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1 INTRODUCTION

Tl General Introduction

The study of the absorption of]infra—red
radiation by gases, liquids and solids has to date
been mainly concentrated on the measurement of the
frequency at which a particular stretching or bending
mode of vibration within a molecule oscillates.

This has given rise to infra-red spectroscopy being
used as an anglytical tool, certain absorption
frequencies being characteristic of particular groups
in a molecule, In addition to this, the technique,
when it also included a study of the corresponding
rotational absorption, has produced a very detailed
account of molecular properties and constants
especially in the case of gases when intermolecular
forces are of little importance. These properties
include internuclear distances, bond force constants
and moments of inertia, and much work has been
carried out in the elucidation of these for a wide
variety of molecules,

However, until recently, relatively little work
had been done on the intensity of absorption i.e. a
measure of the actual amount of energy absorbed
during a vibrational or rotational transition, and on
the related properties of molecular transition

moments, bond dipole moments, change of dipole with



2.
internuclear separation and dependence of dipole
moment functions on the electron wave-functions.
Interest has been more directly stimulated in
intensity measurements because of the relationship
with infrg-red emissivities, calculation of which
leads to information on radiant-heat transfer.
Emissivity computations for heated air during re-
entry of missiles to the atmosphere, and calculations
on the effect of radiation on the burning of solid
and ligquid propellants are two modern expressions of
this interest. (1)

A detailed knowledge of strength, shape and
width of rotational lines and vibrational bands has
also become increasingly important in recent years in
subjects such as chemicgl kinetics, meteorology and
astrophysics. Among the many applications are the
use of intensities to study population distributions
in gases and therefore the temperature if the system
is in equilibrium, deviations from equilibrium in a
similar system, concentrations of a particular con-
stituent during a reaction, determination of
excitation effects behind a shock front, abundances
in terrestrial, planetary and stellar atmospheres and
the problems of radiant energy transfer between the
layers of such atmospheres.

The resulting greater number of measurements has
given rise to many advances on the theoretical

front. (2) Considerable progress has been made in
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deducing the dependence of the molecular dipole
moment on the internal nuclear co-ordinates, although
a clear understanding of these functions in terms of
the electron wave-functions has not yet been attained.
Because of the difficulties of allowing correctly for
molecular interactions, the interpretation of
intensities in terms of transition moments and dipole
functions has been confined to gas-phase measurements.

The following thesis is restricted to a dis-
tcussion of intensity and line-width measurements on

gases.
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e Infra-red Intensities and Dipole loments

In the harmonic oscillator approximation to a
normal mode of vibration in a molecule, the value of
the dipole moment change with normal co-ordinate
change at the equilibrium position governs the
intensity of the particular fundamental band in the
infra-red spectrum. Before indicating the proof of
this in terms of the transition moment it is advan-
:tageous to define the measurable intensity of a
transition, and also to briefly elucidate the
selection rules determining the probzability of

absorption.

i [ ota R Integrated Absorption Intensity

For monochromatic radiation of frequency V the
fundamental law of absorption by gaseous molecules is

I = I(o) éxp [—k(V) X]
where I and I(o) are the transmitted and
incident light intensities,

k(V) is the absorption coefficient
of the gas,

and X is the reduced pathlength which

equals p 1, where p is the pressure in
atmospheres and 1 is the optical path in cm.

i.e, Igo}

k() = % 1n =

Since band absorption takes place over a def-

tinite range of frequencies it is possible to define
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a quantity, the integrated absorption or intensity
A as

13 Io
A= Iband k(V)av = g Jyopg 10§ @V

L uiZe? Selection Rules

Although in a polyatomic molecule, which will be
treated here, the vibrations of the nuclei are
seemingly disorderly, they represent the sum of
displacements due to the fundamental modes of
vibration., Without involving inessential com-
:plications, each of these modes can be treated as
an harmonic oscillator which has access to many
states. A transition can occur with calculable
probability between two adjacent states, m and n. (95)
It follows from basic cuantum mechanical consideratims
that this probability

27 411.2 02 j» 2 ‘
Ic’ —--;Fr-ey:-{ m* e x n dx .} t (1
with |m*¥ e x n & = the transition

moment, M (2
and 52 derived from Ex = 2 E; cos 2WyY t

where Ex is the component of the electric

field of the radiation along the x co-

ordinate of the oscillator; +t is the timeg

Y is the frequency of the oscillator; and
e is the electronic charge,

In a molecule consisting of a group of charges
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representing the nuclei and the electrons, e x is
effectively replaced by the dipole moment/u. For a
polyatomic molecule the dipole and transition moments
are vectors with components/,ux and Mﬁ,/uy and My,

etc., and x is replaced by the volume element d4dV.

Thus M, = fm*/.l ndaV (3
: o Spx
Assuming that u_ "/“x (T:ﬁ.')o 5 (4
where/u; is the dipole moment when the
nuclei are in their equilibrium positions;
and Q;, is the normal co-ordinate of the i'®

normal mode,

to a first approximation.

M =/A; m* n dV —e—zi (-‘g%)o fm* Qy n aV (5

If m (or n) is supposed to have strictly the form
of a product of harmonic oscillator wave-functions the

first term in (5 gives

/“?c{jml(ql)* 0 (87 ) a0y pg e ‘ﬁli(Qi)* n;(Q;)dQ; }
(6
which vanishes unless M)y =N eocecee My = Nyeene
and so has the value zero for any change of the
vibrational guantum numbers i.e. in absorption of
radiation.

Bach term in the summation in (5 splits into a

product:

$E)  Jm* oy naV
10
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S
is equal to (fﬁﬁ) {-Jﬁl(ql)* Qq ni(Ql) dle Gislerele

io0
g {m;(Q)* Q5 0;@y) €9 eees } (7
etc. except for the ith normal vibration where
m; = n; * 1a

Therefore, for polyatomic molecules, the harmonic
oscillator selection rule restricts transitions
occurring with absorption (or emission) of radiation
to those in which one vibrational gquantum number
changes by one unit only. The freguencies absorbed
are then the fundamental frequencies of the normal
modes. It must be remembered, however, that the
harmonic oscillator selection rule depends on the
form of expression (7; hence it is subject to the
assumption that m and n are strictly products of
harmonic oscillator wave-functions, and that the
dipole moment at any instant is given by expressions
of the type (4. Transitions will anpear in violation
of the selection rule should either of these
assunptions fail.

As well as the above selection rule the symmetry
properties of the molecule must also be considered,
and, when symmetry requires a dipole moment derivative
to vanish, the corresponding fundamental band is for-
t:bidden in the infra-red spectrum. From group theory

it is found that should the integrals representing
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Mx’ My and Mz gimultaneously vanish the transition is
a forbidden one. The integral mf/ux n, since the
ground state wave-function is totally symmetrical,
will be identically zero unless m and/ux have the

same symmetry species. The components of the dipole

moment are given by the expressions

/}.x = i%l &%y sy etc.

in which Xi0 V4 and z; are the co-ordinates,
and it is fairly readily shown that/gx has the same
symmetry species as Xy

The symmetry selection rule therefore allows
transitions in absorption from the ground state to
any excited vibrational state whose wave-~function has
the same symmetry species as at least one of the axes
Xy Y OF Ze

Whether a transition is allowed, with the
absorption of infra-red radiation, is thus dependent

to a first approximation on the above two selection

rules.

Le2aD Dipole Moment Change

From eqn (1 it follows that the probability of
transition is proportional to the square of the
transition moment; +this assumes that the intensity
of the radiation and the time are not changing. It
is this probability which is directly related to the

absorption intensity of a band, and theory gives the
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8'r3n V
overall proportionality constant as ———3—E~—

where n, is the number of molecules per c.C.

at NTP,

and Vi is the absorption freguency.

Thus 8‘T3n V 5 5 5
Ay = ———3-§—— [Mk(l) + M&(l) + M, (i) (8
with
e s
N&(l) = (ga‘;)o m(Qi)* Qi n (Ql) in (9

Ai is the integrated intensity as defined in

1.2,1 applied to the ith

fundamental, and m and n are
for the zeroth and first states.
Substituting in (9 the well-known expressions for

a strictly harmonic oscillator, viz.

2qQ.°2
n(Qi) e (aFW')% exp [; a? _]
L 5
and —3q.°
m(Q;) = (:f;:?ﬁ Q; exp [ e J
3 h
where a. =
= 4WEQ

it follows that

g [0 -Q;2
fn(Ql)* Qi n (Qi) in = (_'2?) ﬁl exp "ET"" in
ay 5 &
(10
and performing the integration yields

N /“x h &
M, (1) (*6:) (g?;ggz

and similarly for My (i) and M, (1)
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Thus

Tn S 2 S 2 Sy, 2
By = =2 [({%‘)0 - (D (%-:-)0] (11
which is the desired expression connecting the ex-
tperimentally observable intensity of the ith
fundamental band with the components of the dipole
moment change.

Results for the integrated intensities of
diatomic molecules have made possible the deduction
in some detalil of dipole-moment functions around the
equilibrium configuration. Because theory only
yields the square of the dipole moment derivative
with respect to internuclear distance much work has
been done on finding the sign of this quantity (3).
Work by Herman and Wallis (4) on vibrational-
rotational interactions would seem to offer in some
cases an immediate correlation of sign between the
equilibrium dipole and its derivative.

In the case of band intensities in polyatomic
molecules measurements on the fundamentals give
dipole moment derivatives with respect to the normal
co-ordinates. Difficulty is encountered in giving
a correct interpretation of the form of the normal
co-ordinates due to lack of knowledge of the
anharmonicities and of the constants contained in the
force field calculations. One method (2) of sur-
smounting these difficulties has been by studying a

variety of isotopic species, although advances have
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also been made in the use of microwave data to supply
extre information on the necessary constants (5).
An extension of the Herman-Wallis theory to polyatomic
molecules would be of considerable value. (6)

In polyatomic molecules results are very often
interpreted in terms of the bond-moment hypothesis (7)
in which independent dipoles are assigned to the
various bonds in the molecule. Correlation between
similar vibrations in different molecules has not
been too good, although much work has been done on
assessing the effect of lone-pair electrons,
rehybridisation and incomplete orbital-following
(7) (8)s Calculations of molecular charge dis-
:tributions and therefore of dipole moment derivatives
have been attempted (9) (10) (11) (12) but have been
beset with difficulties.

Although the interpretation of intensities in
terms of bond moments seems theoretically dubious
because of the necessary distribution of electrons
throughout the whole molecule, it has been suggested
that empirical relationships between bond moments and

group electronegativities exist. (13) (14)
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1.3 Theories of the Energy Absorbed by a

Vibrational Band

The theoretical relztionships involved in a gas
absorbing infra-red radiation are described in some
detail since the work described later is related both
to the intensity of absorption of a band and to the
general shape of the rotational lines making up the
band. The following theory therefore contains, not
only a discussion of the energy absorbed over a wide
range of reduced pathlengths, but also the various
approaches to finding the change of rotational line-
width with pressure.

The process of absorption can be discussed from
two rather different standpoints, the titles
'spectroscopic absorption' and 'energy transfer!'
being thought the best to fit the two overlapping

categories.

l.3.1 Spectroscopic Absorption

A vibrational band in a molecule consists of
many rotational sub-levels of absorption. Depending
on the symmetry species of the ground and excited
states the band is made up of a P and an R branch,
with their well-separated rotational lines, or also
contains a central Q branch, where at reasonable
pressures the rotational lines completely overlap

although at very low pressures considerable separation
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occurs. The intensity of the Q branch with respect
to that of the P and R branches depends on the parti;
scular symmetry of the molecular transition, and the
various possibilities need not be discussed here. (15)

In discussing the energy absorbed by a vibrational
band it is much simpler to take the case where no Q
branch is present, and therefore initially this is
done here.

The intensity distribution of the rotational
lines in a band branch is essentially determined by
the population of the lower levels, and the individual
intensity is given by a formula of the type: (taking,

for example, the case of a symmetrical top molecule)

o 2
i J+l) =K he _
95 =C §J+I%T2J:1T gz, g %0 (-F(J,K).57) (12

where J and K are the two quantum numbers in-
:volved in the transition for a symmetrical top,
C is a factor depending on the permanent dipole
of the molecule,

81 & is the statistical weight of the lower state

?

and depends on the type of symmetry, and
P(J3,K) = BI(J+1) + (A-B)K® for a symmetrical
top molecule,
with B and A the two rotational constants
corresponding to the two moments of inertia.
The individual lines are broadened by several

factors; +the three most important symmetrical effects
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being natural broadening (XN), collision broadening (C)
and Doppler broadening (D). Following Penner (1), the
half-intensity line-widths b for each of those pro-

:cesses are derived readily as follows.

b(N)
where b(N) is
broadening;
and Kﬁ and Xi
the upper and

v(C)
where b(C) is
broadening;
and Zu and Zl

unit time for

b(D) =

where b(D) is

= 73 (fu + ) (13

the line-width due to natural

are the reciprocal lifetimes of

lower states.

5
AT

the line-width due to collision

(22u + 2Zl) (14

are the number of collisions per

the two states.
2kT1n2.\%
(“_E_mc ® Ve (15

the line-width due to Doppler

broadening;

V,1 is the frequency difference between the

two states,

and the other symbols have their usual meaning.
b(N) is invariably very small, b(D), for a

-1

typical Vul of 2000 cm_l, is around 2x10-3cm at

room temperature and b(c) at N.T.P. is approximately

Oolcm—l.

Therefore except at high temperatures or
low pressures, when b(C) is small, b(C) can be taken
as the overall line-width. Using this fact, the

shape of each line is represented by the relationship,



15.

2
_ Sb i1 _ k(o)b "
k(W) = B O S e T \16

where S is the line intensity,

and k(o) is the absorption coefficient at the

centre of the line which has a frequency Vo‘

As would be expected, this simple shape is very
inadequate when Doppler broadening is of importance,
and it has also been shown to give a poor representa-
ttion of the true shape at large distances from the
line centre. (16) In the wings of the line, the
shape appears to be governed by the specific inter-
:molecular forces operative during collision, forces
which in the case of highly polar molecules can affect
the value of the line-width. (17)

Much use of this relationship, however, has been
made and many useful results obtained.

Several approaches to the problem of the varia-
:tion of the energy absorbed, by a vibrational trans-
:ition, with the reduced pathlength exist, and,
having established the above simple model of a band

as a series of lines, these are now enumerated.

i1 74 I Simple, Semi-Quantitative Model

The great advantage of this simple treatment
lies in the fact that it gives a ready physical
picture of the amount of energy absorbed by a band or

single line.
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It is found that the validity of the Lambert Law
of absorption is held to a good approximation pro-
svided that:-

1) x(v) does not vary greatly over the band

2) very small pathlengths are being used.

The line spectrum of a gas with a value of b at

1 and a spacing

1

one atmosphere of around 0.1 cm
between lines of approximately 3 cm -~ obviously does
not fulfil these conditions, although for very small
pathlengths most of the contribution to the absorbed
energy comes from the intense part of the lines, i.c.
that part with large values for k(V), and it is seen
that in this region the energy absorbed is initially
proportional to the pathlength. However, as the
pathlength increases the exponential term arising from
this intense absorption rapidly becomes negligible,
and the variation of energy absorbed with pathlength
comes from parts of the spectrum where k(v) is much
smaller, i.e. the overlapping wings ofthe lines in the
band.

This qualitative approach can be extended in a
more quantitative manner for a single line by using
equation (16 and noting that

E = I(o) -fil-.ine [l—exp (=k(V) X)J ay (17
where E is the energy absorbed,

and the other symbols are as normal.

It is not easy to evaluate this expression using
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equation (16 unless the discussion is limited to
regions of the line some distance from Vo.

Thus, provided that b<< {v-vo [
: 2
k(0)b
k() = {2
9 2
and E = I(o) J&ine [i - exp (-kvab X{]dv (18
0]

On changing to a variable y given by (V-v,) = %,

and considering the limits of integration as ioa,

dE _ 1(o)k bzfm ~k(0)Xb°y°)4d
i3 (0)k(o) b exp (-k(0)Xb“y")dy

and
& - 1(0) TF x(o) g
X2
Since E(o) = 0, then
E(X) = 21(0) b (Tk(o)x)? (20
or E(X) = 2I(o) (SbX)% from equation (16.

Thus it follows that, as the reduced pathlength
increases, the relationship between the energy ab-
:sorbed and the reduced pathlength changes from a
linear one, in which the line shape is of no con-
tsequence as regards the dependence, to one involving
the square root. (18) In the case of study on a
pure gas, when the pressure alone is changed, the
dependence at higher pressures is linear because to
a first approximation b is proportional to the total
pressure of gas present.

