening, but they will asymptoti-
cally approach the Lorentz contour calculations as the half-
width &, increases.

Figure 23 shows the result of this correlation, together
with a gualitative extrapolation of the actual curves. The

behavior of d as a function of increasing half-width o 1s
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in agreement with the observed behavior of d as a function
of the total pressure. Therefore it may be conclud?d that
the simple Lorentz theory is capable of explaining the line
broadening of these transitions of NO. An attempt to esti-
mate the collision diameter will be made in the next section.
Several interesting experiments are suggested by the
calculations made, One of these is to study the optical
density when the path length is short but the pressure suf-
ficiently high so that a Lorentz contour is a satisfactorily
accﬁrate description of line shape. When the optical path
is varied under such conditions, it may be predicted that
optical density will be nearly a linear function of the
optical path x. This result was also obtained by Ladenburg
and Reiche, and by Elsasser, in their more simple models
which were mentioned earlier. Of course, the major diffi-
culty inherent in such an experiment 1is tﬁe low optical den-
sity at which this phenoménon must necessarily be observed.
Another experiment would be to obtain d for very low pres-
sures, by using a long cell. This would help to provide in-
formation about the NO self-broadening as compared to the
nitrogen broadening effect, and would help also in the esti-

mate of the collision diameter.
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VI. ESTIMATE OF THE COLLISION DIAMETER

Estimation of the collision diameter depends essentially
upon the matching of the abscissa 1oglocn_of the curves of
growth with the abscissa 1qglo(P) of the observed plots of
log d versus log P at constant optical path x (only the
nitrogén broadening data were used), at the same frequency
setting, slit width, and optical density. Provided these
conditions are fulfilled, the value obtained for e should be
accurate to better than + 0.5 A, Unfortupately, it is not.
possible to exactly satisfy all these conditions, and the
best that can be done is to provide certaln constraints upon
the matching of curvés.

The difference of 10% between the slit widths of theory
and experiment has already been shown to have a negligible
effect on the optical density obtained (see Section V,
page 66 ).

As was also demonstrated in Section V, page 66 , the
optical density obtained in the calculation cannot be greater
than the optical density at the peak 32268 for the correspond-
ing experimental optical path. This result leads to the fol-
lowing constraint: in matching the theoretical growth curves
with the experimental curves, we are not permitted to dis-
place the theoretical curves to actual densities less than

their calculated values, although we are permitted a moderate
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amount of freedom (say, <20%) in the displacement to actual
optical densities higher than their calculated values, to
obtain a match With.the experimental curves.

The above constraint, however, does not determine the
optical density matchihg, since there is no correlation be-
tween the ﬁrue optical path,yx; in ecm~mm Hg, and the theore-
tical optical path factor X of the growth curves. Without
some inférmation about the absolute intensity of the 7(0,0)
band it would not be possible to obtain this correlation.

Another criterion of matching may be introduced at
this point: The variation of optical density with the opti-
cal path at constant pressure is known from the experiments.
At 20 mm Hg the optical density at 22268 is proportional to
(x)o'b’l over a range of optical paths from 48 to 198 cm-mm.
This implies that the optical density ratio of.two.curves of
growth whose optical path factors X lie in a range corre-
"sponding to the above range of x must be given by the expres-
sion (Xe/Xl)O‘41 at 20 mm Hg; for XZ/X1 = 2,0, the ratio of
opticai densities should be 1.33. The logarithm of 1.33
is 0.123; this separation occurs between the curves for X=20
and X=10 for the value of half-width &«=0,010 cm_l. Now,
even without recourse to a correlation between the theoreti-
cal path factor X and the experimental path x in cm-mm, it
seems unlikely that X=20 would correspond to a value for X
of more than 198 cm-mm. We may therefore safely conclude

that the'separation between the curves of growth X=20 and
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X=10 will not be greater than 0,123 at 20 mm Hg. This leads

to the conclusion that the collision diameter cannot be
greater than that corresponding to o= 0,010 cm~1 at 20 mm Hg,
- or 9 Angstroms.

Recently, the absolute integrated intensities of the
Y-bands (0,0), (1,0), and (2,0) have been measured by Weber
and Penner (22). By using the value they quote for ¥(0,0)
1t is possible to‘obtain the necessary correlation between
the theoretical optical path factbr X and the true optical
path x to which it corresponds. The calculation is outlined
in detail in Part II of the Appendix; i1t will suffice here
to descfibe ﬁhe basic steps: From the data quoted by Weber
and Penner i1t is possible to get an expression for the inte-
grated absorption coefficient over the‘band. By summing up
the theoretical relative intensities of the model of the band
used in the calculations for the growth curves, it 1s possible
to get the absolute integrated absorption coefficient of a
given line. From this, with the proper normalization factors
the correlation ratio between x and X'can be found. The re-
sult is that X/x has a value of 1.588, where X is the theore-
tical optical path in Figure 23 and x is the true optical
path in cm-mm. Thus, for instance, X=20 corresponds to
x=12.6 cm mm. This correlation leads to an apprqximate matcech,

o= 0.010 cm =

at P=100 mm Hg. The resulting value for J is
3.8 A. The match is indicated by the heavy lines in Figures

2la and 24b.
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In the actual estimate, only selected portions of the
data have been used: tracings of optical density versus total
pressure for X2268, in the 7(0,0) vband, at constant partial |
pressures of NO. Some of these data were too erratic and
have not been included in Figures 24a énd 24p, although they
are tabulated in Table B of the Appendix.

It is unfortunate that the calculated curves do not lie
in the same region of optical path as the more reliable ex-
perimental data; but this was not foreseen because the
value of the absolute intenslity was not available at the
time the calculations were made. The value X=20, was a sort
df upper limit for which the calculation was feasible for
a combined contour, since the functions called @(X) in the
calculation (se€e page 80 ) are alternating series, most of
whose terms are many orders of magnitude larger than the
sum. The calculations were made on a lO—piace calculator,
and a typical function.@ for the argument X=20 involves ap-
proximately 60 terms, 30 of which are of the order of 108 or
larger, while the sum is less than 400; so the capabilities
of the calculating machine are a limiting factor for higher X.
Calculations for larger X could be made by using the IBM com-
puter available here or by a numerical integration, but the
labor involved in either step would probably not be justified
by the value of the results obtained. The estimate of o is
sufficiently well determined if the intensity measurement

used is a reliable one.
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VII. ERRORS

The accuracy of the spectrophotometer tracings 1s af-
fected by a great numbér of sources of error, of which the
most important will now be discussed. It is evident from
inspection of Figures 9-20 that these errors are of con-
siderable magnitude. It will be shown, however, that they
will not strongly affect the collision diameter estimate;
correction for the systematic deviations observed would tend
to slightly increase the value obtained for o .

Evidences of errors in the experimental data are of
three types:

| 1. Scatter of points in any single series with a given
cell. This includes most of the "random" errors, and will be
only briefly mentioned.

2. If one compares plots for the nitrogen broadening
experiments from different series, then it will be found that
certain discrepancies occur between plots. These discrepancies
are only detectable for the strongest peaks of the bands,

A2149.5 and A2260; in the other cases, they lie within the
scatter of any one vlot. If one assumes that nitrogen is as
effective as NO in causing broadening, then it follows that
the optical density observed with a given path of nitric
oxide, X, at a given total pressure P, ought to be the same,

regardless of what the partial pressure of NO is. However,
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comparison of Figures 14, 15, and 18 reveals that this is not
quite true. In Figure 14, for which the partial pressure of
NO is 5.3 mm, the optical path for the 10 em cell is 53 mm-cm;
for Figure 15, the partial pressure of NO is 12.6 mm, so that
for the 5 cm cell and the 2.4 cm cell the optical paths are

63 and 30, respectively. But superposition of the plots

shows that, although the first few points from the curve for
the 10 cm cell in Figure 14 lie correctly in place in Figure
15, the slope of that curve is noticeably. less than those

for the curves of Figure 15, and the’end;points lie far too
low, in fact superposing on the curve for optical path 30 at
higher pressures (2.4 cm cell). A similar, although not so
pronounced, deviation may be observed by comparison of Figures
15 and 18.

3. Occasionally sharp "breaks" may be observed at one
point for all three cells in a series of measurements. In
some of the data this is a very obvious systematic deviation.
The clearest example in the plots sHown is in Series 3.

The possible sources of error may be classified accord-
ing to their origin in the spectrophotometer, the cells, or
the gas-filling system.

A. Spectrophotometer Errors:

1. Noise: This is a significant contributor to
random errors when the optical density falls below

0.10; its approximate magnitude can be estimated visually

by reference to Figure 8. The erratic behavior of curves
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for such low densities is attributed to this cause.

2. Variations in slit width and balance control:
If the zero level of the balance control is altered,
there is a corresponding alteration in the slit width;
this does not affectvthe optical density obtalined by
more than 5%, except for optical densities less than
0.10.

3. Varilations in slit width with time: The slit
width has a tendency to change over periods of time
of the order of two or three days, even for constant
setting of the other controls. Unfortunately, thils
- fact was unknown when most of'the measurements were
made; but again this will not profoundly alter the
values of optical density resulting.

I, As has been already mentioned on page 43 ,
there is a tendency for the instrument to underesti-
mate optical densiﬁies above a magnitude of about 1.5.
B. Cell Errors:

1. Leakage: In most of the series of measure-
ments, the cells were first tested for vacuum; a pres-
sure of 5x10'5 mm of Hg at the beginning of a series
was considered sufficlent to indicate that the leak
rate was negligible. After the use of "Araldite"
cement for the windows was adopted, little difficulty
with leaks was experienced; although there was occa-

sional evidence of decomposition of nitric oxide after
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a serles was completed, this decomposition is not
ascribed to leaks. The stopcocks were reground twice
during the experimental work.
C. Gas-Filling System Errors:
l.» Pressure Measurements: The pressure gauge
used for most of the nitrogen broadening experiments
showed a 51ight discrepancy from.readings given by
the open-end manometer when the two were compared; but
unfortunately, this gauge was broken before an accurate
recalibration could be made. It is possible, however,
to estimate the error, if one assumes the manometer
to be correct; the result obtained is that the pressure
readings given by the gauge are not more than 3% too
‘high. The pressure gauge was used up to about 40 mm,
and for higher pressures the manometer was used. This
correction has not beenapplied to the pressures quoted.
2, Leakage of the system during a seriles of measure-
ments: This was not discovered or suspected during most
of the experimental work; but the deviations observed
and mentioned above may be completely explained by
assuming that the nitrogen added to the cells contained
oxXygen as a éontaminant. After the commencement of a
series, no further checks were made on the vacuum sys-
tem for leaks; so that it is quite possible that the
oxygen might have enhtered by that means. One series of

measurements, Series 5, was terminated because of an



~101~

obvious leakage of the system after standing over-

night.

3. Impurity in the nitrogen: The remaining
possibility concerning the contamination of the nitro-
gen was that the oxygen had entered during the pro-
cesses of purifying and storing the tank nitrogén.

This would appear unlikely, since the amount of oxygen

necessary to effect the observed deviations would be

of the order‘of 2% of the total gas pressure added.

However, since there is no way of determining the facts

at this time, the possibility is suggested.

It was stated above that the presence of oxygen as a
contaminant in the nitrogen is able to account for all the
deviations observed. This can be shown as follows: Suppose
that the nitrogen added to the cells contains a small per-
centage of oxygen, which we may assume to react completely with
NO to form nitrogen dioxide. This will serve to reduce the
effective optical path of nitric oxide, and thus cause the
pdints for increasing total pressure to be successively and
proportionately lowered--in effect, to lower the slope of
a given curve from what it would otherwise be, This effect
would be more pronounced for lower partial pressures of NO,
Sincé a greater percentage of nitric oxide would be destroyed
for the addition of a given amount of oxygen. Thus we see
that the lower slopes and low values of series for which the

partial pressure of nitric oxide is smaller can be accounted
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for in terms of a constantAconcentration of oxygen in the
nitrogen; but the sharp breaks observed must be the result
of leakage in the system. This becomes obvious when it is
found that these breaks often occurred when the system had
been standing overnight between the two measurements, as
was the case in Series 3.

It might be suggested that the deviations observed
are physically real. If such a hypothesis is accepted, it
leads to results which are incredible on a 'physical basis.
The strongest assumption that is physically acceptable is
that nitric oxide is more effective in broadening than nitro-
gen. If this be granted, 1t is clear that as the pressure
of added nitrogen increases, the difference in half-width
due to different partial pressures of nitric oxide will be
obliterated by the preponderant number of collisions with
nitrogen, so that curves with the same optical path of nitric
oxide ought to approach one another asymptotically wlth in-
creasing nitrogen pressure, regardless of what the partial
pressure of nitric oxide might be. Since there 1s no evi-
dence of such an asymptotic approach in the curves observed,
but rather an increasing separation, it must be concluded
either that_the difference in effect is extremely large, SO
that the region of asymptotic approach is not observable in
the range studied, or that this mechanism is incapable of
producing the observed effect. The first of fthese possi-

bilities has been definitely ruled out by a photographic com-
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parison of the self-broadening and the broadening by nitrogen
(see Section VIII). The kind of assumption that must be

made to produce the observed effect would involve inter-
actions of so high an order as to be completely unlikely;

the very least that ié necessary is the assumption of 100%
dimerization or extensive clustering of the NO molecules in
the gas at low pressures.

It must now be chsidéred whether or not these errors
seriously affect the collision diameter estimate. To answer
this question, it must be pointed out that the discrepancies
lie within the experimental scatter of points for all wave-
lengths except the strong peaks A2149.5 and 22260. The
wavelength A2268 only was used for estimate of the colli-
sion diameter., If one looks at Figures 2la and 24b, it is
evident that there is considerablé scatter in the slopes. of
curves having the same optical density at a given total pres-
sure, However, the quahtitative value of the slope is not a
critical factor in determining the collision diameter. What
is important is the pressure at which a definite trend upward
commences. It can be seen by inspection that the correction
to be applied in raising the slopes of the curves might re-

sult in a slight increase in the value estimated for T .
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VIII. PHOTOGRAPHIC INVESTIGATION OF EARLIER
RESULTS AND COMPARISON

It must be emphasized that the effect of pressure
broadening on the appearance of a spectrum is critically
dependent upon a large number of specific variables of the
molecule, the experimental conditions, and the analytical
apparatus; and many simple criteria which have been used are
really only applicable under very limited conditions. The
paper by Naudé has already been referred to (page 4 ). He
compared two photographs of the 7(1,0) band: the first cell
contained 21'mm NO in a path of 92 cm. The second photo-
graph had exactly the same amount of NO, but 440 mm of
nitrogen was added to the cell. Naudé observed that for ro-
tational lines of the order of one Angstrom separation, in
the first case there was a considerable region between the
line centers in which the absorption was low, probably not
more than 0.05, and the line centers were completely absorbed
out; in the second picture, as Naude put it, "every rotational
line is broadened so much that the absorption becomes com-
plete." Gaydon and Fairbairn (7) have pointed out, however,
the feature of Naudé's experiment that invalidates his con-
clusion as to the magnitude of the pressure effect; namely,
that the optical path he used was so great that a change in

just the wings of the lines might account for such a phenomenal
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alteration in the total absorption. This argument is cor-
rect in principle, but must be quantitatively checked to
assure its validity.

In order to demonstrate that no "abnormal"” pressure
broadening occurs in these bands, Gaydon and Fairbairn ex-
hibited a photograph of the ¥(0,0) band, taken with 2 mm of
NO in a 15 cm path, with one atmosphere of added nitrogen.
Their picture shows lines whié¢h are certainly narrow com-
pared to the 0.7-0.8 A separation. The line centers are
nearly completely absorbed, while there 1s no apprecilable
absorptioﬁ at a point halfway between them. There is a
factor of 92x21/2x15, or 64.4, between the optical paths
used by Gaydon and Fairbairn and by Naudé. To provide a
check on the consistency of these results of Gaydon with
those of Naudé, various contours were assumed, Lorentz, Dop-
pler, and combinations of the two, and the value of the
absorption coefficient was computed for frequencies near
the line center and also at the poiht halfway between two

1 (1 A) apart.

lines of equal intensity, separated 15.4 em”
Then the following constraints were applied:
(1) A suitable value of optical path factor X was
assumed, subjJect to the requirement that the absorption of
a line be appreciable for a total width of about 0.5 cm
(Gaydon and Fairbairn case).
(2) This value of X was multiplied by 64.4, and the

requirement made that the resulting absorption halfway be-
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tween lines be 95%.

It proved impossible to satisfy these conditions for
any contour chosen from the above forms. If a Lorentz con-
tour of moderately great half-width is used, and criterion
2 satisfied, then the width of the lines under the condi-
tions shown in Gaydon and Fairbairn's case would be better
than 2.0 cﬁ—l;‘while if condition 1 is satisfied the absorp-
tion corresponding to Naudé's photograph falls far short of
what it shouid be; and no compromise contour was found for
which the two conditions could even be approximately satis-
fied.

Two conclusions are possible: eithér one of the con-
flicting photographs is not representative of the true
appearance of the bands; or else the inconsistency arises from
the different conditions not taken account of, namely that
in Gaydon and Fairbairn's photograph the partial pressure of
NO was 2 mm, while in that of Naudé its partial pressure was
21 mm. If the broadening effect of the NO self-interaction
were considerably greater than that of the NE—NO interaction,
then the two photographs might be reconcilable.