This treatment can be extended to the over-

:lapping wings of a large number of lines comprising
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a band.

1sBeiled Theory of Elsasser

This analysis (19), similar in many respects to
l1.3.1.1, disregards all broadening processes except
collision broadening, and makes the assumption that
all lines in a band consisting of P and R branches
are equally intense and equally spaced, each obeying
the normal dispersion principle. Although extensions
of this approach to the case of real vibration-
rotation bands have been proposed (20) and more
sophisticated analyses are discussed later (1.3.1.3
and 1.3.1.4), it has been pointed out and verified i
experimentally that the results of this idealised |
distribution give essentially correct relationships
between energy absorbed, pressure and pathlength.

The following treatment is based on the remarks of
Penner (1).

Consider a vibration-rotation band with equally
spaced and equally intense lines whose centres are
located at the wave-numbers nd where d 1is the distance.
apart of the lines and n is an integer, positive,
negative or zero.

From equation (16,

+00
kw) = 5 _8 b (21
==l Wl (w—nd)2+b2

where w is the wave-number.



19.
This is a periodic function and can therefore be
expressed trigonometrically. By doing this and sub-

:stituting in the expression

d
A B
Py =3 exp (~k(w)X)dew (22 |
_d
2
where TR is the total fractional transmissivity

of the spectral region,
Elsasser has shown the result to be

(o o]

P = sinhp

R [e:cp (-y coshg )] I (iy)ay (23

oX
dsinhﬁ

where Jo(iy) is the Bessel function of degree

ZEero,
_ S X
y =3 sinﬁﬁ __’
and p = g

The limits of integration bave been taken in
such a way that:

TR = 0 for y

and TR = 1 fory

Various interesting limiting forms can be

X =00

X =0

derived from this for special cases, the most

important being given now.

1:i3slalel
When/s<_<1, cosh/s = 1 and sinhjs =ﬁ; if also
X <<<1 then SX

°p

reduces to

is small compared with unity and (23
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Tp = p o [exp (—y)] J, (iy) ay
a5

For 27 b«d, this is shown to be

- 1= 55 [oxp (- 5T [, (1) -15y (o o)

and is usually expressed in terms of the radiation

function f(x) of Ladenburg and Reiche (21), where

biep oL goa-E3Bp ey (24

f(x) is defined as x [exp (-xi}[ﬁo(ix)—iJl(ixﬂ

and is tabulated in several references (1) (22).

-

i)

Since TR = -m
where Aw is the bandwidth in wavenumbers,

E=1I(0) Aw

27T b
0D g(x)

or E = I(o) me 27TDb £ (x) (25

where m is the number of lines in the absorption
band.
Two useful asymptotic forms follow (21):-
E=1I(o)m.s 27Db x
i.e« E=1I(0o)msSX (26
for small values of x.
and E = 2I(o) m (S D X)% (27
for larger values of Xx.
This is the same result as obtained in 1 I s By
and again there are the two different cases, one for

the pure gas in which b varies with pressure, and one
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for a gas made up to a constant total pressure with
a non-absorbing constituent when b is constant.

In the latter case x varies directly with pressure
and therefore at low pressures x is small. At larger

values of x the relationship is
1
E=1I (o) m2 (8 & DD 1)* (28

where & is the line width of the absorbing gas per
atmosphere of non-absorbing gas in collision with the
absorbing molecules, the total pressure being pT

A1l other factors being constant it follows that
E is proportional to p%.

In the case of the pure gas, X is constant in
the region where collision broadening is completely
dominant over the other broadening processes, and
this extends to very low pressures at room temperature.
It follows that f(x) is also constant and that E is
therefore proportional to pressure. Except for the
low pressure influence of Doppler broadening this
treatment would predict a linear region extending to
almost zero pressure. This conclusion will be exam-
:ined in more detail when experimental results are
available.
1eFele2e2e

When b<< d, but X is considerably bigger than
in 1.%.1.2.1., the range of integration in equation

(23 is effectively restricted to large velues of y.
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lim
i I G = ex
Since = 00 o( y) P (y) E—Tr;;§

and sinhf-}=x3, and cosh)a -1 = 7‘9— for smallﬁ 3

then TR /Bf [exp(-— )]

Now the error integral is defined as

y
_(y) = exp (-t%) at ; }(00) =

IIE o)

therefore
0 SXp\%
1y = 1-R(3)
It follows that

T sbx) 2
E =1I(o)Aw § LiL%EEl.j (29

for large values of X

(2uy)E

It is seen from the above that the simple,

partially qualitative treatment of a single line,

carried out in l.3.1.1, led to essentially the same

relationships.

The importance of these considerations is the

prediction of the variation of the energy absorbed

with the reduced pathlength, and the fact that from

this variation at low reduced pathlengths a very good

approximation of the intensity of absorption can be

obtained.

lim
i "R X—>0 E (30

i.eo m

where A =m S

As an analysis of average line-shapes and line-
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widths, however, this treatment suffers from the fact
that no account is taken of the varying intensities
of the lines in the band, and it is this variation

with which the next two sections deal.

1:3:led Theory of Matheson

One of the first attempts to elucidate the
dependence of the energy absorbed on the reduced
pathlength was that of Matheson in 1932 (23) when he
used the o0ld quantum theory to assess the varying
intensities of the lines. In essence this is as
accurate as the modern quantal treatment, and lends
itself to more rapid use with most molecules which
do not contain a Q branch. His theory is detailed
here with several small modifications.

th

Referring to one line, say, the jJ line, in one

branch of an absorption band,
2

k(o) b
i (o)

S (V—Vj)2

and By = I(o)f[z-exp (-k(v)jX)] ay

assuming I(o) constant over the frequency range
of the line.

Thus B = I(o);fg_l L:i%f:i x k(V)jndv (31

Assuming that all lines have the same line-
width, and that the relative intensities of the lines

in a band branch are given by

k(O)j =c J exp (-032) (32
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2
where 0 = g?;%EEE with I as the moment of
inertia in the simplest case
of a molecule with only one
o moment of inertia.
it follows that ;ii k(o)j = K, referring to one

branch of the band.

Replacing the summation by an integral from 0 to o

over 4dj,
K = <
- 2o
and k(o). = 2Koj exp (-djz) (33
J oo

Now E = fé— Ej

5 oo n-1 n
and therefore T%%T = éél L:%%—-— xﬁ/;(v)j av

w0 2n

where/{%(V)jn dy = k(o)jn —B . g

- o0

with t = V - Vj
The evaluation of the right-hand side of this

equation by standard forms leads to

B 2 Pt skl 2 n n
To) - n£=1 R 2““1(2-1): jél Xkl

(34
, Substituting equation (33 in (34, and replacing
|

the summation over j by an integration gives

| ) n-1 /- L %
R 2 Tb (—1) (2n-3) (21'1'*:))———-—1 (2XKO")n P2 o (con 2 a4
__(I - i | T 2L 1), J expl-onjadj

(o]

Using standard forms for n odd and for n even
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A (n-l)!
here g = TIb C1) (2n-3)en-5)———1 (2Ko)™ -
n nt Hli—-1 (n-1)! n+1
2(cn) 2 |
for n odd

)™t en3)ens)-——
M=Lin 1)1

Matheson then introducsed the model of

radiation producing heat along its length in an

absorption cell.

2a and the heat produced for any length q is con-
:sidered, it is found (see original paper) that the

volume change, to a first approximation, produced in

the gas is

2
Sag =
o €(a) L_é%zmi_l

where €(q) is the strength of the heat source at

a point a distance q along the beam,

Y is the thermal conductivity,

and T is the temperature,

and €(q) = é%éﬂl where E(q) is the

:sorbed in the length q.

(QKO‘)n (n"l)(g-ﬁ)"""l i

If the total length of the beam is

2]
2

L
=2

(20‘n)§ 2(on)

for n even.

a

beam of

(36

energy ab-
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n

Now E(q) =I(o) zi g, (£ (37

i n=1

where X is replaced by %%

?

and therefore 5 Qg] n-1

(38

o
= I(o) nél 2 29.) ng =

Substituting equation (38 in (36 and integrating

over all values of g from O to 2a yields

Av = I(o) 2 gX ona’ ;1 (39
n=1 /pT (n+1l) (n+2)

and gives the final equations as:

Avra H&)W_ﬁ 2 gm 3 (355! (2n-3)(20-5)-———- 1
G/JTUQ h=1 n-2 n-1
2 o 2 iin=1)4 (a2 )4

for n odd

and Av= _j_Jégjﬁa_;i 2 37 2(2n13112n~5)---—1 (n=0)(0=5) wowl
opte Bl Bied

(n+2)! (n-1)! n 2 2 °

for n even. (41
where U = QKX(JO%
When llatheson developed the above theory he was
interested in finding the change in volume produced in
a system which explains his choice of calculation. It
is retained in this form for similar reasons although
his-heat conduction theory is approximate and, as will

be shown later, the assumption that all absorbed

energy is converted to heat energy is only valid under

certain conditions.
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The procedure which is followed to obtain values
for the intensity of absorption and the average line-
width in the band is to plot the logarithm of

n=f
2£_hnUn-l against the logarithm of U for various

n=1
values of U and for an appropriately chosen value for
f. “this curve is fitted to an experimental one of the
logarithm of absorbed energy divided by reduced
pathlength against the logarithm of the reduced
pathlength. Although equations (40 and (41 as derived
above are different from those in Matheson's original
paper, the logarithm plot takes exactly the same form
for both results.

From the low pathlength asymptote the value of

the intensity follows from

A = lim. E
x—0 I1(0)X

The curve-fitting allows the ratio of U:X to be
found, and since U=2KXGT)% and A=2 7TbK, a good
approximation of the average line-width is obtained.

The advantage of the above relationships, which
are similar to those of Ladenburg and Reiche (section
1.3.1.2), lies in the faet that, without the com-
tplexities of section 1.3.1.4, account is taken of the

varying intensities of the lines in a band branch.
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L5 e sl Theory of Penner.

This treatment, similar in purpose to 1l.3.1.2 and
1.3.1.3, takes account fully of the variation of the
line intensities in the band. The method used is only
indicated here and a full treatment is to be found in
references (24,(25) and (26)

In terms of wavenumbers and for the transitions

as indicated,

b o—1 So—al
k(w) === A= -1 + i=1—2] (42
0 @J_up—+l )2 2 @d_wo—?l )2 o
J i—=J-1’ +b j=1—3’ + b
where
o—1 E(ozj!
So——bl =A§G—aj—l s [éxp. 5 kT)J
gt .
i=3-1 w Q(T)

and similarly for the j-1—j transition.

A is the intensity of the band,

af is the wavenumber corresponding to the for-
bidden transition j=o—j=o0 and n=o—n=1,

E(n,j) represents the energy of the P

h rotational level, and

vibrational and j°
Q(T) is the complete internal partition function
at temperature T.

The case considered is for non-overlapping lines,

when for each line
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Ap Aw = 2TD Zj_xj exp(-x) [Jo(ixj)-iJl(ixj)}(ﬂfB

where AR is the total fractional absorptivity;

Awis the bandwidth,

So—a; So—-)l X
and xj = _lggﬁgl or —j%%#%?—-depending on the
transition.

By introducing a value for A, known from experi-
:ment, the intensities of the isolated lines are cal-
sculated (1), and thus the quantity Aplw found. To
ascertain the value of the line-width, various
estimates of it are introduced into equation (43, until
a fit with the experimental data is obtained. This
gives a very good lower limit for the average value of
the line-width (only a lower limit because the effect

of overlapping is ignored).

1,3:1:5, The Effect of Doppler Broadening

The positions enumerated in 1l.3%.1.2, 1l.3.1l.3 and
1.3.1.4 deal only with lines which are broadened by
molecular collisions, and, as has been stated, the
Dopprler effect acquires significance at high tempera-
:tures and low pressures.

An approach involving both dispersion and Doppler
broadening is detailed by Penner(l). Although there
are many theoretical complexities, the relationships

are graphed in a readily available form by Van der Held
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(1)(27). 1In these theoretical graphs the energy ab-
ssorbed is plotted as a function of reduced pathlength
for different values of the ratio bc:bD where these
symbols have their previous meaning.

A statement of the results of Plass and Fivel is

very useful (16)(28). This can best be done by giving
two equations in which the absorption coefficient is
the result of both collision and Doppler broadening,

and is applicable for (V—vo)x>b.

| Sb, b\ 4
! i 3 C + 15 = 5 %l be H ———
:k(\)) T e ol d. =+ ( > =] )i 4 2 e
| m(V=-V,) 2a V-Vo 4a a V-Vo
1

where a = (1n2)® bc and the other symbols have their

usual meaning.

E(total) = 3 a-e=-1 . 45 ~4 -2 3 -2 -2 __J_

Etdoltgeton) = * Tt ® TEIY F v EE

(44
, 8%
wnere X = _'2,”_b .
L 5wl eB Splitting of lines

In the foregoing discussion it has been assumed |
that P and R branches are composed of single lines
with a definite shape. Although this is true at

: reasonable pressures when a broadening of very fine
structure takes place, at lower pressures each line is
split into several components. This is due to the

' Coriolis interaction with neighbouring absorption

bands. Perturbations are especially high for combin-
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tation and overtone bands, but in, for example, the
case of methane this splitting is readily observed
for the V4 band due to its proximity to the V2 band.
In an extremely accurate measurement on the V3 band
of Cﬁé29) using a grating spectrometer of resolution
0.02 to 0,03 cm_l in the required region, it was
found that each line was split into four or five sub-
levels and pointed out that an extension of present

theory was necessitated to take into account second

and third order effects. !
This means, of course, that although line-width i

is a useful and wvalid concept for lines which are

broadened sufficiently it does not give in any way

full details of the band structure.

l.3.1.7 ¢ _branch

lany fundamental bands of diatomic and polyatomic

molecules possess Q branches, and because of the
extensive overlapping of the lines in this branch a |
separate treatment of the energy absorbed is usually
required.

the extent of the overlapping is seen by giving
the example of a spherical top molecule. The series
of lines in the P and R branches is given by

v =V,+ (8h+B1-28'8)n + (Bl-11)n2

where VO is the zero line frequency,
m = J+1 for the R branch, and m = -J for the I

P branch,
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8 is the Coriolis coupling factor,
and Bl and Bll are the rotational constants for
the ground and excited states.
This is to be compared with the Q branch series

1 g1 (slopll) ;2

V=V+ (B°-B )T + ) J

l—Bll) are usually of the order

Since values of (B
O.OOlcm—l (in some cases they are much higher) it is
obvious that low pressures are needed before even
partial splitting of the Q branch occurs.

Continuing with the example of a spherical top
molecule, the importance of considering the Q branch
is seen from the fact that, approximately, the
intensity of each branch is the same. (15) For a
symmetric top the relative intensities are very
dependent on the ratio of the two moments of inertia.
It is obvious from this that any band containing a Q
branch demands a separate treatment to give a correct
relationship between energy absorbed and reduced

pathlength. Various methods have been attempted and

some of these are very briefly indicated here.

1e3:1aT01s

From section 1.3.1.2 it can be assumed that the
Q branch is made up of a number of lines each contri-
stbuting in a similar way to the individual lines in

the P and R branches. Equation (27 is then used in a
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straightforward manner with a value for m which in-
:cludes the number of lines in the Q branch. This
treatment obviously leads to rather big errors,

although it may be meaningful, in the case of

spherical top molecules, when the relative intensi-
:ties of the branches are very similar, and espec-
:ially in those cases of study on a band of a pure |
gas with a large value for pt-pli- '
1aFeldals2

The analysis of 1.3.1.4 can be extended by |

replacing equation (42 by i

ol . . :
s i Igd=l (=D (4em) [exp (-E;;»J*‘] (2
where D is the quantum number measuring the component
of electronic angular momentum about the internuclear
exis for the simplest case of a2 diatomic molecule and

which equals zero for a molecule without a Q branch.

(24). A good fit with experimental data can be ob-

:tained by allowing an empirical constant to correct
|
for the close spacing, or overlapping, of the lines '

in the @ branch.

l.3.1.7.3

One approach to this problem (22) is to derive
an expression for the absorption coefficient over the

Q@ branch, and by numerical integration of the
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resultant area, for varying values of the reduced
pathlength, find the curve of energy absorbed against
pathlength. This is then additive to the absorption
of the P and R branches. The whole procedure is
repeated for different values of the band intensity
and the line-width until a fit with the experimental
data is obtained.

This procedure has also been discussed (30) in
relation to low pressure measurements when both
collision and Doppler broadening contribute to the
Q branch shape.