In order to decilde which of the two alternatives be
correct, 1t was decided to take photographs of the 7(0,0)
band with conditions similar to those of each case, and also
additional spectrograms which ought to reveal whether or not
the NO self-broadening were stronger than the nitrogen-

broadening.
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A Bausch and Lomb Quartz Littrow spectrograph, with dis-
persion 1.7 A per mm at 22270, was used for all the photo-
graphs. A hydrogen discharge at about 1 mm pressure, 1800-
EOOO volts, 60 cycles, and 300 m.a., was used as source for
the absorption photographs, and a Pfund iron arc as the com-
parison. The slit width used was 0.010 mm. Five photographs
were made:

(1) NO, 3.3 mm pressure, 10 cm path

(2) NO, 3.3 mm pressure, 10 cm path, plus 675 mm Ny

(3
(4
(5) NO, 47.5 mm pressure, 40 cm path, plus 511 mm.Ng.

) NO, 603 mm pressure, 0.05 cm path .
) NO, 47.5 mm pressure, 40 cm path

Conditions in #2 closely simulated those in Gaydon and
Fairbairn's photograph. #1 was taken in order fo show the
effect of the nitrogen in broadening.v #3 had the same
optical path of NO as the first two, and shows the self-
broadening effect. #4 and #5 had the same optical path of
NO as Naudé's photograph, but the partial pressure of NO
was about twice as great as in his case, so that broadening
ought to be even more pronounced if NO self-broadening were
important.

As may be seen in Plate I, the results definitely es-
tablish that Naudé's photograph is at fault. While there
is a slight strengthening of the absorption lines upon the
addition of nitrogen, the lines still appear moderately

sharp,'and there is very definlte fine structure remaining
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in the band. Unfortunately, some of the fine structure in
the original print was lost in the process of reproduction.

Photographs 2 and 3, which compare the effect of
nitrogen with that of NO in broadening, show no perceptible
difference. This reinforces the hypothesis made earlier
that NO and nitrogen are equally effective in producing
broadening in the>y—bands of NO.

It should be remarked that the band head of 7(0,0),
which really lies at A2269.4, has been referred to in the
spectrophotometric work as 22268, because that was the

wavelength indicated by the spectrophotometer.
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IX. CONCLUSIONS AND DISCUSSION

The answer to the question of whether or not there is
"abnormal"” pressure broadening in the 7y-bands of NO depends
‘a great deal upon what one's criteria of abnormality are.

If, for instance, it were desirable tTo analyze mixtures of
gases for their nitric oxide content by measuring the absorp-
tion in these bands, then it is clear that there 1s an "abnor-
mality" in the pressﬁré effect which makes such a procedure
completely useless.

As the investigatlion of the preéeding section has shown,
the use of simple qualitative criteria to determine the mag-
nitude of a pressure effect may not be either conclusive or
even indicative of the truth. One must make a detailed in-
vestigation to be sure.

There are other criteria possible for determining whether
a pressure‘effect may be termed "abnormal," and they are of
somewhat more fundamental éharacter than the apparent effects
over which so much discussion has been held.

1. The collision diameter is a sort of standard for com-
paring the effective range for collisions on an optical basis
in these bands, with similar quantities for infrared and
microwave spectra and with measurements of size obtained by
kinetic theory measurements; A number of ftheoretilical dques-

tions are raised by such a simple principle, primarily be-
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cause the collision diameter for an electronic spectrum es-
sentially describes the sensitivity of rotational states

of the excited electronic configuration to external pertur-
bations; and this may well be more de;icate than the ground
state, since presumably the electron in the excited state

has a larger mean expectation value for its distance from.

the nucleus, and interaction wifh other molecules will con-
'sequently occur at a greater disfance than in the ground state.

2. A specific abnormality criterion that might be ad-
vanced is the conclusion made by‘Lambrey that in nitric oxide
this pressure effect is an unique property of ﬁhe Y—band
system. Some experiments carried out by Marmo indicated a
true pressure effect in the g- and §-systems of NO as well
as in the 7-system. It is clear from the calculations that
have been made in this work that the reason Lambrey did not
observe a pressure effect in @(2,0) is that it could not be
~observed even if present, because of the weak absorption of
the band. It could very well be broadened just as much as
the Y -bands observed.

3. Another criterion which may be used is the compari-
son of the pressure broadening with that observed in elec-
tronic transitions of other molecules. It i1s an unfortunate
fact that there are few diatomic moleculés for which suffi-~
ciently sharp band structure is obtained in absorption to
permit convenient study of the pressure effect. If one al-

lows more complex molecules, a study was made by Teves (19)
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of o-dichloro-, p-dichloro-, and benzene itself; in some of
the transitions, rotational fine structure is obtained.
Teves cites values for ¢ which are in agreement with kinetic
theory values.

SO2 in the region from X3450 to A2800 shows pressure
broadening; as has been discussed by Franck, Sponer, and
Teller (20),. the broadening could not be due to predisso-
clation, because the energy of‘the exclted state involved
is far too low. The above authbrsvnoted'that even at 2 mm
SO2 pressure, the fine structure appears completely blurred
out; they estimate that o is more than 15 times the kinetilc
theory value. This general result has been confirmed by us
. in a brief study of the 502 spectrum with the same spectro-
meter used for NO. SO2 above 1.3 mm pressure obeys Beer's
law, and there is no effect observed on adding nitrogen to
the gas. This indicates that the fine structure has been
almost entirely blurred out. Franck, Sponer, and Teller
attribute this broadening effect to a radiationless transi-
tion made by the molecule into another stable exclted eléc-
tronic state. The close spacing and extensive overlapping
of levels in a polyatomic rotor would permit such a transi-
tion with greater ease than in the case of a diatomic mole-
cule.  The primary importance of this information about 802
to our problem is to show that a pressure effect which haé
been definitely qonnected with only a radiationless transi-

tion into discrete levels gives a value of o which 1s an
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order of magnitude larger than kinetic theory values. While
smaller values of 0 would not preclude the possibility of
radiationless transitions to either a continuum or to dis-
crete levels as the cause of broadening, less importance must
be attached to such an explanation if the value of o is not
large. In any case, it is never wise to usé pressure broad-
ening as an unsupported proof of such transitions.

In the study which Marmo made of the NO absorptioh bands,
the true pressure effect in NO self—broadening can be discerned
in the data which he has published. The apparent absorption

coefficient k decreases at first as ( r_L_ ), but after the
Pro

pressure reaches 20 to 30 mm, the values of k level off and
remain approximately constant (indicating that d is a linear
function of pNO)’ The Schumann-Runge bands of oxygen in

the vacuum ultraviolet have been studied by Watanabe, Inn,
and Zelikoff (21), using the same instrument and methods as
Marmo employed. In a recent communication; Dr. K. Watanabe
sent to us some values of k for those bands. The data extend
over pressures from 7.2 to 491.0 mm oxygen in a 4.70 cm path,
and the intensities of the bands are almost as large as

those of NO. In this whole range, the absorption coefficilent

Y, and shows no trace of the

decreases steadily as ( o
deviations which NO exhibit%. The study of the pressure
broadening effect in the Schumann-Runge bands of oxygen would
therefore make an extremely interesting investigation, and
would provide aninteresting complement to the value of o for

NO.
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The results which have been obtained in this investi-
gation give no evidence for a strong radiationless transi-
tion)‘ The most reasonable conclusion is that the molecule
does not show unusual or "abnormal" pressure broadening when
the criteria of a quantitative description are applied. The
remote possibility of a collision diameter as large‘as g A
remains 1f the absolute intensity measurement is not used.
However, a simple explahation can be madé of even.a diameter’
as large as O A:

If one uses the united atom description of the NO mole-
cule, then all the excited stateé ofvthe system invélve pro-
motion of an electron‘to an orblit of higher principal guantum
number., The resulting increase'in the effective radius of
sensitivity would account for the increase in o

From the standpoint of the general problem presented
by unresolved fine structure, this work has shown that the
specialized analysis we have used to determine ¢ is in prin-~
ciple reliable, provided an estimate 6f the absolute intensity
1s available. However,'it must be remembered that the line
intensities and spacing, the resolving power, and the opti-
cal path, while they may not drastically affect the general
type of relationship obtained for the observed optical density,
will delicately control its magnitude, and the displacement
of the curve of growth relative to the experimental and the-
oretical parameters; so hat it is not reliable to treat a

general case with a model derived for a specific spectrum.
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This may be an explanation of the reason why the Schumann-
Runge bands of oxygen do not show a pressure effect at the
pressure range where it appears in nitric oxide; the Schumann-
Runge transition is 32;-%25' and would be expected to have a
radically different structure.