This section, 1l.3.l1l, on the spectroscopic
approach to absorption is far from being fully des-
scriptive of the many complexities in this subject,
and is designed merely to indicate the possible
evaluation of intensity from low reduced pathlength
measurements and to assess the possibilities of
estimating the change of collisional line-width with
pressure. The various theories on evaluating
average values for the line-widths have been
necessitated by the scarcity of measurements on in-
sdividual lines. Where these have been measured
(16)(31)(32) much more detail was obtained in terms
of the variation of the line-width in a band branch,
although experimental difficulties (see section 1.4)
resulted in the individual line-widths being very

approximate.
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Le3e2 Energy Transfer involved in Absorption and

Resulting Processes.

The model which is used here is that of an
infra-red active gas gaining internal energy by the
absorption of radiation quanta and losing this energy
by several de-activating processes.

The Einstein coefficient for induced absorption,
say of a vibrational gquantum, Bol’ is defined in such
a way that the probability of a transition from the
lower state o with energy E(o) to the state 1 with
energy E(1) in unit time in a radiation field of
spectral densitx/c(V)ol at the frequency Vol is

Bol (V)ol.

For a black-body radiating system at the

temperature T,

fBl 3

W)y = 3 Ty
/0 g C [exp ( k%l)_]-]

where the symbols have their usual meaning.

Blo is the coefficient for induced emission and
80801 = 81810 (45
where & and g, are statistical weights and are
usually effectively equal.
Alo is the coefficient for spontaneous emission and

= BT 3
Alo = 8'fhfol

3 Blo (46

c
It therefore follows that in equilibrium and in

the absence of any other transfer process
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NOBOLP(V)OI =N1(A10+B19P(V)ol)
where No and Nl are the number of
molecules in the lower and upper
state respectively.
Except for close energy levels, N02>Nl, and the
number of transitions from state o to state 1 in unité

time can be written
N(tr) = NBO%P(V)ol (47
where N is the number of molecules
per cubic centimetre.

In the practical case of a pathlength of gas
absorbing over a range of frequencies the number of
transitions as defined above varies along the path-
t:length, as has been discussed in terms of energy
absorbed in the previous sections. The overall
number of quanta absorbed (or the number of trans-
:itions involved) is given for _E per unit volume

VoY
and. T, ol

Here E is the energy absorbed for the
whole absorption cell which has a volume V,
The relationship between the Einstein coeffic-

:ients and the band intensity of absorption (1) is

given by
N, g,. hy
1. & 20y D01
AT = NoBol(l - R El T

ol C (48
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where Al is a pressure dependent intensity

in units cm Tsec”
In an absorption cell under constant illumina-

:tion after a short time a steady state is set up
with three processes involved; the absorption of
radiation, the deactivation of this internal energy
and the loss of this deactivated energy as heat to
the walls of the cell. The following equilibrium

then obtains:

E(absorbed) = E(deactivated) = E (lost to walls)!

The position of E(absorbed) has been examined, |
and it is now valuable to discuss the various |
methods of de-activation, viz. molecule-molecule
collisions involving vibrational-translational
energy transfer, molecule-wall collisions with loss

of excitation energy, spontaneous emission and in-

s:duced emission.

Yo 3 ai8ud liolecule-molecule Collisions.

The total number of collisions of this type

which involve an excited molecule

is NeZV |
where Ne is the number of excited molecule%
PET CeCoey
42 is the number of collisions made by each
molecule per second,

and V is the volume of the cell.
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L P10 is the probability of vibrational-
translational energy transfer per collision then the
total amount of energy lost is

N %Vpy bV,  per second (49
P1o is related to the relaxation time of the process
(33), and this relationship for the simple case of
one excited mode is

= 1

p
“E ZT[].-exp(- -E-YT-)]

where 7 is the relaxation time for the:
particular mode of vibration con-
ssidered.
Calculation of 2 can pe most easily based on the
kinetic theory expression for a gas of rigid spheres

TR -
g = i ch (i;kT)

where m is the mass of the molecule,

and cis the collision diameter.

1 F2i2 Molecule-wall collisions

The total number of collisions between excited
molecules in the gas phase and the walls of the cell
is

1 sz
2 NecA
where € is the average velocity of the

gas molecules, and A is the inside sun-

sface area of the cell,
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and therefore the energy deactivated in this process

is

At this

%_ NeE'Aplo(wc)hvlo (50

whererio (we) is the probability per
collision of transfer of energy to the
walls.

stage it is helpful to estimate the

ratio of processes l1l.3.2.1 and 1l.3.2.2 by making

calculations based on the orders of magnitude of the |

various quantities.

C= 6x10%m sec™t s 2 = 10 %e0™L ;
% = % this ratio is low since only the sur-
’
:face area in direct contact with the
excited molecules in the beam of
radiation need be included;
P10(Wc)can be estimated by considering three
P
49 main factors:
a) During one theoretical collision with

b)

the wall an effective number of
collisions occur due to the roughness
of the surface. This factor can be
deduced from a knowledge of the approp-
triate accommodation coefficient and is
usually of the order of 5.

A difference exists in mass between the

gas and wall molecules.
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¢) The relative velocity of a molecule=-
molecule collision is higher than that

of a wall-molecule collision.

From these 210("¢) can be estimated as being not|

P10
greater than 10.

An order of magnitude calculation therefore
results in the ratio of equation (50 to equation (49
being approximately 10"5 at one atmosphere pressure
and lO_3 at one hundredth of an atmosphere. This
result indicates that, for the model chosen, wall
collisions play a negligible part in deactivating ex-
:cited molecules except at extremely low total

pressures.

i Spontaneous Emission

From equations (46 and (48 a value for A o can
be derived dependent on the intensity and frequency
of the absorbing transition, but independent of the
number of molecules present per unit volume.

The deactivation of vibrational energy per
second in this case is

A 1o R 1) (51

However, in the steady state, since this re-
emitted energy has the same emission spectrum as the
absorption spectrum of the gas, a considerable re-

absorption is to be expected.

Thus the deactivation of vibrational energy per
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second for steady state conditions changes to
NehyoWhyyo(1-g) (52
where g is the fraction of re-emitted
energy which is re-absorbed.
This fraction depends on the gas and on the
effective reduced pathlength of re-absorption and

will be discussed at some length in a later section.

s T . Induced Emission

The radiation field can induce a loss of quanta
in excited molecules, the probability of this
ocecuring being given by BlO/D(V)Ol se6 T,

From equations (45 and (46,

g =M )61 P1p exPSEﬁgl?—l]

KT (53 |

assuming black-body properties, and

therefore, for energy levels separated by more than
lOOOcm_l, induced emission as a process of losing

energy is negligible compared to spontaneous emission.

Having considered the four processes involved

in deactivation it is now possible to set up equa- E
stions for the overall equilibrium between the energy|
absorbed and the energy deactivated. Processes

l.3.2.2 and 1.35.2.4 are ignored. i

When no external radiation beam is involved and

the gas is in thermal equilibrium,
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Nipgy + ¥ =Ng' (Zpy+(1-g)Ay ) (54
considering unit volume and
time.

Here, NZpOl is the number of transitions

produced by thermal excitations;

Do1=P108%P (- 2%) ;

and y is the number of transitions produced

by the surrounding radiation field of

walls, etc.
When a continuous source of external radiation
is illuminating the gas, and a steady state has been

attained,
E
sz01+y!v.hv 1 = I¢8(2p10+(1—gJAlO) (55
(o]

where E is the energy absorbed
from the external source.
Therefore the change in the system due to the
absorption is,

B s
AT [ZP10+(1'g)‘“‘10]

whereANe is the change in the
number of molecules in state 1
The ratio of Zp,4 (l-g)AlO depends on the
pressure of the system, since 4 is directly propor-
:tional to the number of molecules in unit volume,

and on the particular values of P1g and AlO' This
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is discussed in full later when it is allied to
measurements of the energy absorbed which only record
the translational energy produced.

The above analysis only deals with transitions
between states O and 1 and would be complicated if
the conditions of experiment allowed transitions
1 to 2 to take place. However, with a normal value
for the volume density of radiation and thus, for
N02>E’ transitions to the first overtone occur only

to a negligible extent.
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44.

Measurement of Intensities.

As was pointed out in equation (30, extra-
tpolation of the energy absorbed to zero optical
pathlength presents a method of measuring the inten-
tsity of an absorption band which is always theoreti-
tcally applicable. This also applies to the extra-
tpolation of the corresponding emission. For this
type of measurement, involving very small values of
the reduced pathlength, the infra red spectrometer
which is the only instrument so far used to any ex-
:tent has serious limitations. These can be
summarised as follows.

a) The finite resolving power of the spectrometer

The equation which is used for straightforward

spectrometer measurements is

M " I(o)
A_Xﬁaandlnldv

The best prism spectrometers have a slit-width
of around 1 to 20111"l and, considering the line-width

latm_l

to be Oe.lcm™ , it follows that by simply inte-
:grating over the band graphically the actual value
obtained is

_ 1 o)
B = ¥ Joang BT W

where T(o) and T are values
measured by the instrument
averaging the true mono-
:chromatic values I(o) and I

over the slit-width.
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Although this problem has been much discussed
(34)(35)(3%6), and attempts made to calculate the
spectrometer slit-function and therefore the error
involved (1)(37), an instrument of infinite resolu-
:tion is needed to give perfect results.

When a spectrometer employing a grating is used
resolution as high as 0.03 cm_l has been attained,
but even here (16) the true line shape, especially
near the line centre, is considerably modified. At
pressures below an atmosphere, when splitting of the
Q@ branch and even if the individual P and R lines
occurs, then the approximation involved in averaging
I(o) and I over the slit-width is of even more
importance.

b) Losses due to Lack of Sensitivity

The pattern of vibration-rotation bands with

their many overlapping wings means that in a

graphical integration it is assumed that the instru-

tment can measure the very small differences between
I(o) and I in the absorbing region outside the in-
:tense lines. In these wings the weak signals pro-
sduced are not easily distinguished from those
associated with random noise. Since the frequency
range in which intense absorption takes place is
very small compared to the total band-width, even

for pressures of one atmosphere, a correction factor
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for wing-absorption is both necessary and difficult to
ascertain. To assess this correction assumptions must
be made about the line shape and as has previously
been stated, the shape in the wings is more often
governed by specific intermolecular forces than by the
simple dispersion relationship.

To cope with these difficulties methods have heen
devised using a spectrometer to minimise the effect of

averaging and the loss in the wings.

jf [, 0 B Pressure Broadening

This technique (34)(38)(39)(40)(41), by which the
majority of infra-red intensities have been measured,
is based upon the use of high pressures of a non-
:absorbing, foreign gas to broaden the rotational
lines of the absorbing molecules. At sufficiently
high pressures the absorption coefficient becomes a
slowly varying function of the wave-number, and there-
:fore graphical integration over the band is much
more justified. By doing this for several partial
pressures of the absorbing gas and extrapolating to
zero optical pathlength a further improvement in the
approximation is obtained.

The method has also been used with self-broadenirg
(42) when very high pressures of the absorbing gas are
used in a cell of small optical pathlength. The

actual pathlength is varied and a similar extrapola-

:tion to above is applied. j
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However, with pressure-broadening several

possible errors exist:-

a)

b)

@)

d)

Although the assumption of a constant absorp-
:tion coefficient over the slit-width is well
justified for pressures in excess of twenty
atmospheres and for reasonable resolution,
many measurements have been recorded for
pressures below this value and are therefore
of dubious value.

Considerable absorption occurs in the wings
of a band which increases the higher the
pressure of inert gas used. It therefore
follows that correction factors, of a necess-
tarily approximate nature, need be applied
because of losses due to instrumental lack

of sensitivity.

It is assumed by many authors that high
pressure has no effect on the value of the
intensity. For polar molecules this has

been shown to be untrue (43)(44)(45) and a
considerable percentage effect is observed at
pressures above fifty atmospheres. Pressure
induced absorption has also been observed

for normally inactive gases such as nitrogen
and hydrogen (45) which are often used for
broadening purposes.

Many operational difficulties arise from

working at high pressures, all of which are

|
|
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probable sources of error. As well as cell
construction problems, these include incom-
:plete mixing in the lines leading to the
cell and the selective, pressure-induced ad-
ssorption of polar molecules on the walls.
Both of these lead to erroneous values for
the amount of absorbing gas in the path of
the radiation beamn.
Having mentioned possible sources of error in the
pressure-broadening technique it is of interest to
give a table listing the results on the fundamentals
of nitrous oxide. The pressure-broadening method

was used in each case.

Table T
Band (om™')  Intensity (em™Tsec ™ x 1010 at NTP) with
references above.
(46) (47) (48) (49)
1285 1150 134 - 653
589 120 62.5 - 60.5
2224 5600 4950 4850 2990
l.4.2 Curves of Growth

From measurements with the spectrometer of the

integrated absorptivity, defined as

flw%%dw :Awg [l - exp (_R(N)X)J A

in terms of
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wavenumbers, a value for the intensity can be found
for sufficiently low pathlengths of absorption.
Although with a spectrometer this region is not
attainable for previously stated reasons, the method
consists in predicting from theoretical considerations
the form of the low reduced pathlength extrapolation
from higher pathlength measurements. From this extra-
:polation the limiting gradient gives the intensity
of absorption. The general principles of the method,
which has been used both for bands (22) and for in-
:dividual lines (16), were enumerated in section
l.3.1.2.

However, although this procedure is-potentially
powerful, it is limited by the need to know the
structure of a band in great detail. This is parti-

:cularly so when a band with a Q branch (22) is being

studied, and the difficulties encountered are reflec- |

:ted in the small number of results obtained by this |

technique.

1.4.3 Other lethods

Nearly all intensity work has been done by the
above two methods but there remain a few measurements

carried out without the use of a spectrometer.

l.4.3.1 Infra-red Dispersion Studies

The theory of dispersion in the infra-red region
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reveals that the dependence of the square of the
index of refraction on the wavelength is partially
governed by the intensity of absorption of the vib-
:rational modes of the molecule. Instruments involv-
ting a monochromator and a refractometer linked to-
:gether have been used to study this dependence and
thus to derive a value for the intensity. This
method is beset by many difficulties of theoretical
interpretation, whilst the apparatus required is ex-
stremely elaborate. In spite of this Rollefson and
other workers (50)(51)(52) have obtained results for
a few molecules in general agreement with the values

of pressure-broadening measurements.

1odeBa2 Direct lleasurement of the Inergy Absorbed

or Energy Emitted

The attraction of any method which offers a direct
measurement of the absorbed energy lies in the fact
that, with incident radiation which is filtered to a
fairly narrow band-width, the absorbing band of the
gas in question is allowed to act as its own mono-
:chromator. The total energy absorbed in the filtered
region can therefore be measured without any of the
difficulties encountered with a spectrometer.
Although the principles of pressure-broadening and
curves of growth could still be used, the much more

straightforward procedure of measuring at very low
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values of the reduced pathlength and extrapolating to
zero pathlength, a technique with no theoretical dif-
:ficulties, is very attractive. This means that the
sensitivity of the measuring device must be high.
An evaluation of the incident energy with similar
accuracy is also demanded.

All this is also true about measuring the energy
emitted by a gas and, before discussing two methods
applied to the direct measurement of absorbed energy,
it is interesting to look at a rather novel procedure
for determining the coefficient of spontaneous
emission and therefore finding a value for the

intensity.

s O > e | Gerlovin's Method (53)

A signal due to the spontaneous emission of the
4.?/1 band of carbon dioxide, the gas being contained
in a small cell, was measured using an appropriate
filter and a cooled lead telluride photoconductor.

The size of this signal for very low partial pressures
of carbon dioxide in nitrogen or oxygen was given by

Ml = RAthVOlN11F1F2

where R is a proportionality constant determined

by the apparatus,

Nl is the number of excited molecules,

1 is the cell length, Y- &

&

VB
-

p

Fl is the area of the cell window,

and F2 is the effective surface area of the

receiver.
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On placing a black body, which had the same
radiating surface area as the cell window, at the
same distance from the receiver a signal M2 was Oob-
ttained.
M, = RoT*x P F,
where 00is the Stefan-Boltzmann constant and

T the temperature;

fmf (V) £,(¥)25(Y)ay

J[bof (v)ay

Here fl(V) is the spectral intensity dis-

ttribution of the black-body radiation,
f2(V) is the spectral sensitivity of
the receiver,
and f3(V) is the transmittance of the
filter used.
From Ml and M2 it follows that
-1 MfITﬁx

10 = —m——
MzhvolNll

A

Since for the particular band considered the
probability of collisional excitation is much greater
than the probability of spontaneous emission, the

relationship

N, = N exp (= ol) can be used
& T

where N is the number of mole-

tcules per unit volume.
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4
10T &

= ——— v
10 = W,Ihvg, N exp (-hkgl)

Thus M.
A

With both the gas cell and the black-body at
room temperature, the receiver cooled to the tempera-
tture of liquid air, the cell dimensions so arranged
that effectively no radiation fell on the receiver
from the walls and an accurate system of amplification
in use a result was obtained for Alo of approximately

350 secﬂl. This result is about 20% lower than that

expected from measurements of the intensity.
The difficulty in dealing with stray radiation
would seem to be a limiting factor in the accuracy of

such measurements.

YoheBe2e2 llethod of Veingerov and Slobadskaya (54)

The principle used was the measurement of the

absorbed energy at a value of the reduced pathlength i

such that
v & lim B
= x=0 I(0)X

The technique for measuring this energy was the
optic-acoustic effect. If an absorption cell is
built in two parts separated by the diaphragm of a
microphone, a pressure rise will occur on one side
when the gas in this part absorbs infra-red radiation
from an external source. This is dependent on the

transfer of energy from the excited vibrational mode
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of the molecule to the translational energy of the
gas by collision, and it was assumed that this was a
full account of all energy transfer in the system.
If the incident radiation beam is chopped at a
certain frequency a sound wave is set up in the gas
and an EMF developed in the microphone. This EMF is
directly proportional to the energy absorbed.

The radiation was initially passed through a
slit sufficiently wide, 2C, to ensure that the whole
absorption band was included and thus

aVi =E, = I(o)XA
where a is a coefficient
of proportionality, and
V1 is the EMF produced.

A second measurement was taken with a narrower
width of the monochromator slit, 2D, and with the
concentration of the gas claimed to be such as to

effect complete absorption. Thus

VO+D
aV, = B, = I(oj dy = I(o)2D

Therefore A = = —=
Vo

It was suggested that an alternative method of
excluding the incident energy from the final
equation was by making use of a stronger absorption
band in the gas, when the assumption that all the

energy was absorbed would be more realistic.
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The method was tried out on the 2*3# band of

carbon dioxide. With
carbon dioxide in the
5x10120m_lsec-1atm_l'
four than the usually

reasons for error can

a partial pressure of 1.2%
cell, the result obtained was
This is larger by a factor of
accepted result, and the

be summarised as follows

a) Instrumental factors such as the lack of

linearity in the diaphragm response were not

considered.

b) The assumption was made that, with a partial

pressure of L.

2% carbon dioxide, the linear

region of absorption was reached. This

should have been validated by taking at

least two measurements with different

partial pressures.

¢) By far the biggest source of error was in

the measurement of the incident energy.

With a pressure of only one atmosphere of

carbon dioxide not nearly all the incident

energy over the slit, 2D, would be absorbed.

This would lead to a very high result for

the intensity

as, indeed, was obtained.

1.4:3:2.5 Matheson's liethod (23%)

The basis of this method is once more the

direct measurement of absorbed energy, with small

partial pressures of carbon monoxide being used in
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an atmosphere of purified air. The pressure of
carbon monoxide was varied over a considerable range
in an effort to attain the appropriate region of ab-
:sorption. Radiation in the frequency range re-
:quired was obtained by using a monochromator, and
the absorbed energy measured as a resultant change in
volume in the system. The very small changes in-
:volved were measured by a micromanometer consisting
of a low vapour pressure oil drop in a capillary tube.
The relationship between absorbed energy and volume |
change, although approximately calculable, was cali-
:brated by finding the volume change produced by heat
energy from an electrically heated thin platinum wire
contained in an exactly similar compensating cell.

The radiation energy per fregquency unit incident
on the gas was found by assuming an idealised distri-
tbution of energy over the slit-width of the mono-

:chromator, and was calculated from

Tta) = _(—{—IAE )

where I(T) is the total radiation
issuing through the monochromator,
andAV(max) is the frequency width
of the widest slit used.
I(T) was ascertained using a calibrated thermo-
:pile, and Ay (max) measured both optically and
mechanically. It was assumed that the monochromator

possessed an ideal focus, that the incident slit was
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uniformly illuminated and that the radiation from
the source per unit frequency interval was constant.

As has been previously stated, Matheson deduced
a theoretical curve equivalent to the plot of energy
absorbed against reduced pathlength, and from a com-
:parison of theory and experimental data derived
values for both the intensity and the line-width.
His value for the intensity of the carbon monoxide

13 cm_lsec—latm_l

fundamental was 1.18 x 10 which is
approximately 50% higher than results obtained from
other methods.

Several possible errors introduced in his pro-

scedure are as follows:

a) No allowance is made for the probability
that some of the absorbed energy is re-
temitted and does not go to translational
energy. Although this is not very likely
since an atmosphere of gas was always
present, it is known that carbon monoxide-
carbon monoxide and carbon monoxide-nitrogen
collisions have a very low probability of
vibrational-translational energy transfer
(33), and the possibility of energy loss is

present.

b) The method suffers from the disadvantage that

the absorbed and incident energies are

measured by difterent means. Many measured

quantities enter multiplicatively into the




d)

e)

g)
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result, and thus errors of standardisation
as well as measurement may exist.
The use of a very high optical pathlength
(10 cm. ) made it difficult to reach the
required region of absorption.
The volume change was limited by the thermal
conductivity of the gas since a steady state
was not set up. The exact time for which
absorption occurred was therefore an impor-
stant quantity in any comparative measure-
sments.
The electrical energy produced by the wire
was only measured by taking values of the
current so that variations in voltage with
time were not considered.
The procedure employed to determine I(o)
was limited and approximate in nature as
indicated above.
Almost certainly the most significant error
arose from the use of the micromanometer.
Capillary forces acting on the oil drop were
reported as being of the order of a thousand
times the gas forces to be measured.
Hysteresis and small unsteady drifts due to
chemical activity and adsorption were also
present. Although a large number of

readings were taken in order to minimise the
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error in the measured volume change, this
method of determining the absorbed energy is

obviously too crude to give accurate results.




15 Line=Width Measurements

60,

Spectrometer measurements have been used, as
detailed in section 1.3, to find the average line-
width in a particular absorbing band. The variation
of the total fractional absorptivity with reduced
pathlength is the required relationship, and the
various theories give means of finding the line-width
from measurements at fairly high pathlengths. (55)
(56)(57)(58)(59)

A method employing the principles of the curves

of growth has also been used, when both the intensity
and the line-width have been treated as variable
parameters. (22) Their values are adjusted until a
fit with experimental data is obtained.

As has been indicated, the more interesting

study of the shape and line-widths of individual lines|

|
has been attempted. (16)(32)
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The General Features of the Present liethod

The object of the present work is to use and
extend the method of latheson by employing a more
sensitive measuring device for the absorbed energy,
by looking quantitatively at the wvarious factors
which influence such a measurement, and by devising
a more accurate determination of the incident
energy. VWhen a gas, in a cell of constant volume,
absorbs infra-red radiation the resultant increase in
temperature gives a pressure rise in the systen.

When a steady state exists between the energy ab-
:sorbed and the heat lost to the container, there is
a direct relationship between the pressure rise and
the amount of radiation energy absorbed. 3By having
two chambers, one of which is illuminated by
radiation, initially at the same pressure and
separated by a thin metallised diaphragm, the
pressure rise which takes place in one can be
measured using the change in capacity induced between
a fixed plate and the diaphragm. Although this sys-
:tem could be calibrated fto give an energy determina-
ttion from the capacity change, it was decided to
simulate the effect on each occasion by incorporating
in the absorption cell a thin electrically-heated
wire supplying heat energy to the gas. This allows
for variations of the diaphragm response and changes

in the ambient temperature over a period of time.
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The gas on absorbing radiation reaches a steady
state with a small, average temperature rise. It is
this small rise in temperature which is effectively
simulated by the energy from the heated platinum
wire. Since the geometry of the cell remains the
same in the two cases, from the Fourier law of heat
conduction it is seen that the energy lost to the
walls must also be the same. Therefore for small
temperature gradients between wire and wall, and con-
:sidering the existence of a steady state in both
cases, the energy supplied to the gas from the wire
equals the energy absorbed from the radiation beam.

The incident energy determination is done in
three ways:

a) Using the known properties of the source and
the geometry of the optical system an esti-
stmation is possible.

b) A direct measurement of the total energy
issuing through the filters using a cali-
tbrated thermopile allows calculation of
the incident energy per frequency unit.

¢c) A thin, blackened foil, which is removeable,
is incorporated in the cell. All the
radiation entering the cell through the
filters can be absorbed by it and given out
to the gas as translational energy. The
resultant pressure rise is measured as for

the absorbed energy above,
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The reduced pathlength of absorbing gas is
varied by changing its pressure, and measurements are
made for both a pure gas and for this gas made up to
constant total pressure with another. Any fall-off
in the absorbed energy due to spontaneous emission
becoming a competing process with vibrational-trans-
tlational energy transfer is looked at quantitatively
Estimates of both the intensity and the line-width

are made.
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Experimental

The chronological development in understanding
the many factors involved in measuring the absorbed
energy, and of knowing the best conditions and de-
ssign with which to deal with them dictates a cer-
:tain order on this chapter. It will be divided
into:~-

'Experimental 1)' in which preliminary work is
described leading up to the design of the
first cell; +the method of taking measure-
:ments with this cell is described, as are
procedures for obtaining the incident
energy:

'Results 1)' where the results from work on this
cell are analysed, and various factors
affecting them discussed:

'Experimental 2)' in which the lessons learnt
from the above measurements are used in
the design of a second cell:

and 'Results 2)' where the final results obtained

from this work are detailed.

Lxperimental 1)

2:lel Preliminary Work

Having decided to measure the pressure rise,
due to the absorption of energy in a comstant-volume
cell, by making use of the change in capacity between

a fixed plate and an easily moveable diaphragm, it
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was necessary to ascertain if these measurements
were quantvitatively possible and if sufficient sens-
:itivity could be obtained for the required accuracy.

This was done in two ways.

2elels.l

There has been a considerable amount of study
on this type of cell for infra-red gas analysers
(60)(61), where the incident beam is modulated and
not constant as in this case. From this work, as
from methods of studying relaxation processes in
gases using similar apparatus (62), it was obvious
that great sensitivity was possible. However, the
fact that reasonably high pressures of absorbing gas
were used, and that the sensitivity was aided by
selective amplification of certain frequencies of
modulation, made it difficult to judge the appli-
tcation of the technique to low energy work in the
steady state. |

From the literature it was possible to say
(63)(64) that the extent of absorption in the gas,
if large, would help the resultant signal, whilst a
large dead space (i.e. the volume of gas in the cell
through which radiation does not directly pass)
would decrease the sensitivity of the measurements.
These factors are fairly obvious and much more im-

sportant are those involving the diaphragm:




e

ro“_u.{.pow@d Nddw._;oc;x.U M

wmh«!dNum hm.d.mw X 53

4323\

x.ﬁs_u_xosox °2 m.vodle i

L..UJ..!GJU.

wFSvahklPﬂdeﬁoU 4

H

Enﬁ.r..*{.d.‘_g )
sndb.\%d.:v

%:JQNOJ .*ol\ hWﬁuW\
u.u.dﬂa\v‘uém ssoLg

UM.GN*JUG

Lo\ m.kvﬁﬁu% .uw.u.a:aﬁ&
MopUI M 3D Op
h.!a.w.u‘u..:.hrh.....ou w%d~®
Ly AR S SR i

9

D

< @ U A

| .v.:i_uwk

v:,_mlnchu o3

U-._._,.ﬁnnun ON

==

—

1% \Ax.rﬁ,ﬁ._._g._,.mw.‘,n.\ uwo :WH_WMQ



66.
its distance from the fixed plate is very
critical since the capacity decreases with the

inverse of the square of the distance;

the thinner and lighter it is the more
readily will it move under pressure change;

and with regard to the sensitivity obtain-
ted, the tension on the diaphragm has been

found (62) to be very critical.

2elele2

It was decided to examine the magnitude of the
signal produced, and at the same time to test the
use of a platinum wire for simulating the absorbed
energy, by making use of a partially-built glass
cell which was available. This cell was constructed‘
as shown in Figure I. The cell was in two parts !
both with wide ground-glass flanges which gave a |
vacuum-tight seal when joined with vacuum-gresase. i
One part contained a diaphragm and backplate, both I
in fixed positions which gave a limit to obtaining ;
high sensitivity, and the other part consisted of a |
glass cylinder on one end of which was a sodium
chloride window for transmission of the incident
infra-red radiation. The transmission of sodium
chloride is very high between 2 and l5.ﬁp. The

window was secured and made vacuum tight by using

Picien wax. A tap was placed very close to this
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glass cylinder in order to minimise the dead-space
and thus increase the pressure rise. A simple
arrangement sufficed for the platinum wire: dinit-
tially it was stretched vertically down the cell
through two opposite glass constrictions, the wvacuum
seal being made by Picien wax and the two ends going
to suitable measuring devices for current and
voltage. The diameter of the wire was 0.0202 cm.
The diaphragm used was of 0.,0025 cm. thick aluminium
foil and was placed, as shown, between two rings
which screwed together. These were insulated from
the backplate and the rest of the cell by means of
plastic holders.

The gas-line used for the preparation, storage
and eventual mixing of gases, and for obtaining high
vacuum, was as shown in Figure 2. This gas-line was
used throughout the range of experiments described
in the following work, and was capable of holding a

vacuum of the order of 10—4

m.m.Hg for a long period
of time.

T'he source of radiation was a Nernst filament
mounted horizontally in such a way as to minimise
strain and prevent breaking. This was achieved by
mounting on a block two very thick copper leads be-
:tween which the Nernst was suspended by means of
thin platinum wire. “This wire was arranged in loops

to allow for expansion during heating of the Nernst.
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The full circuit is as shown in Figure 5. Direct
radiation from the source to the absorption cell was
cut out by using an asbestos shield, and an incident
beam was obtained by focussing the radiation with a
nine-inch diameter, concave, circular mirror. The
focussing was not ideal and a protective shield was
placed in front of the cell to prevent unnecessary
heating of the glass and metal. A mechanically
operated opening in this shield allowed the radia-
:tion entering the cell to be switched on and off as
desired.

The range of incident radiation which was
chosen, for all the measurements which were done,
was 3 to Ey. To achieve this two filters were used
in conjunction, both supplied by Barr and Stroud
Ltd., Glasgow. A specially prepared interference
filter gave transmission over the vand 3 to %};,
filtering all other wavelengths except for some
leaks below ?}A. A bloomed germanium filter was used
to eliminate these leaks, and it also gave a 70%
transmission from 3 to ?}x. Thus the desired band
was isolated with an overall transmission of over
40% except at the extremes of the range, this change
in transmission with wavelength being readily cal-
iculated from data supplied by the manufacturers.
The transmission is shown in Graph I for the inter-

:ference filter.
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Two simple electrical devices were necessary.

For measuring the energy supplied to the platinum

wire an accurate millisammeter and millivoltmeter,
supplied by Ernest Turner, Ltd., were employed
(4% accuracy in full-scale deflection). Various
ranges of full-scale deflection were possible, viz.
0-5, 0-10, 0-50, 0-100 and 0-500 millivolts or

milliamps. To determine the change in capacity pro-i

:duced by the movement of the diaphragm during ab-
:sorption, two leads, one from the diaphragm and the
other from the fixed plate, went to a commercial
Proximity Meter (Type PM2, Fielden.)

The tecinnique used was to allow the incident
beam to enter the absorption cell and to observe the |
pressure rise obtained in the steady state by use of i
the Proximity Meter. The pressure of gas in the
cell was easily varied. When a particular reading |
had been taken several times and a definite value -
determined, the electrical energy supplied to the
platinum wire was varied, again allowing a steady
state to be set up, until an exactly similar de-
:flection on the Meter was obtained. This energy
was taken as a measure of the energy absorbed.

With the above experimentally simple arrangement
measurements of the energy absorbed by different |
pressures of nitrous oxide were estimated. The
measurements were rather inaccurate, but as the in-

:tention was only to examine the possibility of
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of obtaining a measurable signal the results were

gratifying.

a)

b)

Easily distinguishable signals were ob-
ttained for pressures of nitrous oxide down
to 4cmHg, and the measurements taken were
obviously of the correct magnitude. Con-
ssidering the inability with this prelimin-
sary cell to attain the optimum tension of
the diaphragm, and also the optimum separa-
t:tion of diaphragm and back-plate, the
results were taken to mean that an improved
cell design would lead to the desired
sensitivity.