There is another method of obtaining collision diameters
which has been used especially in the infrared region (23).
This involves the determination of the absolute intensity
just as our method does, but does not cohfain the problems
of calculating the optical density at a specific frequency,
since 1t deals with the behavior of the integrated absorption.
On the other hand, it requires a knowledge of the integrated
absorption over a considerable range of pressures, and in
particular must involve data from the region where the con-
tour is essentially that due to Lorentz broadening; and
gsecondly, it has been applied up to the present only to spec-
tra which are simpler in their stfucture than the bands we
have studied. Therefore, while the method which has been
used to estimate the collision diameter in this investigation
is less certaln, it does exist as an alternate method of analy-
sis to that which has been commonly employed.

The example of nitric oxide has in any case demonstrated
that it is well to use caution in the interpretation of ap-

parent pressure effects in molecular spectra.
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APPENDIX, PART I

DATA TABLE A: SELF-BROADENING IN NITRIC OXIDE
Values of optical density, d, versus pressure
of NO, for paths 2.38, 4.98, 11.48 cm. Resolu-
tion 0.57 A at A2157, 0.32 A at A2268.

DATA TABLE B: NITROGEN BROADENING OF NITRIC OXIDE
Values of optical density versus total pressure
for paths 2.38, 4.98, 9.95 cm. Resolution the

same as above.
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TABLE A

Values of optical density, &, versus PNO

A--2.38 cm cell; B--4,98 cm cell; CI--11.48 cm cell
F;ﬁo, mm 1.04 1.76 2.05 3.27 3.37 4,75
cell, 2
A 0.066 | 0.080 | 0,082 | ©.089 | ©.111 | 0.131
»2149.5 B 0,091 | 0.111 | ©0.103 | 0.126 | 0.127 | 0.153
CI | 0.110 | 0.141 | 0.127 | 0.156 | 0.156 | 0.203
A 0.010 | 0,016 | 0.019 | 0.010 | 0.022 | 0.033
2152 B 0.023 | 0.020 | 0.029 | 0.033 | 0.030 | 0.047
cI | 0,022 | 0.03¢ | ©0.032 | 0.04L4 | 0.056 | 0.060
A 0.042 | 0.049 | 0.050 | 0.056 [ 0.064 | 0.073 -
2155 B 0.059 | 0,062 | 0.072 | 0.073 | 0.071 | 0.08%4
CI | 0.071 | 0.080 | 0.073 | 0.090 | 0.097 | 0.115
A 0.027 | 0.039 | 0.038 | 0.043 | 0.052 | 0.063
2157 B 0.046 | 0.053 | 0.053 | 0.068 | 0.070 | 0.089
' cI | 0,058 | 0.072 | 0.070 | 0.087 | 0.096 | 0.111
A 0.063 | 0.071 | 0.075 | 0.080 | 0.083 | 0.110
2260 B 0.079 | 0.069 | 0.097 | 0.111 | 0.119 | O.144
CI 0.108 | 0.134 | 0.130 | 0.150 | 0,150 | 0.179
A 0.047 | 0.040 | ©.047 | 0.049 | 0.063 | 0.065
2262 B 0.051 | 0.059 | 0.052 | 0.067 | 0.076 | 0.079
CI | 0.065 | 0.073 | 0.070 | 0.090 | 0.102 | 0.103
A 0.002 | 0.003 | 0.004 | 0.006 | 0.012 | 0.017
2264 B 0.002 | 0.012 | 0.012 0.017 | 0.014 | 0.024
CI | 0.014 | 0.023 | 0.019 | 0.028 | 0.022 | 0.021
A 0.041 0.054 | o0.041 0.059 | 0.062 | 0.079
A2267 B 0.060 | 0.074 | 0.063 | 0.077 | 0.078 | 0.096
CI | 0.073 | 0.089 { 0.080 | 0.097 | 0.103 | 0.122
A 0.027 | 0.032 | 0.030 | 0.040 | 0.0LO | 0,065
2268 B 0.041 | o0.047 | 0.053 | 0.06S | 0.064 | 0.090
CI | 0.058 | 0.080 | 0.07¢ | 0.087 | 0.095 | 0.114
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DATA TABLE A--Continued
NITRIC OXIDE SELF-BROADENING

Values of optical density, d, versus PNO

DPyos Mm 8.20 8.80 | 12.72 | 15.80 | 17.15 | 19.90
‘cell,x
A 0.140 | 0.152 | 0,198 | 0.217 | 0.240 | 0.279
A2149.5 B 0.195 0.200 | 0.266 | 0.304 0.345 0.405
CI | 0.260 | 0.272 | 0.388 | 0.459 | 0.512 | 0.629
A 0.030 | 0.034 | 0.051 | 0.060 | 0.055 | 0.067
A2152 B 0,056 | 0,054 | 0.073 | 0.090 | 0.092 | 0.110
CI | 0.080 | 0.090 | 0.120 | 0.145 | 0.155 | 0.187
A 0.088 | 0.086 | 0.110 | 0.120 | 0.130 | 0.150
A2155 B 0.110 | 0,111 | 0.147 | 0.163 | 0.184 | 0.221
CI | 0.139 | 0.150 | 0.210 | 0.244 | 0.285 | 0.336
A 0.064 | 0.079 | 0.098 | 0.096 | 0.111 | 0.129
A\2157 B 0.091 | 0,100 | 0.124 | 0.125 | 0.150 | 0.173
CI | 0.119 | 0.133 | 0.177 | 0.179 | 0.210 | 0.248
A 0.141 | 0.148 | 0.177 | 0.191 | 0.215 | 0.240
A2260 B 0.169 | 0.186 | 0.239 | 0.259 | 0.287 | 0.347
CI | 0.236 | 0.251 | 0.338 | 0.409 | 0.430 | 0.529
A 0.076 | 0.080 | 0.108 | 0.106 | 0.124 | 0.135
A2262 B 0.100 | 0.100 | 0,131 | 0.143 | 0.173 | 0.209
CI | 0.131 | 0.150 | 0.201 | 0.237 | 0.255 | 0.324
A 0.025 | 0.022 | 0.033 | 0.032 { 0.030 | 0.029
2264 B 0.033 | 0.028 | 0.039 | 0.041 | 0.045 | 0.054
CI | 0.034 | 0.050 | O0.047 | 0.065 | 0.068 | 0.068
A 0.085 0.096 0.121 0.119 0.130 0.142
22267 B 0.102 | 0.119 | 0.147 | 0.163 | 0.179 | 0.217
CI | 0.144 | 0.155 | 0.214 | 0.232 | 0.250 | 0.307
A 0.063 | 0.080 | 0.103 | 0.089 | 0.106 | 0.123
A2268 B 0.094 | 0.095 | 0.120 | 0.119 | 0.145 | 0.169
¢cI | 0.12¢ | 0.142 [ 0.170 | 0.170 | 0.190 | 0.229
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DATA TABLE A--Continued
NITRIC OXIDE SELF-BROADENING

Values of optical density, d, versus PNo

Dyg» M 24,13 29.00 | 35,05 | 39.85 | 45.3 47,00
cell,A
A 0.330 | 0.359 | 0.460 | 0.548 | 0.554 | 0.624
A2149.5 B 0.481 | 0.540 | 0.697 | 0.832 | 0.855 | 0.950
CcI 0.729 | 0.852 | 1.105 1.331 1.334 | 1.340
A | 0.085 | 0.098 | 0.120 | 0.133 | 0.149 | 0.150
A2152 B 0.134 | 0.154 | 0.180 { 0.210 | 0.240 | 0.240
cI | 0.210 | 0.243 | 0.300 | 0.346 | 0.389 | 0.380
a | o.172 | 0.192 | 0.236 | 0.299 | 0.286 | 0.315
A2155 B 0.260 | 0.274 | 0.357 | 0.435 | o.44h | 0.403
CcI | 0.383 | 0.452 | 0.587 | 0.706 | 0.732 | 0.780
A 0.140 | 0.136 | 0.184 | 0.205 | 0.200 | 0.232
A2157 B 0.190 | 0.198 | 0.266 | 0.312 | 0.306 | 0.343
CI | 0.287 | 0.320 | 0.399 | 0.479 | 0.488 | 0.530
A 0.274 | 0.304 | 0.377 | 0.448 | 0.462 | 0.500
A2260 B 0.401 | o.457 | 0.582 | 0.680 | 0.730 | 0.780
CI | 0.610 | 0.737 | 0.950 | 1.088 | 1.199 | 1.180
A 0.156 | 0.169 | 0.222 | 0.269 | 0.267 | 0.300
A2262 B 0.240 | 0.250 | 0.340 | 0.403 0.400 | 0,468
CI | 0.363 | 0.413 | 0.548 | 0.671 | 0.637 | 0.685
A 0.038 | 0.040 | 0.055 | 0.065 | 0.070 | 0.070
A2264 - B 0.060 | 0.079 | 0.077 | 0.084 | 0.110 | 0.108
¢cr | 0.089 | 0.111 | 0.130 | 0.148 | 0.180 | 0.169
A 0.168 | 0.179 | 0.230 | 0.260 | 0.252 | 0.286
A2267 B 0.235 | 0.252 | 0.328 | 0.390 | 0.400 | 0.440
cI | 0.348 | 0.402 | 0.520 | 0.627 | 0.672 | 0.700
A 0.135 | 0.145 | 0.178 | 0.193 | 0.180 | 0.225
22268 B 0.180 | 0.179 | 0.240 | 0.278 | 0.261 | 0.305
CI | 0.260 | 0.272 | 0.355 | 0.414 | 0.397 | 0.450
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DATA TABLE A--Continued
NITRIC OXIDE SELF~BROADENING