The question as to whether the position of
the platinum wire was critical in simulating
the amount of absorbed energy was also
studied. This was accomplished by placing
a straight wire initially, and then various
shapes of the same wire, through the glass
constrictions. It was found that the
electrical energy needed to duplicate the
signal produced by the radiation was con-
:stant to within the experimental error for
four different positions and shapes of wire.
This meant that, in the cases considered,
the temperature gradient from the wire to
the walls was low enough to ensure adequate

simulation of the energy absorbed.
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¢) This preliminary work was invaluable in
gaining experience of diaphragm difficulties,
as well as indicating the possibilities of

the method.

el 2 Design of the First Brass Cell

Using the knowledge gained in section 2.1.1 the
first brass cell was built, and its design is shown
in Figure 3 which also gives the dimensions. The
details were as follows.

Many features in the design of this cell were
similar to the preliminary glass one and, where
possible, these will not be repeated. Brass of at
least 0.63 cm thickness was used throughout in order
to make the cell as stable as possible, and also to
act as a heat sink for stray radiation and for atmos-
:pheric temperature fluctuations. The whole struc-
:ture was nearly surrounded with thick asbestos to
prevent draughts and to ensure that outside inter-
:ference with the electrical capacity was cut to a
minimum.

Two concentric brass flanges on the two halves
of the cell, as shown, were secured with four fixing
screws, and vacuum sealed with an O-ring. Separa-
:tions of these flanges allowed easy access to the
internal components of the cell.

The connections to the gas-line were made by
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two Bl4 metal cones, one in each part of the cell.
In the absorption part, where dead-space was an im-
:portant consideration, a needle-valve was incorpor-
:ated (supplied by Edwards Ltd.)

Highly polished sodium chloride windows were
placed at both ends of the cell in order to prevent
transmitted radiation being absorbed by the brass.
These were secured by means of the epoxy-resin
Araldite.

The important internal components were as

follows.

2+s1lv241 Diaphragm and Back-plate

The diaphragm was held between two rings which
screwed together, and which were screwed in turn to
the outside part of the cell. An adjustable
tensioning-ring allowed the tension on the diaphragm
to be altered and its optimum value to be found by
trial and error. The diaphragm was of 'Melinex', a
plastic metallised on one side, supplied by I.C.I.
and approximately 0.001 cm. thick. The arrangement
for securing it in position meant that it was very
easily replaced if damaged. An O-ring was placed
between the rings and the outside part of the cell
to ensure that no leakage took place between the two
parts, although a very slow leakage would not be

critical since its time-constant would be much
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longer than the rapid rise in pressure (the steady
state was attained in 3 to 7 seconds) due to absorp-
ttion of radiation.

It was necessary for the back-plate both to
be adjustable, in order to get maximum sensitivity
from being as near the diaphragm as possible, and to
be insulated from the outside walls. The steel rod
attached to the back-plate was placed within a brass
tube and joined to it by means of a very fine screw
which gave the necessary adjustability from outside
the cell. The Teflon plug, through which the brass
tube passed, acted as an insulator and also, by
being screwed up tightly with a large nut, provided

an adequate vacuum seal with the walls of the cell.

2:3:2.:2 Platinum Wire

A straight platinum wire of length 1.27 cm. and
diameter 0.0202cm. was used, being insulated from
the brass at both ends by glass-metal seals. This
insulation, although easily tested, showed a tend-
tency to be incomplete if any dust particles were
allowed to form a 'track' across the glass surface

connecting the wire and the brass of the cell.

Saleled Blackened Foil

To measure the energy incident on the gas a

blackened foil was incorporated in the cell. A
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measurement of the energy absorbed by the foil was
equivalent to the total energy which filters and
sodium chloride allowed to pass. It was thus
assumed that with a perfectly black and sufficiently
thin foil all radiation would be absorbed and given
out again to any gas present in the cell as trans-
tlational energy. This would thus show up as a
pressure rise and be neasured as in the case of the
gas absorbing.

A thin (0.007 cm.), very flat piece of copper
foil was coated lightly with varnish and, whilst
this was still wet, a layer of carbon deposited
from a smoky taper. The foil was attached to the
cell by means of a small hinge and when in position
absorbed all energy entering the cell. A narrow
steel wire was built into the edges of the copper to
enable the foil to be raised and lowered by a magnet
acting through the brass from the outside. Thus,
when measuring the energy absorbed by the gas under
study, the foil could be swung effectively out of
the beam.

2.5 The Optical and Electrical Apparatus

Although the optics used were essentially the
same as for the preliminary work, they were made
more stable and more adjustable by the use of an

optical axis as shown in Figure 4. All components,
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i.e. mirror, source, opening slit to allow through
radiation, filters and the cell itself, were mounted
on a single metal support which allowed complete
horizontal adjustment. At the same time, with all
parts, mounting was such as to allow easy vertical
movement. Thus focussing and stability were ensured.

Figure 5 gives the circuitry ianvolved in the
various electrical measurements. There were several
additions to the circuits used in the preliminary
experiments. The source intensity was made constant
by stabilising the mains voltage with a constant
voltage transformer, a DC amplifier gave greater
sensitivity to the capacity change measurements, and
coarse, medium and fine controls were built to give
full control of the energy input to the platinum

wire.

2eled Gases Used

Cylinder nitrous oxide of medical purity was
drawn through tubes of phosphorus pentoxide to re-
:move water vapour, and was distilled, using liquid
nitrogen, to obtain the purest middle fraction. Any
remaining impurities of oxygen or nitrogen should be
present only to less than 0.5%.

Methane, obtained from a cylinder, was distilled
in a modified Clusius - Riccobini fractionation

column (65), and showed a vapour pressure of 8.5cm.Hg

|
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at -183.1°K and 0.93 cm.Hg at -196°K. The methane
contained no more than 0.05% oxygen and nitrogen and
0.01% ethane and other hydrocarbons, the purity

being ascertained by gas chromatography.

2olsh Typical Measurement of the Energy Absorbed

For measurements on pure gases, the gas was
allowed to expand into the cell, with the taps to
both parts of the cell open, straight from a bulb of
purified gas. When mixtures were being studied,
predetermined pressures of both gases were allowed
into a mixing globe where they were frozen down and
evaporated at least three times before allowing to
stand for over one hour to complete mixing. ZFor
many mixtures a much longer time was given. The
mixture was then expanded into the cell.

The pressures were measured using a wide bore
(lem. diameter) mercury manometer with two limbs
very close together. At pressures above 4 cm.Hg
the manometer was read with the eye, an accuracy
greater than 1% being obtzined. However, at lower
pressures it was found necessary to use a travelling
microscope when readings could be taken to 0.002 cm.
with resultant high accuracy. The error which can
be present due to different heights of the mercury
meniscus in each limb was calculated as 0.002cm.Hg

and was therefore negligible for all pressures used.
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Since a small amount of fluctuation across the
diaphragm tended to take place, a period of up to
half-an-hour was allowed for equilibrium to be
established before closing the needle-valve and the
tap nearest the other part of the cell. Once more a
period of time elapsed before perfect equilibrium
was established.

With the blackened foil held by the magnet out
of the way, the incident beam was allowed to enter
the absorption cell until a steady state prevailed.
The deflection registered by the Proximity Meter
was noted. This was done several times and an exact
value obtained before, with the radiation eliminated
this value was simulated by energy introduced from
the platinum wire. Having ascertained this electri-
ical energy as closely as possible, the sensitivity
of the Proximity Meter (or of the amplifying system
if it were being used) was changed and the whole
procedure repeated. This was done several times.
Thus an accurate value for the energy absorbed was
determined.

Having pumped out the cell, when this was
necessary, a new sample of absorbing gas was intro-

sduced and the measurement repeated.

2aliab Measurement of the Incident Energy

As has been indicated, the blackened foil
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measures all the radiation energy incident on the
gas, i.e. between 3 and ?/A. In order to calculate
the incident energy per frequency unit (I(o))
appropriate to the absorption band under study, it

is necessary to know the ratio

Igo)
Q

where Q is the energy entering the cell
between 3 and Eﬂ.in the absence of atmos-
:pheric absorption between the source and
the cell.

The temperature of the source was measured
using a calibrated optical pyrometer and, using
Planck's radiation law, the distribution of the
intensities of the emitted frequencies was calcul-
sated. This distribution was corrected for the
transmission characteristics of the filters. The
ratio of the energy at the required frequency to the
total energy between 3 and 5/4. (Y) was calculated
graphically, and it is readily seen that Y is

equivalent to I(o)
Q L]

The details of the atmospheric absorption were
as follows. The two constituents of importance are
carbon dioxide and water vapour with the following

absorption bands in the region 3 to %}x.
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COyz= 20770m-l combination band,
2285cm™"  the V; fundamental of the
carbon 13 isotope,
2349cm™  the V3 fundamental which is a
very strong absorber.
if

Hy0:= 315lcm” overtone band.

The effect of these bands on the required ratio
(their effect on the absorption bands of nitrous
oxide and methane are discussed later) can be guite
accurately calculated. In the case of carbon

1 and

dioxide the energy absorbed by the 2077cm”
22850m_1 bands is approximately 1% of that absorbed
by the 23490m_1 band under the same conditions, and
therefore their effect can be ignored. For the
23490111"1 band the partial pressure of carbon dioxide
in air is 3.3}{10"4 and the measured distance between
source and cell was 49cms, thus giving a reduced
pathlength of 1.62x10 %cm.atm. Considering that

the carbon dioxide is pressure-broadened by an

atmosphere of air this is effectively in the linear

region of absorption. Therefore E = AX, and the
I(o)

fraction of the energy absorbed by the carbon
dioxide to the total energy between 3 and ?}1 is

given by
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E oy |
1(3=5m) = 35101% 1.33x107

where R is the ratio of the
1

R,

intensity at 2349Ycm — to the
average intensity between 2000
and 3,3330m_1 passing through
the filters.

The result of this calculation was that the
effect of carbon dioxide is to reduce the value of
Q by 4%.

Thus the energy measured by the blackened foil
is only 96% of Q.

It was found by calculating in a similar way,
from a knowledge of the room temperature and the
relative humidity, that the effect of the water over-
:tone band on the measured value of ¢ was negligible
(approx. 0.3%%)

The desired quantity I(o) is thus most easily
calculated from the relationship

I(o) = QY = 1.04Q(m)Y (57
where Q(m) is the energy
measured by the absorption of
the foil.

As has been indicated the value of the incident
energy was found using two other techniques. One of
those was entirely a calculation from the properties
of the source and the optics, and is given in the

next section as a valuable estimation of I(o). The
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other method consisted of a measurement of the total
energy incident on the gas between 3 and 2};using a
calibrated thermopile, followed by a calculation

exactly as given above for the blackened foil method.

v= 0 (O | Thermopile lMeasurements

The thermopile was calibrated using actinometry.
In a solution of 0.01l uranyl sulphate and 0.05l
oxalic acid the quantum efficiency of the acid
decomposition tCOOH)2 = 002+CO+H20 for blue
light, say, from a mercury vapour lamp, is 0.6 (66).

The number of quanta per second falling on unit
area of an absorption cell containing the above solu-
:tion at a particular distance from a mercury vapour

lamp is thus given by:

0.5(V;=V,)N x 6.02 x 1027

10°4(1 - ¥2_)%.0.6

G
where Vi and \/, are initial and final
titrations of the same volume of
oxalic acid with potassium permang-
tanate of normality N,
A is the area of aperture allowing the
light into the cell,
and t is the time of illumination in
seconds.

The relationship follows since lOOOml.NKMn04

0.5 mole oxalic acid.
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G
(1 - Eg) is the absorption factor for the
il

uranyl oxalate solution and is obtained, by means of
a photo-electric cell - galvanometer system. The
galvanometer deflection with the cell placed in the
beam between the blue light source and the photocell
is Gl when the cell is filled with water and G2 when
the cell contains the uranyl oxalate solution.

In order to isolate light of the appropriate
wavelength (43604°) a 2% solution of cuprammonium
sulphate was used. The light was directed onto the
cell by means of a highly polished cone which was
also used with the thermopile.

The absorption factor, the wavelength of absor-
tption and the filter characteristics were all
checked by doing an ultraviolet and visible spectrum
on the uranyl oxalate and cuprammonium sulphate
solutions.

Having calculated the number of incident
quanta per unit time and area, the incident energy
was Dhy. The thermopile was placed exactly in the
position of the absorption cell and, using an
accurate potentiometer-galvanometer system, the
potential difference produced in it was measured.

The calibration measurements were done several
times to ensure accuracy before the thermopile was

used to measure the infra-red energy between 3 and

?/A incident upon the gas under study.




2.2

Table II

chm.HgZ

Results 1)

2.2.,1

Tables of Results
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The following tables of results were obtained

with the described experimental arrangement.

Because they showed peculiar features which were

especially noticeable in the case of the blackened

foil measurements on the incident energy, a number

of gases were used in conjunction with the foil to

attempt an elucidation of the factors causing error.

The following symbols are used:

and Q(m)

74.0

14.74
Te37
3.69
1.83
0.92
0.37

gas,

incident energy from 3 to E}L .

NQO alone.

E (ergs

sec_;)

P is the pressure of gas in cm.Hg,

is the blackened foil measured

Q(m) (ergs

E is the measured energy absorbed by the

gée: ")

2:27
1.72
1.28
1.07
0.92

0.64

X 105
x 10°
x 10°

X l05

1.84
2.12
2,20
2.16
2.80
3,06
4.40

X

X

10°

10°
10°

10°
10°
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Table IITI N,0, made up to 1 atm. with dry air
P(cm.H Q(m) (ergs sec” x 10°)
T4.5 1.84
14.84 LT
3.72 15T
1.86 S
0.93 1.28
Table IV NZO, made up to 1 atm. with H2
P(cm.Hg) Q(m) (ergs sec™t x 10°)
75.0 1.81
7.50 1.59
0.90 1.235
Table V Dry air
P(cm.Hg) Q(m) (ergs sec™t x 10°)
75.0 1:32
37«0 1.38
14.30 1.60
T.40 1.68
3.70 1.74
1.85 221

0.93 2.42
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Lable VI Ho
P(cm.Hg) Q(m) (ergs sect x 105)
T3.2 0.91
o 1.04
14.6 1:15
6.3 1.33
3.7 1.59
2415 1.66
0.80 2.14
Table VII  CH,
P(em.Hg) E(ergs sec™t x 10°) Q(m)(erss sec™t x 10°)

74.9

3845

18,6

6.8

20

0.95

Table VIITI
P(cm.Hg)

74.5
Ilsl

Jeld

1.09 1.20

0.75 1.39

0.52 1.54

0.45 1.70

0.48 1493

0.43 2,28
Dry air

E (ergs sec_l X 104)

171
2.00
2.56
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TABLE IX CH4
P(em.Hg) E (ergs sec™t x 10%)
32.9 4.20
10.04 2.60
335 2.10
0.91 2.20

These measurements were taken with a much
lower incident energy than the corresponding values

in Table VII. The difference is discussed later.

TABLE X Argon
P(cm.Hg) Q(m) (ergs sec™t x ;QS)

7545 1.02

1443 1.50

4,3 1.98

2ul1 2elD

1.0 2.35

The shape of this relationship was the point
of interest, and the incident energy was different

from all other results.
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Die il Factors Influencing these Results

It was obvious, on studying the values obtained
for both the incident energy and the absorbed energy,
that several experimental factors were having a conm-
splicating effect on the results. These are now
analysed, and in most cases treatment of the factor
involves studying the effect on the platinum wire

and on the plackened foil separately.

2iPa2 L End-conduction of Heat

Considerable end-conduction of heat from the
platinum wire to the lead-wires occurred due to the
high thermal conductivity of the wire compared to
that of the gas. Yhis was more easily calculated
than the conduction from the foil directly through
the hinge to the walls of the cell, and therefore

they are treated separately.

2ealakal Platinum Wire Case

The problem of end-conduction has been studied
extensively in the literature on the measurement of
the thermal conductivity of gases using the
'hot-wire method.' Three main methods of dealing
with it have been found.

a) Theory shows that for long wires there is a

central portion in which the temperature is
constant. Therefore if two cells are

built, each containing a long wire of
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different length, subtraction leaves a
centre portion of the longer wire where end-
conduction does not apply. (67)

b) Very fine potential leads are attached %o
the cell-wire leaving a central part over
which the potential difference is
measured. (68)

¢) The use of a2 relatively short and thick wire
allows the end-conduction to be calculated
with adequate accuracy. In this case the
temperature distribution along the wire is
essentially parabolic and does not contain
a central portion of constant temperature.
(69)(70)(71)

Since with the absorption cell platinum wire it
was necessary to calculate the effect of end-
conduction, case c) above was considered in the first
instance. The method involved can be summarised as
follows.

If the centre of the wire is taken as origin,
the temperature difference from room temperature at
any point on it, at a distance a from the centre, is
given by

t = c(lﬁ - a2)
where le is the total length of the
wire, and ¢ is a constant.

The temperature difference has a maximum value

clﬁ at the centre and it is zero at both ends.




89.

Therefore the mean temperature difference T is

oy i
Ei;l{; c(lg-az)da

2cl§
7

and the temperature gradient at any point on the wire

1l

is

At e
e = 2ca

At either end the gradient is therefore,

($2)

= - 3%
=ty I

Thus the rate at which heat is conducted from the

wire at both ends,

at
=2AA (-&E)a;ilw i
’

s D
6ATTDb
i e (58

2, is the cross-sectional area

where A, =1b
of the wire, and A is the thermal conductiv-
sity of the wire.

In order to evaluate t, which is the only un-
sknown quantity in equation (58, it was decided to
determine the change in resistance of the wire with
change in temperature.

However, on doing this it was found that rather

a large error was present (125%) due to the very

small temperature, and therefore resistance, changes
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involved. Therefore another method of finding either
¥ or the end-conduction was necessitated.
Reference (67) in dealing with the theory of

end-conduction shows the following relationship

2 i
t = By Olexp(vga) + Czexp(—vga) (59

v
where t and a have their previous
meanings,

and C, are constants determined

i 2
from end conditions in the wire,

2 o 2
T = %vé%? and V = EHLEF; - l¥£%§
hA(ln?%) JAL

where I is the current in the wire
in amperes,
o is the specific resistance of
the material of the wire,
J is Joule's constant,
A is cross-sectional area of the
wire,
A and k are the thermal conduct-
:ivities of the wire and the gas
surrounding the wire respectively,
x is the coefficient of resist- |
sance of the wire,
and ig] and Ié are the radii of the
wire and the outer cell.

Equation (59 was extended in the following way

to meet the requirements of the absorption cell.
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s 3 3+ 3
= C.V=exp(V*a) - C2V2exp(—V2a) (60

at _
da il

Cl and 02 were found using the condition that
0O and 21,) i.e. at both ends of the wire

t =0 at a=
(not using the centre of the wire as origin as was

done for equation (58),
Cl=— U -,é:
VE_+ exp(2v lwﬂ
% .
U exp(2v gw)

V[l + exp(QV'%lW )]

On substituting in equation (60,
1

1 - exp(2VZL,)

1+ exp(2V§1w)

il
e

ct

at
a
and therefore the end-conduction of heat at both ends

a=o

I = e¥p(ovEL.)
PEDLEY SwillE e

of the wire is
- 2UAA
= 4 r
V= 1+ exp(2V§Jw)

= 2)11(%%)
a=0

Three procedures were thus available for the
the use of

by

.9‘_1.1_?) )
a=o’

from equation (59 evaluating the
da

calculation of the end-conduction:-

equation (61;
temperature distribution and thus _2AA(
finding the average temperature using (59 and then

substituting in equation (58.
cample results were taken and the three approaches
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compared. For a current and a voltage of 577mA and
26 .5mV respectively, the end-conduction was calcul-
:ated to be 1.08 x 10° ergs sec T; the three
approaches all gave this result to within 3%. The
temperature distribution along the wire for this

sample case was as shown in Graph II.

From equation (61 it is readily shown that for
the conditions of study in the absorption cell the
end-conduction is directly proportional to the
measured current in the wire squared. This is so
pecause the leading term in V, which does not involve
I, is the dominant term. On the basis of this
Graph III was plotted giving a ready measure of this

loss of heat in each measurement.

Pon Rl 2 2 Blackened Foil Case

The calculation of the temperature of the foil
and especially of the amount of heat conduction from
it gives results which are very inaccurate compared
to the values obtained for the platinum wire. The
purpose of this section therefore is not to calcul-
tate the exact heat loss but, in a semi-quantitative
manner, to indicate its order of magnitude. Other
methods of measuring the incident energy were, of
course, available but a study of this factor, and
other factors, for the blackened foil reveal sources

of error in the design of the absorption cell.

|
|
1
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Heat conduction from one surface to another at
temperatures t2 and tl with a gas of thermal con-
sductivity k between them is

H =3B k(te—tl)

where B is a geometrical
factor and is usually
represented as B = 1
i
dr
1 % where Ty and r, are dis-
:tances measured from some
origin, and A is the area
of the conduction path.
For the foil, B was evaluated by approximation
since it involves the geometrically difficult case of
a heated wall surrounded by five other walls.
If the dimensions of the foil are a and b, its
distance from the opposite wall is r and the total

area of the five walls is y, then

B = (ab+y) Es%f (62

This approximation involves the model of two re-
:sultant parallel surfaces, one the foll and the othen
the total area of the walls, at a distance determined
by the ratio of the areas of the two surfaces. They
are now not enclosed at the ends and simple heat con-
tduction theory can be applied. The fact that the

foil conducts in two directions has been considered.
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Thus

H = (ab+y)(§%;) k(t2—tl) (63

In equation (63 H is the energy conducted by
the gas, and is therefore that which is measured in
the absorption cell in the absence of other extra-
:neous effects; and (tz-tl) is the temperature in-

:crease of the foil produced by the radiation.

Having estimated (tz—tl), the ensuing heat con-
tduction from the foil to the supporting hinge is

seen to be given by

dt
AL (daJa=o as stated previously.

Using the same sample figures as in section
BB dnilly
(to-ty) = 0.4°C ;2 = 0.46%107 ergs %¢~lgee~temt

and A and (gg) can be approximated at
da’a=o0
2 0 -1 ;
0.01l2cm™ and 6 Ccm ~ respectively.

The calculation then yields a value for the heat
conduction from the foil of 3 to 4 x 10° ergs sec™T,
This is to be compared with a measured H, the energy
from the radiation actually measured as a pressure
rise in the gas, of around 0.5 x 105 ergs sec—l.

It is obvious from the above order of magnitude
calculations that most of the incident energy was

lost by conduction directly through the hinge to the

walls of the cell, and that only a fraction was trans-

:ferred as translational energy to the gas. Thus .
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totally inadequate thermal insulation of the foil was
employed making the results obtained in this way

meaningless.

The overall results of this section 2.2.2.1 are
to show the faults in the foil design, and also to
indicate accurately that the simulation of the energy
absorbed by the gas using the platinum wire gave a
high result due to heat flowing from the heated wire

to the lead-wires.

2222 Radiation Effects

Since both the wire and the foil during measure-
:ments were at a higher temperature than the sur-
sroundings, it was necessary to assess the amount of
energy lost from both due to radiation. This was
done by assuming that both were black bodies
(correction can easily be made for the emissivity of

platinum) and applying the Stefan radiation law, viz.

E(r) =0A(t,*-t,")
where E(r) is the radiation energy emitted,
ois the Stefan constant,
A is the surface area which is
applicable,
and t2 and tl are the temperatures of the

heated wire or foil and the walls

respectively.
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The correction for this effect in the case of
the wire, when simulating the energy absorbed by the
gas, was found to be negligible (less than 1%) but
for the foil measurements, which were of higher
energy, both the foil and the wire required correc-
:tion by a few per cent. This is not detailed

because of the errors shown in section 2.2.2.1.

2e2:2.53 Convection

The problem of convection, like conduction,
demanded different approaches for the wire and for
the foil. However, the general treatment of this
factor is given first.(72)(73)

The method of dimensional analysis yields four

important quantities:

o)
|_I

Nusselt Number, Hu, =

I

Reynold's Number,Re,

%\ 3

Prandtl Number, Pr,

0107

2

where G is the total heat transferred per unit

:

Grashof Number, Gr,

area per unit time (i.e. both by conduction and con-
:vection), and is related to h, the heat transfer
coefficient, by G=h® where @ is a characteristic
temperature difference in the geometrical shape con-

:sidered,
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1 is the characteristic linear dimension
of the system,
k is the thermal conductivity,
v is the forced velocity of the gas,
/Aais the density,
I}&is the viscosity,
¢ is the specific heat at constant
pressure,
a is the coefficient of thermal expansion,
and g is the acceleration due to gravity.
Nu is a measure of the ratio of the total heat

transferred to that transferred by conduction alone,

i.e. g’ﬁk.

Since the problem of convection in the absorp-
:tion cell is purely one of natural convection Re is

eliminated, i.e. there is no forced velocity.

20> N R | Convection in the case of the Wire

The geometry of the wire convection was approx-
:imated to that of two concentric cylinders with a

large value of d,, where d, and di are the diameters

ay
of outer and inner cylinders respectively.
Much work (74) has been done relating the extent

of convection for the above case to the product

Gr.Pr. The form of the relationship is

Nu = C(Gr.Pr.)"
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where C is a constant dependent on the geometry
of the system, and n takes values which are
valid for certain ranges of the variable Gr.Pr.
At low Gr.Pr, n tends to zero and convection dis-

tappears.

When d, is very big it was found (74) that heat

a3

transfer tended to conduction only, and this has been

examined in detail by Beckmann (75) who worked up to

values of d, equal to a hundred. He took @ to be the
a4

full temperature difference between the two cylindefs,

and d; as the characteristic linear dimension. His

results are shown in Graph IV.

For the platinum wire, with d, equal to approx-
a5

:imately 100, the product Gr.Pr was calculated for
the sample values of one atmosphere of methane and a
temperature difference of 4°C with the result
Gr.Pr = 4.3x107°,

It is readily seen from Graph IV that even for
these high sample values, convection is effectively
absent.

Therefore for all measurements on the energy ab-

:sorbed by the gas, as simulated by the wire, below a
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total pressure of one atmosphere convection was
negligible, except for cases involving gases of high
molecular weight. For these gases the effect of
convection was sufficiently calculable to allow the
determination of the critical pressure at which con-

:vection became important.

2624624342 Convection in the case of the Foil

For the foil the transfer of heat was effective-
:ly that between two parallel surfaces, one at a
higher temperature than the other. The character-
tistic linear dimension for two such surfaces, above
a certain small value of their distance apart, is

normally taken as simnply the distance between then.

The relationship (72) between Nu and Gr.Pr in

this case is shown in Grapa V.

Por sample values of one atmosphere of methane
and a temperature difference of 0.4°C. Gr.Pr was
calculated as 4XL02.

Prom graph V it is seen that, for this simpli-
:fied geometrical model of two surfaces, convection

had no effect below one atmosphere of gas present.
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It would therefore seem from the analyses of
convection carried out in sections 2.2.2.3.l1 and
242424342 that conduction was always the dominant
process in the transfer of heat from both the wire

and the foil.

2ol okl Surface Temperature Discontinuities

In both the wire and the foil measurements a
small temperature gradient existed in the gas from
the heated body to the walls of the cell. At gas-
:solid interfaces of this type it has been observed
that at low pressures a temperature discontinuity can
exist. Early work (76)(77) related this phenomenon
to the efficiency of energy transfer between the gas
and the surface, using «, the accommodation co-
sefficient, to express the fractional extent of this
transfer.

% Ei denotes the energy brought up to unit area
of surface per second by the incident stream of gas
molecules, Er that carried away by these molecules as
they leave the surface, and E, that which would have
been removed from the surface if perfect exchange had
been established between the gas and the solid, then

E,-EB; =«(E -B,;)

oL "Bl =m($w—Ti) where T represents the
corresponding temperature.

In the presence of a temperature discontinuity

both T, and T, are constant for a small distance g out
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from the surface, due to the fact that equilibrium is

not established with the incident molecules, the

surface and the reflected molecules.

Depending on the pressure of the system two

distinet processes are possible:

a)

b)

Free molecule heat conduction

When two surfaces are very near to one
another, or alternatively when the gas be-
:tween them is at an extremely low pressure,
the number of collisions between gas mole-
tcules becomes small in comparison to the
number of gas-surface collisions. Under
these conditions heat conduction is depend-
tent on the pressure. For this process to
occur the mean free path, L, of the gas must
be of the same size as the distance between
the surfaces.

For measurements with the wire and the
foil the necessarily low pressure was never
used, and therefore free molecule heat con-
:duction was never present.

Long mean free path processes

The normal Fourier law of heat conduction
(g = k grad T where q, the heat crossing
unit area in unit time, =kE with k the
thermal conductivity and E the field inten-
:sity) breaks down whenever the number of

carriers of heat, their frequency of
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collision or their mean free path vary with
E. However, it also breaks down in systems
with long mean free paths.

The fundamental difference between the
two types of heat flow appropriate to long
and short L's has been stressed by Jaffe
(78) who obtained a solution of the
Boltzmann integro-differential equation for
the rate of change of the properties of a
gaseous assembly by expansion of L in series.
For L small compared to the linear dimens-—
:ions of the cell, the expression may be ex-
tpanded in ascending powers of L which thus
constitutes a convergent series if L is
small., The firstterm in this series gives
Fourier's law and the succeeding terms
correspond to departures from it due to
variation in the number of carriers, etc.

For L large, however, this series of
terms is no longer convergent. Jaffe
showed that the Boltzmann equation can then
be expanded in powers of 171, The first
term of this series corresponds to process
a) above, and the succeeding terms to the
effect of gas collisions on the long mean
free path process. 1In a more recent paper

(79) he has shown that, in the immediate
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vicinity of a temperature discontinuity,
processes involving long mean free path con-

:ditions apply and not the Fourier law.

The above discussion suggests the existence of
a temperature discontinuity in a normal temperature
gradient, when a low pressure of gas is adjacent to
a heated surface.

Two expressions have been derived to formulate
quantitatively the extent of the discontinuity, g,
from the heated surface, and the magnitude of the
temperature difference involved.(80)

s - 2=0t. 44 . _k
& T J+l /ucv

where k is the thermal conductivity,

L (64

./xis the viscosity,

Cy is the specific heat at constant

volume.

X is the ratio of the specific heats,
and 4 is a constant, 0.491<d<0.499,

determined from the relationship

/“=i/°V];

wherg/p is the density,

and V the average velocity of the

gaseous molecules.

e 2=« L 4T
5_ 2T & dn (65
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where §is the magnitude of the
temperature discontinuity,
and %% is the normal temperature

gradient.

On examining the results in Tables II to X it is
found that high values of the energy were obtained
for low pressure measurements. This is particularly
noticeable with the foil measurements when the energy
absorbed should be independent of pressure. The
reason for these high values is therefore that, as
the total pressure in the system is reduced, both g
and § increase and therefore the average rise in tem-
:perature in the gas is affected. A certain rise in
temperature (measured as a pressure change) occurs
with the absorption of radiation, but when simulating
this with the heated wire more energy has to be
supplied to give the same temperature increase be-
:cause of the presence of the temperature discon-
stinuity.

This rise in the measured energy at low pressures
has been explained by the above, but it is possible
that another process was contributing to the change
in energy with pressure, viz. the inefficient trans-
:port of heat by the internal modes of the molecule
during collision. Heat conduction (and therefore
the apparent thermal conductivity) involves both the

translational and the internal modes in a molecule.
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Although translational and rotational energy are
brought to an equilibrium distribution after a few
collisions, for vibrational energy thousands of
collisions are normally required. Thus, at low
pressures, there might be too few collisions for ex-
:cess vibrational energy to be released (81). This
effect has been reported by several authors (82)(83)
(84) for pressures below approximately 5 cm.Hg.

It was decided to determine the possibility of
this effect competing with the long mean free path
process. This was done by taking measurements on a
monatomic gas, argon, where there are no vibrational
degrees of freedom, and the results are given in
Table X. It was found from these measurements that
the percentage increase in the measured energy was
almost precisely the same for monatomic and poly-
tatomic molecules. This could mean either that the
effect due to the inefficient transport of heat by
the internal modes was absent for the gases consid-
tered, or that the effect is exactly the same for the
absorbed energy (of gas or foil) and the simulation
energy (of the wire).

Whichever reason is correct,the increase in the
required energy at low pressures was due to the tem-

:perature discontinuity at the gas-solid interface

alone.
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To allow for the presence of this factor in the
foil measurements was unnecessary, but it was of
value to estimate the effect for the measurement of
the energy absorbed by the gas. There are several
papers dealing with the effect in measurements of
thermal conductivities of gases (85)(86)(87)(88)(68).
However, their case is simplified by the fact that
the energy input to the wire is kept constant for
all pressures, whereas this is obviously not true
when simulating the energy absorbed by the gas.

Perhaps the most accurate method of dealing with
the problem is that of Dickens (87), and it is a
procedure which enables an estimate of the percentage
effect for the varying simulation energy to be cal-

sculated.