Values of optical density, d, versus Pno

Dy M 58.3 75.5 .100.4
cell, A

: A 0.780 | 1.063 1.420
A2149.5 B 1.227 1.597 1.903
CI 1.763 | 1.97 | -—----

A 0.185 | 0.238 | 0.330

A2152 B 0.298 | 0.395 | 0.542
CI 0.486 | 0.670 | 0.923

A 0.403 | 0.569 | 0,765

A2155 B 0.639 | 0.906 | 1.203
CI 1.063 | 1.424 | 1.743

A 0.289 | 0.365 | 0.485

A2157 B 0.432 { 0.581 | 0.780
CI 0.670 | 0.937 | 1.250

A 0.636 | 0.884 | 1.208

A2260 B 0.991 | 1.389 | 1.750
CI 1.565 | 1,897 | 1.950

A 0.394 | 0.520 | 0.687

A2262 B 0.591 | 0.792 | 1.015
CI 0.954 | 1,222 1.4908

A 0.089 | 0.117 | 0.152

Ao264 B 0.130 | 0.187 | 0.253
CI 0.218 | 0.322 | 0.452

A 0.354 | 0.496 | 0.670

A2267 B 0.552 | 0.789 | 1.090
CI 0.942 1.299 1.653

A 0.259 | 0.340 | 0.434

\2268 B 0.376 | O0.494 | 0.628
CI 0.579 | 0.747 | 0.960
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NITROGEN BROADENING OF NITRIC OXIDE

Values of optical density, 4, versus Ptotal
A--2.38 cm cell; B--4,98 cm cell; C--9.95 cm cell

Series 1.0 1.1 1.2 1.3 * 3.0 3.1
Do 4,20 L. 20 4,20 4,20 5,25 5.25
PN0+N2,mm L.,20 | 15.00 | 26.25 | 36.2 5.25 | 16.45
A | 0.117 | 0.123 | 0.128 | 0.097 | 0.126 | 0.148
A2149.5 B 0.128 | 0.166 | 0.175 | 0.150 | 0.144 | 0.178
¢ 0.162 | 0.204 | 0.242 | 0.230 | 0.177 | 0.247
A 0.022 | 0.032 | 0.024 | 0.015 | 0.030 | 0.040
A2152 B 0.040 | 0.038 | 0.034 | 0.028 | 0.042 | 0.050
C 0.054 | 0.057 | 0,060 | 0.050 | 0.054 | 0.072
A 0.073 | 0.074 | 0.078 | 0.057 | 0.068 | 0.087
A2155 B 0.070 | 0.093 | 0.096 | 0.073 | 0.082 | 0.110
c 0.090 | 0.115 | 0.134 | 0.130 | 0.098 | 0.132
A 0.060 | 0.060 | 0.050 | 0.030 | 0.055 | 0.062
12157 B 0.063 | 0.070 | 0.067 | 0.052 | 0.078 | 0.085
C 0.078 | 0.100 | 0.090 | 0.086 | 0.100 | 0.108
A 0.092 | 0.111 | 0.110 | 0.088 | 0.108 | 0.128
A2260 B 0.120 | 0.140 | 0.152 | 0.140 | 0.130 | 0.172
c 0.140 | 0.181 | 0.218 | 0.227 | 0.168 | 0.216
A 0.060 | 0.060 | 0.070 | 0.056 | 0.060 | 0.072
\2262 B 0.063 | 0.080 | 0.092 | 0.088 | 0.077 | 0.097
C 0.080 | 0.124 | 0.130 | 0.137 | 0.091 | ©.124
A 0.006 | 0.015 | 0.024 | 0.015 | 0.012 | 0.015
A2264 B 0.022 | 0.020 | 0.022 | 0.037 | 0.022 | 0.028
C 0.028 | 0.032 | 0.042 | 0.052 | 0.030 | 0.038
A 0.068 | 0.078 | 0.070 | 0.054 | 0.074 | 0.077
A2267 B 0.083 | 0.088 | 0.097 | 0.090 | 0.080 | 0.104
c 0.098 | 0.110 | 0.130 | 0.135 | 0.103 | 0.124
A 0.047 | 0.047 | 0.038 | 0.038 | 0.052 | 0.062
A2268 B 0.067 | 0.066 | 0.077 | 0.053 | 0.074 | 0.094
c 0.090 | 0.090 | 0.100 | 0.093 | 0.095 | 0.106
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DATA TABLE B--Continued

NITROGEN BROADENING OF NITRIC OXIDE
Values of optical density, d, versus Ptotal

Series 3.2 3.3 3.4 3.5 3.6 3.7
Do mm 5.25 5.25 5.25 '5.25 5.25 5.25
PN0+N2,mm 27.75 | 37.05.] 55.2 [ 79.1 101.4 | 141.3
A 0.163 | 0.182 | 0.207 | 0.198 | 0.210 | 0.245

A2149.5 B 0.210 | 0.250 | 0.272 | 0.282 | 0.313 | 0.342
C 0.273 0.304 | 0.340 | 0.398 | 0.428 | 0.510

A 0.032 0.042 | 0.040 | 0.042 0.050 | 0.050
A2152 B 0.042 | 0.057 | 0.060 | 0.070 | 0.075 | 0.070
C 0.070 | 0.070 | 0.070 | 0.104 | 0.104 | 0.116
A 0.087 | 0,103 | 0.108 | 0.108 | 0.120 | 0.140
A2155 B 0.110 | 0.127 | 0.140 | 0.150 | 0.156 | 0.182
C 0.143 | 0.158 | 0.175 | 0.206 | 0.227 | 0.248

A 0.062 | 0.074 | 0.072 | Ov=== | Ov=== | O.===
A2157 B 0.084 | 0.098 | 0.098 | 0.100 | 0.110 | 0.110
C 0.105 | 0.118 | 0.125 | 0.145 | 0.160 | 0.160
A 0.140 | 0.140 | 0.158 | 0.156 | 0.175 | 0.178

A2260 B 0.186 | 0.203 | 0.240 | 0.238 | 0.250 | 0.284
C 0.251 | 0.284 | 0.320 | 0.337 | 0.367 | O.414

A 0.078 | 0.087 | 0.102 | 0.094 | 0.107 | 0.107

A\2262 B 0.103 | 0.122 | 0.144 | 0.128 | 0.147 | 0.173
C 0.147 | 0.177 | 0.188 | 0.193 | 0.228 | 0.286

A 0.026 | 0.020 | 0.022 | 0.022 | 0.024 | 0.022
\2264 B 0.034 | 0.025 | 0.035 | 0.035 | 0.035 | 0.035
C 0.052 | 0.064 | 0.064 | o.O0U4 | 0.060 | 0.058

A 0.088 | 0.097 | 0.100 | 0.090 | 0.097 | 0.106

\2267 B 0.105 | 0.127 | 0.140 | 0.140 | 0.148 | 0.169
C 0.155 | 0.174 | 0.192 0.204 | 0.210 | 0.243

A 0.060 | 0.058 | 0.058 | 0.050 | 0.052 | 0.054

A2268 B 0.090 | 0.087 | 0.100 | 0.094 | 0.090 | 0.092
C 0.115 | 0,133 | 0.144 | 0.130 | 0.140 | 0.146
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DATA TABLE B--Continued