The model used is that of a heated wire within
a concentric cylinder when the energy conducted to
the gas is
Gk ) 2: klwe :
1n 2 +1 I (66
2y nhyntp
where lw is the length of the wire,
9 is the temperature difference
between the wire and the walls,
rq and r, are the radii of wire and
cylinder respectively,

and m and ml are determined as follows.
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For the wire - gas surface,

1 -~
Wire wire

l(dT)

and for the wall - gas surface, 81 =n (35

in
Wall — >

similar manner.

Fipe ; . 1 :
From equation (66, since m and m~ are proportional to

L which is inversely proportional to the pressure,

2Tkl 6
Gk = —_—— where W is a constant of
Vi
At Ty i P the apparatus, and p is
the pressure of the gas.
21 klw 6
and GO = where GO is the energy
r
1n== conducted in the absence
1

of the temperature dis-
scontinuity effect.

For the straightforward case of a constant
energy input at all pressures, G0 is readily found as
the reciprocal intercept in a plot of %,ak against
rgh

For the varying simulation energy in the ab-

:sorption cell an adequate estimation is obtained

from
Gk-GO =21 klwe = >
2 . 2
=g ln==

(67
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where C can be regarded as a constant at

each pressure, and the factor %% has been

ignored because of the very low tempera-

:ture gradient prevailing in the gas next

to the walls.

m can be calculated by using experimental

values of the accommodation coefficient and substi-
:tuting in

= 15 2=
peer = M

X for both methane and nitrous oxide on a plati-
:num surface was taken as 0.5 (68) and the result
obtained for lem.Hg pressure was that G, was 5%
higher than Go.

This value was checked in several ways by using
the literature (89)(88) on thermal conductivity
measurements, and was found to be in agreement with
calculations based on several different approaches.

Graph VI was therefore plotted showing the per-
:centage effect of the temperature discontinuity
factor at different pressures of gas. This graph is
applicable to results taken on the energy absorbed by

the gas, although, because of the geometrical approx-

:imations used, is only of an approximate nature.

2e2aPaldsd Blackened Foil

Although, as has been indicated, no quantitative

calculations were attempted for the case of the foil,
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1t is of interest to study briefly the main features
in the results. This is done with special reference
to the temperature discontinuity effect, and with the
purpose of aiding any new design of the cell. The
results of Q(m) for the gases studied are given in
Graphs VII and VIII.

The very considerable rise in the measured
energy at low pressures was due to the temperature
discontinuity effect. Since the wire, for the same
measurement, was at a higher temperature than the
foil, different temperature gradients existed in the
gas for the simulation and for the absorption. This
resulted in a discontinuity being present with the
wire of much greater consequence than that for the
foil. However, it is unlikely that this difference
accounted for all of the large increase in energy at
low pressures, and a second reason is suggested. One
of the main factors in determining the magnitude of
the accommodation coefficient is the number of
effective collisions during one theoretical collision.
It is seen that the rougher the surface the greater
is the number of effective collisions, and therefore
a high value for < is obtained. The deposited carbon
on the foil had a rough surface and &« was estimated
at 0.9, as compared to the platinum value of 0.5.
Equation (65 shows the fairly large effect (a factor

of 3) which this had on the temperature discontinuity,
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and thus explains the high values of the measured
energy at low pressures which were obtained.

Graph VII shows that different values of Q(m)
were measured with different gases in the cell.
Their order suggests that, because of the high tem-
:perature of the wire and the resultant high temper-
:ature gradient through the gas, the relative ther-
:mal conductivities were the quantities involved in
the change. This stresses the need to employ as low
temperature gradients as possible in the measurements

In Graph VIII the values of Q(m) change with
the composition of the gas mixture, the total
pressure being kept at one atmosphere. The explana-
ttion would, once more, seem to involve the thermal
conductivity as the dominant factor. The thermal
conductivity of a mixture of two gases does not vary
regularly with the composition due to lowered
attractive forces which are the result of inter-
tactions between molecules with different masses and
symmetries. Graphs of the thermal conductivities of
of hydrogen-carbon dioxide and hydrogen-nitrogen
mixtures against composition (90) revealed very
similar relationships to the values of the Q(m)

changes in Graph VIII.
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PRl e 2 Temperature of Gas next to Walls

In the preceding discussion it has been assumed
that the temperature of the gas next to the walls is
the same as the temperaturé of the outside of the
walls, i.e. room temperature.

This can be shown to be valid (88) by using the

following equation,

T
3

T:T-&-len /f2
I
Wy e

where T, and T, are the temperatures in-
tside and outside the wall res-
tpectively,
Gk is the measured energy,
lw is the length of the wire,
Ab is the thermal conductivity of
brass,
and Ty and T3 are the internal and
external radii of the walls.
This assumes cylindrical geometry in the cell
which has been the usual approximation.
For a sample case, of high Gk, T2—Tl was only
10-300, which means that the inside temperature was

effectively the same as room temperature, as has been

assumed.
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2.2+24H Effect of Other Absorption Bands on the

energy absorbed by the gas.

There are two separate cases to be considered
here, viz. the overlapping of the bands in methane
and nitrous oxide by atmospheric absorption, and the
presence in the region 3 to ?}L of other weak bands

of the two gases.

The two bands under study are:

CH,, the V5 band at 3018cm™T,

1 1

to 3200cm™ -,

and N,0, the V3 band at 2224cm-1,

1

stretching from 2850cm™

to 22600m_l.

(15)(91)

stretching from 2170cm~

o = Y Atmospheric overlapping
1

The strong CO, band at 2349cm — stretches from

2
2290cm"l to 23850m_l (15) and therefore does not
interfere with either of the above two bands. The
combination band centred at 2077cm™T likewise does
not interfere, but the fundamental of the 01302
molecule centre& at 22850m'l does overlap the N,0
band. However, the very small concentration of
01302 is the atmosphere (c.l.1%) makes this effect
completely negligible (less than 0.3%).

The first overtone of the V2 band of H20 vapour

1 ana stretches from 30200mfl

is centred at 315lcm”
to 3340cm'l (15). This overlaps the CH4 band. By

calculating the fractional absorption of the overtone




s
for the region of overlap (estimating a value for
the intensity from reference (1)) it was found that
the effect was to decrease the average incident
energy on the methane band by around 0.5%. This
calculation is correct to %0.3% only, but the effect

is practically negligible.

220250 Other Weak Bands of N20 and CH4

The energy absorbed by the gas includes the ab-
:sorption of weak bands present in the filtered
region 3 to ?}A.

For N,0 the =T transition at 22100m_l and

1 ana 2798cm™t are

the combination bands at 2462cm~
all negligible in comparison to the very strong ab-
:sorption of the VB fundamental. However, the first
overtone of the YV, band at 2564cm™F is not altogether
negligible and can be estimated at 1% of the funda-
smental VB.(l)

For CH, it is possible to estimate the effect

4
of the overtone of ¥, at 2600cm™ and the combina-
:tion band at 2823cm™T as being 1%0.5% of the Vs
fundamental. (29)

These percentage corrections are those appli-
:cable for intensity measurements, but the absorp-
:tion of the weak bands is of more significance as a
fraction of the total energy measured at higher re-~

:duced pathlengths when the absorption is no longer

directly proportional to the intensity of the band.
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22256 Absorption by the Walls

Due to the fact that the beam of radiation was
not perfectly focussed and that therefore it diver-
:ged slightly over the length of the cell, wall ab-
:sorption took place. This was shown by the results
in Table VIII for the energy absorbed by air alone,
the absorption by carbon dioxide in the air being
negligible in comparison to the values obtained.
Having allowed for the effect of end-conduction from
the platinum wire, it was noticed that the measured
energies increase at low pressures. It was therefore
assumed that reflection from the walls on to the
foil, supposedly held by the magnet out of the way,
was also happening with a resultant temperature dis-
scontinuity effect at low pressures. From the pre-
:vious section it is known that with foil measure-
:ments the thermal conductivity of the gas influences
the results (Graph VII), and, on the basis of this
knowledge, Graph IX was plotted showing the correc-

:tion for both methane and nitrous oxide.
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e T Tables of Corrections on the Energy

Absorbed
It is of value at this stage, before considering
other methods of evaluating the incident energy, to
give quantitatively the several correction factors
applied to the energy absorbed by the gas. The temp-
terature discontinuity factor was calculated as a
vercentage in each case and is shown as such in the
following tables. All other corrections are in

5

-1
ergs sec " x1l07.

Table XI (from Table II for NZO)

Plonfis) conmcieniiit) serrection(x105) Ey(x105) discombenstis (8) E.(x165)

74.0 1.49 0.06 0.72 0 0.72

14.74 1.17 0.07 0.48 0.3 0.48
Teod 0.90 0.08 0.31 0.7 0.31
3.69 0.76 0.09 0.23 1.5 D22
%85 0.66 0.10 0.17 2.7 0.16
0.37 0.46 0.11 0.07 12.0 0.06

where El is the measured energy corrected for
end-conduction and wall absorption,

and E is the energy corrected for all three

factors.
The high pressure results contain a very big
contribution from the weaker bands in the region
3 to ?}A (c.0.3x105 ergs sec_l at 74cm.Hg), and are

therefore not available for studies on the funda-

:mental.
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Table XITI (from Table VII) for CHQ

Endw-conduction Wall 5 Temperature c
P(en.Bp) _correction(x10”) correction(x10°) Ej(x10°) discontimiity (%) E (x10°)

74.9 0.77 005" Q.27 0 0.27

3845 0.54 U85 » 0516 0.2 0.16

18.6 0.38 0.05 0.09 0.3 0.09
6.8 0.33 0.05 0.07 0.75 0.07
2.0 0.35 0.07 0.06 2.4 0.06
0.95 0.31 0.07 0.047 5.5 0.045

The second series of results on GH4 was measured

using a different incident energy, and is detailed

below.
Table XIII (from Table IX) for GH4
End-conductio Wall = - Temperature
P{en,Bg) crrroctisn{t]@g} correction(x10?) E;(x10?) discontimuity (%) E (x10°)
32.90 0.3%0 0.02 0.10 0.2 0.10
10.04 0.18 0.03 0.05 0&5 0.05
DI 0+15 0.03 0.03 15 0.03

0.91 0.16 0.04 0.02 5.8 0.02
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25228 Calculation of the Incident Bnergy

From a temperature of the Nernst filament of
1660°K, the ratio Y (see section 2.1.6) was calcul-
tated as 2.39 x 10714 sec. for methane,

and 2.15 x 10" see. Ffor Hltrous oride:

Ihese values correspond to the results in
Tables XI and XII.

Corresponding to the results in Table XIII, the
temperature of the Nernst was 1410°K and the ratio Y
was calculated as 2.36 x 10™-% sec. for methane.

The energy distributions from which Y was cal-

sculated are shown in Graph X for both cases.

As has been stated, no values for Q(m) (see
section 2.1.6) were available from measurements using
the blackened foil. However, using the thermopile
the following figures were obtained (section 2.1.6.1)

The calibration yielded D = 1.13 £ 0.10 x 10'°
guanta seo"1 over the area of the aperture.

and Dhy= 0.52 + 0.04 x 10° ergs sec ™+

(the main errors coming from (V}dﬁ)=0.82i0.06m1. and
the quantum efficiency =0.60%0.02 ; errors from

¥ =0.1071 and (1-°2)=0.274 were negligible).
G
1 |

Corresponding to this, a potential difference of

l?.Oil.O microvolts was produced in the thermopile.

The potential difference produced by the infra-
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:red radiation between 3 and ?)* for a filament tem-
:perature of 1660°K was 130t2 microvolts which was

equivalent to a value for Q(m) of 3.95%0.27 x 10°
1

ergs sec

(the error was reduced to that shown by doing
several measurements)

This result was checked by the following cal-

sculation.

2.,2:2:8351 Calculation from the Properties of the

Source and the Optics

The radiation energy emitted from the Nernst

filament was calculated in two ways.

a) The temperature of the filament was LGbOOK,
its surface area 1.39cm2 and its emissivity
was 0.6 (92)(93). By using the Stefan-
Boltzmann equation the total emitted radia-

1

stion was found to be 3.7 x 107 ergs sec .

b) The basis of this second method was to

measure the electrical energy in the fila-
sment and ascertain what proportions of this |
energy go to radiation, conduction and con-
:vection. <Lhis was done by defining a heat
transter coefficient for each process (73).

These coefficients should suffer adequate

comparison.
Prom reference (73) and at the parti- |

:cular temperature used of 1660°K,
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hc :hv th,, = 1.5 ¢ 1.5 2 35
where hc, hv and hr are the heat

transfer coefficients for
the processes conduction,
convection and radiation res-
spectively.

The measured electrical energy was 3.99 x 108

1

ergs sec —, and therefore the energy emitted as

radiation was 3.7 x 10° ergs gee

From a) and b),

the emitted radiation energy =3.7 x lOSergs sec’

There were many factors in the optical arrange-
:ment which reduced the size of this energy value.
These were treated separately in detail as follows,
except for the effect of stmospheric absorption
which was ignored. The result of this calculation
was therefore equivalent to Q, and not to Q(m),

where Q =1.04Q(m)(section 2.1.6)

¢) The mirror did not give 100% reflection of
the radiation. For a front - silvered
mirror of the type used the percentage re-

:flected (18) was 96%1%.

d) The source gave out radiation spherically,
|
and the percentage included by the mirror



e)

f)

g)

120,

was calculated from_gf,»'z x 100
lér

where d is the diameter of the mirror,
and r is the radius of the sphere.

The percentage included was found to be

7i0.2%.

Since the filters eliminate all emitted
wavelengths except the band 3 to E}g it
was necessary to determine the amount of
radiation in this range as a percentage of
the total energy emitted. This was readily r
done using the Stefan-Boltzmamn relation-
tships, and the calculated percentage was

11%.

From the data supplied by the manufacturers
of the filters on their transmission charac-
:teristics, it was found that the total per-

:centage transmission was 3%2.5%.

Because of the difficulty in focussing the
beam of radiation, not all of it entered the
cell through the aperture. Of all the fac-
:tors involved in this calculation this was
the most difficult to estimate, but was
judged from the relative areas of aperture

and beam to be 50X10%.
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h) The transmission of the sodium chloride
windows in the region 3 to ?}4 should be
very close to 100%, but due to a small

amount of clouding a value was assumed of

97%.

The effect of the above factors on the emitted

radiation energy of 3.7 x 108 ergs sec™t

was calcul-
:ated, and the resultant value was

Q = 4.321.0 x 10° ergs sec™t

which is equivalent to -

Q(m) = 4.14 £ 1.0 x 10° ergs sec™t

This result agrees within the limits of error
with that obtained using the thermopile, and there-
:fore substantiates the use of the thermopile result.

It follows therefore from equation (57 that

I(o) = 9.8%0.67x107° ergs for methane,

I(o) = 8.8%0.60x1077 ergs for nitrous oxide,
corresponding to a Nernst tempera-
:ture of 1660°K.

Similarly

I(o) 5.9i0.40x10-9 ergs for methane,
corresponding to a Nernst tempera-

sture of 1410°K.
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LAl K L2 Assessment of Results

Having established satisfactory values for the

incident energies, it was decided to estimate the

intensities of nitrous oxide and methane from the

corrected results of the energy absorbed by the gas.

It was assumed (see sections 4 and 5) that the low-

:pressure limiting gradient for pure gases could be

used
of a
m E‘..lly

that

been

for intensity estimations., These estimates are
very approximate nature, firstly because of the
correction factors and secondly due to the fact
many extremely low pressure readings would have

necessary to define accurately the limiting

low-pressure gradient. It was therefore decided to

plot:

&=

against loglOK,

~

log10
using the data of Tebles XI to XIII and an op=-
:tical pathlength of 3.80cn.

The results are shown in Graph XI, where the
'L"\

approximation in finding the limit of % is obvious.

1

N;0 := lim E _ 4.5i1.0x105 ergs sec Lem tatm

—_ x—0 X
and I(o) = 8.8i0.60x10-9 ergs

1 fundamental,

locm_lsec_l

Thus for the 2224cm”

1

A = 4,900%1,140x10 atm

having corrected to N.T.P.

1




CH4

(1)

xXx—0 X

1290

b

LI Des 1.07%0.20x10° ergs em Lsec Latn™t

and I(o0) = 9.8%0.67x10~7 ergs

and for the 30l8cm T fundamental,

(2)

A = 1,020i205x1010 cm—lsec-latm"l
at N.T.P.
lim B _ + 4 s
%36 ¥ = 5.62-1.05x10" ergs sec ~cm " atm
and Tlo) = 5,950,40%10 ~ eres
Thus A = 900%180x10%° emlseclatm ! at N.T.P.
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2.3 Bxperimental 2)

Because of the many corrections involved in,
and the resultant approximate nature of, the previous
results (section 2.2), it was decided to construct a
new cell incorporating changes in desigh which would
either eliminate or minimise the above factors.
This was planned to yield accurate intensity

measurements on methane and nitrous oxide.