NITROGEN BROADENING OF NITRIC OXIDE

Values of optical density, d, versus Ptotal

Series 3.8 3.9 3.10 L.,o b,1 4,2
Py Mm 5.25 5.25 5.25 12.6 12.6 12.6
Pyosy, M | 200.7 272.5_ 429.9 | 12.6 | 19.6 | 25.3
A 0.267 | 0.300 | 0.335 | 0.174 | 0.212 | 0.261
| A\2149.5 B 0.397 | o0.452 | .0.540 | 0.237 | 0.280 | 0.316
c 0.590 | 0.670 | 0.818 | 0.340 | 0.397 | 0.480
A 0.060 | 0.056 | 0.058 | 0.050 | 0.057 | 0.070
A2152 B 0.090 | 0.095 | 0.110 | 0.070 | 0.088 | 0.082
C 0.120 | 0.150 | 0.162 | 0.113 | 0.123 | 0.1LO
A 0.142 | 0.162 | 0.173 | 0.102 | 0.118 | 0.144
A2155 B | 0.204 | o0.240 | 0.278 | 0.120 | 0.148 | 0.165
C 0.297 | 0.348 | 0.420 | 0.180 | 0.207 | 0.260
A 0.075 | 0.080 | 0.080 | 0.082 | 0.099 | 0.110
A2157 B 0.125 | 0.124 | 0.188 | 0.103 | 0.121 | 0.124
C 0.180 | 0.200 | 0.235 | 0.138 | 0.156 | 0.187
A 0.198 | 0.218 | 0.235 | 0.162 | 0.190 | 0.208
22260 B 0.318 | 0.353 | 0.420 | 0.216 | 0.247 | 0.282
C 0.490 | 0.552 | 0.666 | 0.293 | 0.330 | 0.398
A 0.118 | 0.178 | 0.140 { 0.092 | 0.098 | 0.132
2262 B 0.190 | 0.202 | 0.240 | 0.118 | 0.138 | 0.162
C 0.270 | 0.305 | 0.377 | 0.157 | 0.191 | 0.226
A 0.026 | 0.030 | 0.030 | 0.028 | 0.030 | 0.034
2264 B 0.040 | 0.0L4 | 0.052 | 0.043 | 0.041 | 0.037
C 0.080 | 0.083 | 0.090 | 0.051 | 0.053 | 0.053
A 0.114 | 0.117 | 0.127 | 0.103 | 0.106 | 0.127
A2267 B 0.180 | 0.208 | 0.234 | 0.130 | 0.147 | 0.168
C 0.270 | 0.308 | 0.360 | 0.153 | 0.196 | 0.228
A 0.054 | 0.056 | 0.050 | 0.082 | 0.084 | O.104
12268 B 0.098 | 0.103 | 0.098 | 0.113 | 0.120 | 0.124
C 0.167 | 0.176 | 0.190 | 0.127 | 0.148 | 0.177
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DATA TABLE B--Continued

NITROGEN BROADENING OF NITRIC OXIDE

Values of optical density, d, versus Ptotal

Series 4.3 4.4 4.5 L.6 L.7 4.8
Dy MM 12.6 12.6 12.6 12.6 12.6 12.6
PN0+N2,mm 33.1 43,2 | 52.7 67.3 67.3 80.4
A 0.264 0.287 | 0.312 0.358 | 0.338 | 0.380
A2149.5 B 0.362 | 0.403 | 0.4312 | 0.485 | 0.468 | 0.485
C 0.500 | 0.582 | 0.632 | 0.672 | 0.674 | 0.760
A 0.065 | 0.070 | 0.076 | 0.077 | 0.082 | 0.088
A2152 B 0.092 | 0.106 | 0.110 | 0.110 | 0.120 | 0.113
c 0.140 | 0.151 | 0.160 | 0.170 | 0.169 | 0.200
A 0.137 | 0.155 | 0.170 | 0.182 | 0.183 0.200
A2155 B 0.178 | 0.216 | 0.231 | 0.251 | 0.240 | 0.260
c 0.272 0.299 | 0.317 | 0.340 | 0.348 | 0.400
A 0.113 | 0.108 | 0.116 | 0.122 | 0.124 | 0.131
A2157 B 0.136 | 0,157 | 0.164 | 0.175 | 0.218 | 0.177
C 0.182 | 0.204 | 0.227 | 0.240 | 0.240 | 0.272
A 0.214 | 0.254 | 0.270 | 0.294 | 0.283 | 0.320
A2260 B 0.306 | 0.342 0.370 | 0.419 0.390 | 0.437
C 0.443 | 0,497 | 0.541 | 0.587 | 0.580 | 0.673
A 0.130 | 0.162 | 0.157 | 0.174 | 0.170 | 0.172
N2262 B 0.175 | 0.200 | 0.210 | 0.234 | 0.218 | 0.240
C 0.238 | 0.284 | 0.300 | 0.337 | 0.318 | 0.368
A | 0.033 | 0.036 | 0.034 | o0.047 | 0.042 | 0.050
A2264 B 0.053 | 0.050 | 0.058 | 0.067 | 0.053 | 0.080
c 0.072 | 0.079 | 0.080 | 0.088 | 0.100 | 0.110
A 0.130 | 0.146 | 0.158 | 0.181 | 0.170 | 0.180
N2267 B 0.180 | 0.200 | 0.220 | 0.239 | 0.217 | 0.248
C 0.253 | 0.280 | 0.300 | 0.325 | 0.320 | 0.378
A 0.092 | 0.103 | 0.107 | 0.114 | 0.108 | 0.118
A2268 B 0.132 | 0.140 | 0.152 | 0.172 | 0.153 | 0.170
C 0.176 | 0.192 | 0.210 | 0.223 | 0.220 0.240
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DATA TABLE B--Continued

NITROGEN BROADENING OF NITRIC OXIDE
Values of optical density, d, versus Ptbtal

Series . 4.9 4,10 4,11 4,12 4,13 L,1h
Dy > M 12.6 12.6 | 12.6 12.6 12.6 12.6
PN0+N2,mm 97.3 120.3 | 154.5 | 188.7 | 227.3 | 300.7

A 0.400 | 0.471 | 0.520 | 0.560 | 0.600 | 0.678

A2149,5 B 0.530 | 0.597 | 0.673 | 0.723 | 0.796 | -----

C 0.810 | 0.910 | 1.040 | 1.111 | 1.200 | 1.380

A 0.092 | 0.108 | 0.112 | 0.124 | 0.130 | 0.140

A2152 B 0.122 | 0.132 | O0.144 | 0.159 | 0.174 | -----

¢ 0.205 | 0.220 | 0.290 | 0.260 | 0.285 | 0.320

A 0.210 | 0.237 | 0.258 | 0.280 | 0.303 | 0.347

A2155 B 0.270 | 0.298 | 0.340 | 0.362 | 0.393 | =---=-

c 0.423 | 0.475 | 0.542 | 0.574 | 0.690 | 0.758

A 0.140 | 0.157 | 0.160 | 0.173 | 0.180 | 0.210

A2157 B 0.177 | 0.205 | 0.210 | 0.235 | 0.250 | =====

c 0.270 | 0.310 | 0.370 | 0.375 | 0.480 | 0.498

A 0.340 | 0.390 | 0.437 | 0.458 | 0.492 | —=-==-

A2260 B 0.b472 | o.524 | 0.580 | 0.648 | 0,700 | 0.840
c 0.758 | 0.813 | 0.920 | 1.024 | 1.110 | 1.293

A 0.197 | 0.217 | 0.239 | 0.256 | 0.282 | ——==-

A2262 B 0.264 | 0.296 | 0.317 | 0.352 0.380 | 0.450
c 0.393 | 0.428 | 0.482 | 0.530 | 0.580 | 0.668

A 0.048 | 0.053 | 0.060 | 0.063 | 0.068 | =-===-

26l B 0.079 | 0.088 | 0.094 | 0.104 | 0.110 | 0.124

C 0.112 | 0.125 | 0.132 | 0.140 | 0.160 | 0.188

A 0.190 | 0.216 | 0.240 | 0.242 | 0.270 | -=----

A\2267 B 0.262 | 0.291 | 0.328 | 0.348 | 0.381 | 0.447
C 0.400 | 0.440 | 0.496 | 0.543 0.597 | 0.717

A 0.127 | 0.136 | 0.140 | 0.141 | 0.150 | -=-=--

A2268 B 0.171 | 0.190 | 0.200 | 0,216 | 0.230 | 0.255

C 0.278 | 0.288 | 0.310 | 0.331 | 0.350 | 0.408
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DATA TABLE B--Continued

NITROGEN BROADENING OF NITRIC OXIDE
Values of optical»density, d, versus P

total
Series 4,15 4,16 5.0 5.1 5.2 5.3
Do TN 12.6 12.6 5.0 5.0 5.0 5.0
PN0+N2,mm L08.9 514.,1 5.0 11.8 16.2 23.7
A 0.783 | 0.850 | 0.120 | 0.149 | 0.148 | 0.150
A2149.5 B 1.078 | 1.197 | 0.148 | 0.188 | 0.208 | o.224
C 1.565 | 1.652 | 0.188 | 0.245 | 0.265 | 0.300
A 0.158 | 0.165 | 0.035 | 0.042 | 0.032 0.030
A2152 B 0.224 | 0.292 | 0.050 | 0.048 | 0.050 | 0.050
c 0.370 | 0.395 | 0.060 [ 0.068 | 0.073 { 0.072
A 0.400 | 0.440 | 0.075 0.077 | 0.088 | 0.097
A2155 B 0.562 | 0.637 | 0.093 | 0.105 | 0.110 | 0.120
C 0.890 | 0.976 | 0.108 | 0.136 | 0.1u47 0.160
A 0.230 | 0.235 | 0.068 | 0.077 | 0.068 | 0.062
A2157 B 0.338 | 0.370 | 0.085 | 0.092 | 0.093 | 0.098
c 0.560 | —===- 0,108 | 0.122 | 0.128 | 0.129
A 0.630 | 0.678 | 0.103 | 0.123 | 0.132 | 0.137
22260 B 0.920 | 1.040 | 0.132 | 0.158 | 0.171 | 0.190
c 1,472 { 1.595 | 0.158 | 0.204 | 0.228 | 0.254
A 0.348 | 0.377 | 0.070 | 0.080 | 0.078 | 0.081
A2262 B 0.505 | 0.551 | 0.078 | 0.094 | 0.103 | 0.113
C 0.760 | 0.848 | 0.090 | 0.125 | 0.137 | 0.158
A 0.088 | 0.100 | 0.020 | 0.020 | 0.022 | 0.024
A2264 B 0.140 | 0.149 | 0.024 0.024 | 0.030 | 0.032
' C 0,216 0.245 0.028 | 0.032 0.040 | 0.040
A 0.340 | 0.362 0.076 0.083 0.080 | 0.088
A2267 B 0.497 | 0.562 | 0.082 | 0.103 | 0.110 | 0.122
c 0.813 | 0.913 | 0.110 | 0.130 | 0.136 | 0.162
A 0.173 | 0.177 | 0.052 | 0.071 | 0.058 | 0.063
A2268 B 0.270 | 0.282 | 0.073 | 0.091 | 0.088 | 0.096
C O.440 | 0.470 | 0.097 0.111 0.113 0.132
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DATA TABLE B--Continued

NITROGEN BROADENING OF NITRIC OXIDE
Values of optical density, d, versus Ptotal

Series 5.4 5.5 5.6 5.7 5.8 5.9
Dyos MM 5.0 5.0 5.0 5.0 5.0 5.0
PN0+N2,mm -1 33.3 h7.9 59.3 82.8 101.2 145.0
A 0.160 | 0.170 | 0.180 | 0.200 | 0.216 | —-==w=-
x2149,.5 B 0.244 | 0.282 | 0.291 0.325 0.363 0.436
C 0.350 | 0.390 | 0.408 | 0.488 | 0.527 | 0.630
A 0.027 | 0.036 | 0.037 | 0.040 | O0.04Y | —eu--
A\2152 B 0.053 | 0.047 | 0.057 | 0.070 | 0.073 0.078
C 0.085 | 0.085 { 0.090 | 0.098 | 0.092 | 0.115
A 0.097 | 0.100 | 0.103 { 0.117 | 0.123 —————
A2155 B 0.136 | 0,148 | 0.160 | 0.172 | 0.194 | 0.233
C 0.197 | 0.196 | 0.224 | 0.252 | 0.262 | 0.313
A 0.063 0.062 | 0.067 | 0.070 | 0.071 | =-=—--
A2157 B 0.108 0.106 0.120 0.130 0.131 0.147
C 0.136 | 0.1%2 | 0.169 | 0.180 | 0.186 | 0.205
A 0,142 | 0,143 | 0.153 | 0.164 | 0.162 | -——--
A2260 B 0.210 | 0.230 | 0.248 | 0.275 | 0.297 | 0.329
C 0.290 | 0.322 | 0.350 | 0.412 | 0.445 | 0.514
A 0.087 | 0.082 | 0.090 | 0.103 | 0.112 | -=----
A2262 B 0.138 | 0.147 | 0.153 | 0.170 | 0.180 | 0.210
C 0.185 | 0.204 | 0.220 | 0.258 | 0.280 | 0.311
A 0.022 | 0.030 | 0.030 { 0.025 | 0.030 | -=-===
A2264 B 0.023 0.042 | 0.048 | 0.050 | 0.052 | 0.036
C 0.050 | 0.060 | 0.062 | 0.063 0.072 | 0.072
A 0.087 0.088 | 0.097 0.108 | 0.106 | -===-
A2267 B 0,134 | 0,148 | 0.165 | 0.161 | 0.190 | 0.203
C 0.180 | 0.200 | 0.206 | 0.242 0.262 0.278
A 0.063 | 0.060 | 0.057 | 0.061 | 0.055 | ===---
A2268 B 0.098 | 0.095 | 0.110 | 0.108 | 0.124 | 0.120
c 0.147 | 0.160 { 0.153 | 0.177 | 0.183 0.187
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DATA TABLE B--Continued

NITROGEN BROADENING OF NITRIC OXIDE
Values of optical density, 4, versus P

total
Series 6.0 6.1 6.2 6.3 6.4 6.5
Pyge ™M 27.2 27.2 27.2 27.2 27.2 27.2
PN0+N2,mm 7.2 46,0 70.3 95.0 123.0 | 162.0
A 0.349 | 0.476 | 0.578 | 0.666 | 0.777 | 0.912
A2149.5 B 0.500 | 0.670 | 0.810 | 0.962 | 1.050 | 1.172
C 0.730 | 0.984 | 1.122 | 1.347 | 1.425 | 1.556
A 0.086 | 0.116 | —==== 0.144 | 0.163 | 0.177
A2152 B 0.140 | 0.167 | 0.182 | 0.208 | 0.225 | 0.287
C 0.212 | 0.256 | 0.263 | 0.300 | 0.337 | 0.374
A 0.200 | 0.255 | 0.300 | 0.346 | 0.394 | 0.490
22155 B 0.270 | 0.358 | 0.430 | 0.490 | 0.534 | 0.605
C 0.333 | 0.517 | 0.585 | 0.702 | 0.778 | 0.880
A 0.142 | 0.190 | 0.205 | 0.238 | 0.268 | 0.320
2157 B 0.197 | 0.256 | 0.293 | 0.332 | 0.348 | 0.383
C 0.278 | 0.356 | 0.387 | 0.450 | 0.491 | 0.550
A 0.291 0.377 0.468 0.533 0.614 0.688
22260 B 0.402 0.540 | 0.654 | 0.767 | 0.858 | 0.984
C 0.597 | 0.802 | 0.920 | 1.083 | 1.2h0 | 1.L03
A 0.173 | 0.225 | 0.278 | 0.304 | 0.347 | 0.40k4
2262 B 0.287 | 0.314 | 0.370 | 0.432 | 0.482 | 0.536
C 0.354 | 0.463 | 0.517 | 0.605 | 0.683 | 0.762
A 0.048 | 0.060 | 0.069 | 0.072 | 0.082 | 0.102
A2264 B 0.063 | 0.072 | 0.08L | 0.102 | 0.112 | 0.133
C 0.100 | 0.112 | 0.128 | 0.162 | 0.180 | 0.20%
A 0.174 | 0.227 | 0.259 | 0.301 | 0.342 | 0.384
A2267 B 0.231 | 0.297 | 0.367 | 0.h20 | 0.467 | 0.540
C 0.338 | 0.450 | 0.500 | 0.607 | 0.698 | 0.797
A 0.130 | 0.153 | 0.190 | 0.200 | 0.222 | 0.250
A2268 B 0.172 | 0.217 | 0.247 | 0.286 | 0.316 | 0.338
C 0.238 | 0.300 | 0.325 | 0.383 | o.424 | 0.480
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DATA TABLE B--Continued

NITROGEN BROADENING OF NITRIC OXIDE
Values of optical density, d, versus Ptotal

Series 6.6 6.7
Dygs MM : 27.2 27.2
PN0+N2,mm 198.6 | 253.4
A 0.946 | 1.077
A2149.5 B 1.362 | 1.481
C 1.682 | 1.827
A 0.196 | 0.210
A2152 B 0.285 | 0.306
Cc - 0.402 | 0.448
A 0.478 | 0.567
22155 B 0.720 | 0.807
¢ 1.022 | 1,134
A 0.307 0.340
2157 B 0.454 | 0.502
c 0.621 | 0.712
A 0.763 | 0.892
A2260 B 1.143 | 1.290
C 1.548 1.705
A 0.438 | 0.498
A2262 B 0.627 | 0.701
c 0.835 | 0.958
A 0.100 | 0.114
A2264 B 0.153 0.184
C 0.223 0.254
A 0.417 | 0.480
A2267 B 0.620 | 0.710
C 0.899 1.037
) A 0.264 | 0.287
AZR68 B 0.385 | 0.414
c 0.518 | 0.582
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DATA TABLE B~-Continued

NITROGEN BROADENING OF NITRIC OXIDE

Values of optical density, d, versus Ptotal

Series 7.0 7.1 7.2 7.3 7.4 7.5
Dy M 2,21 2,21 2.21 2,21 2.21 2,21
PN0+N2,mm 2.21 4,35 | 10.7 17.9 32.3 63.3
A .02 Lol .038 .038 . 029 .029

2268 B .053 . 059 .061 . 057 .ol Loll
C .072 . 085 . 093 . 087 .085 . 089

- |Series 7.6 7.7 8.0 8.1 8.2 8.3
ST 2.21 2,21 5.3 5.3 5.3 5.3
PO+ > Tm 098.7 203.7 5.3 14,4 22.9 29.3

2

A .029 .029 . 061 .ou8 .052 .056

2268 B .ol .046 .075 .075 .082 ©,086
C . 097 .102 . 096 . 095 .100 .111

Series 8.4 8.5 8.6 8.7 8.8 8.9
Pnge 1M 5.3 5.3 5.3 5.3 5.3 5.3
PO > T 38.9 53.5 68.2 90.3 125.1 | 165.2

2

A .051 .050 .048 .ou8 . 049 LOL7

\2268 B . 085 .082 . 005 .099 .105 L1111
C .119 ———— .124 .138 .148 .162

Series 8.10 8.11 9.0 9.1 9.2 9.3
Pygs Mm 5.3 5.3 10.0 10.6 10.08 10.0
PN0+N2,mm 222.3‘ 393 10.8 22.0 30.6 4o,3
A ———— .0o48 .083 .082 .082 .090

A2268 B .120 .119 .100 .105 .109 .117
c .176 L1092 .122 .131 L1449 .180
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DATA TABLE B--Continued

NITROGEN BROADENING OF NITRIC OXIDE
Values of optical density, d, versus P

total
Series 9.4 9.5
pNO’ mm 10.8 10.8
PN0+N2,mm 87.1 138.5
A | .091 .093
22268 B .128 .140
C .220 .250

*
Series 2 was discarded.
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APPENDIX, PART II

CALCULATION OF THE CORRELATION FACTOR BETWEEN
THEORETICAL AND EXPERIMENTAL OPTICAL PATHS

Weber and Penner (22) give the value of a quantity S,
which has the units cm_gatm—l, and is defined as follows:

. -1
S___//,,/U/déx_ d dv 7 1in em

band X in cm-atm.

When the lines are broadened into one another, as is the
case in The experiments of Weber and Penner, S has a very
simple interpretation; it is just the integral of the ab-

sorption coefficient over the band,

The value given by Weber and Penner for S is 8,830 em™Catm ™t

Now,

fi2)dp = C,ZS,@TEJ? fipay
. .

band ban fine

_E
here S,e'r% are the relative intensities of the lines, C,
is an "absolute intensity constant' whose value is to be
determined, and the remaining factor comes from the integral

of line contour. To find the correlation we shall use
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Lorentz contours and the Lorentz calculations., We normalize
Jé%thb to the value 1.00 em™T, and ¢, 1s accordingly
ad?;sted. The sum 275}575; is carried out using the same
model as was used fég the calculations, namely that spin
splitting for the 2§j+ state and the A -type doubling are
negligibly small. The sum of the S5, for a given J 1s 2J+1/2
for each of the sub-bands, 2Z"LZTFI,Z and ¥ - ZTTs,z . The
energy levels can be written as follows:

Ejzhc[BOlJ(J+1) - 3/4 By, 1, referred to J=} of 2T,
Ej=hc[B02J(J+l) + 120.77-3/4 By,1, referred to

—1 2
—-—"2‘ 8] f -Trl/z

1 1

By =1.67 em ", By,=1.72 em ;3 T = 300°K.

The sum computed is then the following:

: - 29 _f-.-r/%@ 00 _ 5(7[3)
S S,67 =4 S arepS T 4 3 tere)E T = 956
=% 7=,

T

from which we obtain C; = 92.4,
Then for a single Lorentz line, the integrated absorp-

tion coefficient is

L
{/Z))C{U = (92 5/)5}@ KT cm“gatm'-l.
line
The relative intensities given in TableHE, Section V, for

-4
the band model are given by _é%§%~ﬁz__ (the factor 1.392
. 392
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was introduced for graphical simplicity). The line used was
normalized to a value 1.00 at its center for a half-width

o, = 0.10 em™t. This means that the integral is

/ fody = E22 ot

/ine
Finally, before multiplying by the path factors X' of the
' Lorentz calculation, the absorption coefficient was multi-

plied by a second graphical factor 1.13.

We may then state the following equality:

& £
s kT ) y! TC(.f0) 1./3 S %T
(x,cm-atm, )(92.‘/SJ€ )=X 5 730 Sre

from which we deduce that X'/x = 723. The X' spoken of here
is related to the X of Figure 23 by a factor of 1.667
(Section V, page 88 ). Therefore, the correlation factor

is X/k = 1.588, where X is the theoretical optical path of

Figure 23, and x is in the units cm-mm.
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PROPOSITIONS

1. L. J. Bellamy (1) has found a linear correlation be-
tween the out-of-plane C-H bending frequenqies of 1,3 disub-
stituted- and 1,3,5 trisubstituted-benzenes and the Hammett
m-g-values of the substituents. He found that best agree-
ment for halogen substituents is obtained if the g-values
assigned to them are about zero instead of the values of 0.35
guoted by Hammett. A tentative explanation of this deviation
is proposed.

2. In their investigation of the infrared spectrum of
NQOB’ d'Or and Tarte (2) failed to consider the pressure
proadening of the nitrogen dioxide bands. _Their freguency
assignments are consequently doubtful, and it is proposed
that a reinvestigation of the spectrum be made taking account
of the broadening.

3. It i1s suggested that the lonic structure proposed
by Mayence, Robin, and Vodar (3) for the molecular associ-
ation between nitrogen and nitric oxide at high pressures is
an unreasonable one, and a more simple description is offered.

L, TLaurene, Campbell, Wiberley, and Clark (4) have sug-
gested that the hydronium ion which is extracted with the
ferric chloride complex from hydrochloric acid solutions by
isopropyl ether has a preferential coordination of four water

molecules.
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(a) It is pfoposed that the co-extraction of water with
other materials extractable by isopropyl ether be studied.
Examples might be: other metal complex anions‘such as AuCli
and SbCli, and oxygen acids like HyPO, and HC1O0).

(b) The solubilities of hydrochloric acid and water to-
gether in isopropyl ether are much greater than either of
thelr independent solubilities. It is proposed that an at-
tempt be made to determine the amount of HC1l which is un-
solvated by water in the ether phase, by means of the infra-
red spectrum. _

5. It is proposed that at least one of the steps in
the involved arguments of Szabo, Bartha, and Lakatos (5)
for the bridge structure of Ngou is incorrect, namely their

claim that the reaction

N204 + 2 NO2 _— 2 NO3 + 2 NO

does not take place in a neutral iodide solution. Their
data to show this are interpreted in another way, and a
clear method of proving which 1is correct is set forward.

6. It is proposed that the correlation made by Kross
and Fassel (6) between the A, "X-sensitive" frequency of
substituted benzenes and the substituent electfonegativity
is purely fortultous.

7. The approximate infrared fundamental frequencies of
the methylene and amino radicals are predicted with the use

of the valence force approximation:
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-1 -1 -1
cm cm cm
CH,, 2903 1379 2047
NH; 3350 1498 3400

A somewhat larger splitting (~100 cm'l) between the stretch-
ing fregquencies may be expected as the result of interactions.

8. McMahon (7) presents evidence for the complete pre-
ferential orientation of certain polar aromatic compounds
by solidification in a magnetic field. He implies that this
is accomplished by the individual orientation of the molecules
because of their diamagnetic anisotropy.

(a) It is proposed that a cooperative effect must be
postulated to explain the orientation.

(b) It is suggested that the materials so solidified be
analyzed by x-ray diffraction for evidence of preferred
orientation of the molecules, and that the diamagnetic ani-
sotropy be studied. Information obtained from single crys-
tals of the same compounds would provide interesting compari-
sons.

9. The use of the standard micro-pyncnometric method
to determine the densities of the small crystals of Ag-Sr
compounds now under investigation in this laboratory is not
conveniently feasible because of rapid oxidation by the air.
Flotation methods are ineffective because of the high density.
A method for reasonably accurate density determinations is
proposed for the special case of crystals contalning silver.

10. Little is known about the state of N203 (1ig.). The

intense blue color has been attributed to the dimer (8) but



~-141-

there is no convincing evidence of the existence of such a
dimer. The color may arise from a charge-transfer inter-
action between the two components of N203.

(a) It is proposed that the nuclear maghetic resonance
spectrum of the liquid in a very slight excess of NQOM be
studied. If paramagnetic electron broadening may be avoided,
the presence of chemical shifts will throw light on the
structure of N203.

(b) If paramagnetism of the electrons is detected, the
electron resonance should provide information about the dis-
sociation of the liquid into NO and NOQ.

11. A labor saving method is pointed out for deter-
mining whether a number 1s prime when tables are not avail-
able. Its simplicity makes it worth remembering for mental

computation.
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