The part of the cell containing the diaphragm
and back-plate unit was left the same, except for a
technical advance in attaining a more stable vacuum
seal between the rod of the back-plate and the
Teflon insulation plug. This was done by using a

I series of O-rings and is shown in Figure 6.

The absorption part of the cell was completely
redesigned, the optical pathlength being shortened by
approximately a factor of three (to 1.54 cms.) to
enable lower reduced pathlengths to be attained.
This pathlength was measured by using a micrometer
screw guage on both polished windows before fixing
them to the cell, and subtracting this distance from
the total, of cell and windows, obtained after
fixing. To prevent any slight divergence of the in-
:cident beam of radiation causing absorption by the
brass walls the sodium chloride window nearest the
source was of smaller area than the back window

(2.54cm by 2.54cm as against 5.08cm by 5.08cm.)
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Many of the problems detailed in section 2.2
arose due to the fairly high temperature of the plat-
sinum wire. In the new cell a grid of wires held on
an insulating PTFE frame was used in place of a
single wire, and the greater length, 44.3%cm as op-
:posed to 1l.27cm, resulted in a much lower tempera-
:ture being obtained while simulating the desired
pressure rise.

For incident energy measurements the blackened
foil was mounted on a removeable plate which could
be replaced readily by a2 blank plate when the energy
absorbed by the gas was being measured. Thus no
problem arose due to stray radiation falling on the
foil during gas absorption measurements. The foil
was completely encased in a thin, insulating layer of
PTFE, and thus in thermsl equilibrium all radiant
energy absorbed by it was transferred to the heat
energy of the surrounding gas.

Difficulty was encountered with the vacuum seal
of the needle-valve, and this arrangement was re-
:placed by a small, glass tap as near the absorption
part of the cell as possible.

I'he new cell is shown in Figure .

The electrical circuitry remained the same as
for the first cell and as shown in Figure 5. OUne
small change in the optics was incorporated, viz. the
addition to the aperture of an inch long tube which,

although reducing the incident energy, ensured much
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more adequate collimation of the beam. The effic-
siency of the collimation was checked by measuring
the area of the beam on the front and back windows.
lMethane and nitrous oxide of the previously
stated purity (section 2.1.4) were used. A certain
pressure of non-absorbing gas, when added to the

varying reduced pathlengths of CH, and NQO used,

A
enables the region of limiting gradient (see equation
(30 ) to be reached at higher values of the reduced
pathlength due to broadening of the rotational

lines (1). The normal pressure-broadening gases are
nitrogen, argon, helium and hydrogen. However, the
choice of the broadening gas to be used was deter-
:mined by the fact that at low pressures spontaneous
emission was found to be a competing process with
vibrational-translational energy transfer (section
1.3.2). The gas chosen therefore had to possess
many low-lying vibrational modes in order to facili-

1

:tate energy transfer from both the 3018cm — band of

CH, and the 2224cm™t

band of HEO. The normal
broadening gases do not possess such modes, and
would have necessitated total pressures in excess of
one atmosphere to ensure that there was no loss due
to spontaneous emission. The gas chosen was

'Arecton 137, CFBCl, (supplied by I.C.I. Ltd.) which

has many vibrational modes below 2000cm™t and which

has no fundamental mode in the region of absorption
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3 to ?/u.. Unfortunately an infra-red spectrum of
the gas showed the presence of a strong overtone par-
:tially overlapped by a weaker combination band, in
the absorption region. These overlapping bands are
simply referred to hereafter as the GF301 overtone.
The absorption of this overtone was measured for GFBGl
alone in order to make the appropriate allowances in
the energy absorbed by CH4 and N20 when arcton-
broadening was used.

The procedure employed in taking measurements
was as in section 2.1.5, and the blackened foil
method of measuring the incident energy was checked
both by direct calculation and by thermopile

measurements.
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2.4 Results 2)

Before tabulating the results obtained with the
second cell, the main correction factors are enume-
irated. For gas absorption, in the pressure ranges
considered, convection, radiation from the heated
wire and the temperature discontinuity effect were
eliminated, whilst with foil measurements it was
shown experimentally that neither temperature dis-
scontinuity nor different thermal conductivities of
the gases had any effect on the results.

End-conduction of heat from the wire was still
present at around 3% of the total energy, but this
correction was calculable with high accuracy (section
2s2:Zs1)s

It was found, by taking measurements with air
and hydrogen, that the cell itself was absorbing
radiation and giving rise to a pressure increase.
This was caused by small amounts of Araldite, used
to secure the sodium chloride windows, overlapping
the incident beam from the aperture and filters.

The energy absorbed in this way was constant with
pressure of gas, and was accurately measurable using
the non-absorbing gases, air and hydrogen. The
carbon dioxide and water vapour in the air only gave
a measurable pressure rise, due to absorption, at
high pressures of air.

Although the loss of energy due to radiation

from the heated wire was negligible with gas absorp-
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:tion measurements, in the case of foil measurements
a small percentage loss occurred for both the heated
foil and wire since much higher energy values were
involved. Using section 2.2.2.2 and an emissivity
value for platinum of 0.1, it was calculated that,
for the incident energy measured, the loss from foil
and wire effectively cancelled one another (the loss
was 1% of the values given in Table XVI in both cases
to a first approximation).

The effect of atmospheric absorption bands and
other bands of CHp and H20 in the region 3 to %/x y
as detailed in section 2.2.2.5, were taken into
account during the final calculations.

FPor all the results recorded meassurements of
the current in the Nernst filament were taken. By
having previously determined the resistance of the
rheostat in the circuit (see Figure 5) and therefore
the voltage across the filament, the current
measurements were used to allow for any variation in
the energy emitted from the source. The correction
due to this factor was negligible (less than 0.5%)

for results on CH but with N2O, when a different

4 ’
filament was used, it varied from O to 5%.

The actual error resulting from limitations in

the accuracy of the millivoltmeter and milliammeter

was calculated as 0.7%.
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| Tables of results, including these correction
‘ factors, are now given. Tables XIV to XX, those
relating to CH4 results, have a common incident
! energy value as detailed in Table XVI. Due to it
being found necessary to change the filament, Tables
XXI to XXV correspond to a different value of the

incident energy.

Table XIV Air alone

End-conduction

1 |

A9 = L 3 3
Pressure(cn,Hz) Ej(ergs sec "x10°) correction {erzs sec xlo”) Eierss zes =iT7)

1.31 1.537 0.046 1.491
2.12 1.504 0.045 1.459
2.90 1.504 0.045 1.459
4.12 Le 323 0.046 1.477
6.57 1.537 0.046 1.491
T.76 1.558 0.046 1.512
9.08 1.584 0,048 1.536
12.79 1.558 0,046 1.512

where Eq is the energy measured with the
wire, )
and I is the corrected energy absorbed

by the gase.




L5
Table XV H2 alone

L. Endeconduction
3 = : LY AP
_ii(_er;;: sec ~x10-) correction (erzs sec 1;:;01) E (ergs sec IYJ.OJ)

Prescure(cn.He)

1.02 1:523 0.046 1.477
237 1.537 0.046 1.491
5.96 1.504 0.045 1.459
7.19 15357 0.046 1.491
10.33 1.525 0.046 1.477
13.75 1.525 0.046 1.477

The value obtained for the energy absorbed by
the cell itself, as measured in Tables XIV and XV,
was used as the cell-constant correction for

measurenents listed in Tables XVI to XX.

Foil measurement of incident energy;

air in cell.

End-conducticn  Cell—constant
cnrrectéon p ccrrect%on = 320
] 1 A [ - 1y A - 4
casure(emJig) 2(n)y (ergs sec™x10%) (ergs sec™=10") (ergs sec™x10%) @(m)(srgs sec™ x10%)

1.32 7.83 0.24 0.15 Te44
529 T7.59 0.23 0.15 Te2l
6.18 8.04 0.24 0.15 7.65
9.32 T7.72 0.23 0.15 T.34
12.65 7.90 0.24 0.15 Te51
14,01 7.83 0.24 0.15 Te44
19.78 7.60 0.15 T+22

0.23

where Q(m)l is the energy measured with the foil

and Q(m) is the incident energy falling on

the foil.
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Table XVII OHd alone

Endeconducticon Cell—constant
correction correction

Pressure(cm,Hg) Ey(ergs sec'1x10_3_)_ {eres .f:ac"'l:'_".OB} (erzs sec"'l:rJ.03) E {ergs se::-lxlosl

0.62 1.568 0.046 1.48 0.04
0.84 1.604 0.048 1.48 0.08
1.18 1.768 0.054 1.48 0.23
1.99 2.009 0.060 1.48 0.47
3.07 2.371 0.072 1.48 0.82
4.09 2.690 0.081 1.48 1:1535
4.56 24815 0.085 1.48 1:25
el 2.864 0.086 1.48 150
6.95 3.248 0.096 1.48 L6
10.34 54535 0.106 1.48 1.95
14.04 4,144 0.125 1.48 2.54
14.06 4,118 0.125 1.48 W 6
16,30 4,582 0.136 1.48 2.97
18.42 4.576 0.142 1.48 2.95
22.09 5.119 0.157 1.48 5.43
2621 52852 0.178 1.48 4,19
33.60 6.504 0.198 1.48 4.83

The percentage error in the values of E at low
pressures is very high due to these values being the
result of subtracting two much larger quantities.,
However, their accuracy was greatly helped by doing
each reading many times using different sensitivi-
:ties ol the Proximity lieter. For example, the

error in E corresponding to a pressure of 1J8 cmHg
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was i8.3§ (this follows from one measurenment on El
being accurate to I3%, the nany readings taken re-
tducing this error to around il%, and the error in
the cell-constant being as smell as +0.5% due to
the many readings taken, not only at one pressure,
but at many pressures), and the error in E corres-
:ponding to 0.62cm.Hg was i44%. At high pressures
only one measurement of El was taken, giving an

error in E of around 4%.

Table XVIIT CFECI alone

End—conduction Cell-constant
correction cmect‘;on ] T
g 4 -3 X &
Pressure(cn,Hp) By (ergs sec x10 ) (ergs sec x10 ) (ergs see x10 ) E (ergs sec x10 )

0.84 1.701 0.052 1.48 0.17
1.41 1.785 0.053 1.48 0.25
5.20 2,277 0.069 1.48 0.73
4.82 & 901 0.078 1.48 0.99
6.89 24795 0.083 1.48 1:23
10.20 2.077 0.093 1.48 1.50
14.61 3.620 0.109 1.48 2.03
18.54 4,154 0.123 1.48 2255
21.99 4,488 OeX52 1.48 2.88
20,05 4.853 0.145 1.48 Je2l

30.67 5.734 0.175 1.48 4.08




Table XIX

»(1)
30.13
30,01
30.02
30.12
29497
30.07
2737
30,01

P(n) Egﬂ

4.78 25.35
4.05 25.96
3448 26454
3.16 26.96
2.78 27.19
2.14 27.93
1.61 25.76
1.23 28.78

= /Te

CH4 - CH301 mixture, constant total

pressure
Cell-eonstant
Endeconduction +Arcton
eorraction correction
-1 3 -1 -1 3 -1 3
Ei(ergs sec x10 ) (ergs sec x10°) (ergs sec x10 ) E(erga sec x10 )
T.14 0.22 4464 2.28
6.73 0.20 4.70 1.83
6.40 0.19 4.76 1.45
6.28 0.19 4.80 1.29
6.07 0.18 4483 1.06
5.92 0.18 4.90 0.84
5¢42 0.16 4.68 0458
5.74 0.18 5.01 0.55

wnere P(T),P(l) and P(A) are the total pressure, the

pressure of methane and the

respectively, in cmn.

Table XX

2.85
4.08
8.03
9.41

15.32

21.11

26.08

31.03

0.81 2.04
1.16 2.92
2429 5.74
2.69 6.72
4437 10.95
6.03 15.08
T.44 18.64
8.84 22.19

Hg.

pressure of arcton

at different total

Por tablex XIX and XX the percentage error in-
svolved in B is discussed fully when calculating a
value for the intensity of CH4.(section 4.1.1)

pressures
Cell—congtant
+ﬁrcf9ﬁn
£1(ergs ::c“lxliz} EF?;s see 210 ) (erze ;;c_ixlti} Eifr;s 3ec_‘x10))
2627 0.07 1.90 0,30
2.58 0.08 2.06 0.44
3.40 0.10 2.58 0.72
3.70 0.11 2469 0.90
4.56 0.14 3¢15 1.27
534 0.16 3.58 1.60
6425 0.19 3497 2409
T.02 0.22 4433 2.47
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Table XXI Alr alone, different incident energy

from Table XIV

End=conduction Source
correciion correction

Pressure {(cm,Hz) El(ergs sac"lxl03) (erzcs 3ec"11103) (ergs sec"lxlog) E(ergs sec"lxlog}

1.09 .14 0.10 +0.02 3,06
2467 3e14 0.10 -0.02 3.02
3.78 Dl l 0.10 +0.07 3.08
5.91 Ded?2 0.10 +0.08 3.10
Te3l 312 0.10 +0.08 3.10
14.50 5419 0.10 +0.08 o 2 o

where 'source correction' is the correction
applied to the results due to the
varigtion in the energy cemitted from

the Nernst filament.




Table XXII H, alone

End—conduction Source
Ny e correction correction
Pressure (em Hz) Eq(ergs sec™x10°) (ergs sec™ 1103) (ergs :’lec_lxl"_\B) E(ergs sec"l:(lﬂg)

2.02 .14 0.10 0 3.04
4.97 3.14 0.10 0 ‘ 3.04
T¢59 3611 0.10 -0.02 2,99
8.70 o 0,10 +0.02 3.04
10.37 317 0.10 +0.02 3.09

The value obtained for the energy absorbed by
the cell itself, as measured in Tables XXI and XXII,
was used as the cell-constant correction for

measurements listed in Tables XXIII to XXV.
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Table XXTIIT N20 alone
E1 End-conduction Source Cell—-constant E
Pressure correction

=) P I ; =1 _an? i,
{cm,Hz) (ergs sec .03} (ergs sec™=x10°) (erze sec 131103)' (eres sec"lxl03} (ergs sec"lxlﬁg')

0.32 Je45 0.11 -0.07 3.05 0.22
0.49 5.68 0.11 -0.11 3.05 0.41
0.62 4.04 0.12 -0.14 5.05 0.73
0.79 4.35 0.14 -0.08 3.05 1.08
1.16 5.23 0.16 -0.22 3.:05 1.80
217 6.67 0.20 +0.,07 3.05 3449
2.90 8.19 0426 -0.24 3405 4.64
75.48 8.82 0.28 -0.29 3.05 5.20
4,31 8.91 0,28 -0.29 3.05 529
T.04 10.60 0.33 0 3,05 Tede
9.71 12,23 0.38 0 3.05 8.80
13.32 15.17 0.40 -0.24 3.05 9.48

As for Table XVII a large number of readings were
taken for the low pressure measurements, thus giving
greater accuracy. The error in E corresponding to
0.%2cm.Hg was calculated as i175.-3, and corresponding to

l.l6cm.Hg the error was iEﬁ.
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Table XXIV CF301 alone

TS E] End-conduction Source Cell—-constant E
(e=.7z) (ergs sec™ 210%) (e A o e I 3
o, ] DY 3 x10 TrZs 8 - 3 : e =

oHz) £9:. 98/ ergs sec x107) {_q:?us gec ~x10°) (ergs see  x107) (exgs sec ]'xch)

24.70 10.15 0.31 0 3.05 6.79
29.37 10.57 0.32 +0.10 505 7.10
544,42 12.52 0.39 -0.21 3.05 8.87
36.01L 11.92 0.37 -0.08 3.05 8.42
3977 12.92 0.40 -0.21 3.05 9.26
45.03 1350 0.41 +0.46 5.05 10.30

These measurements were taken for two reasons:

a) to extend arcton measurements to higher
pressures than was done in Table XVIII.

b) the rstio of the two cell-constants, ob-
:tained for the two sources, was used to
calculate the incident energy in the
second case, and the ratio of arcton ab-
:sorption at a specified pressure was a

useful check on this result.
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Table XXV

N,0 - CFBOl mixture, constant total

pressure.
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The results expressed in Tables XIV to XXV are

Graphs XII to XIX.

11l

shown
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General Fegtures of Results 2)

Before using the results detailed in section 2.4
to calculate band intensities, estimate line-widths
and discuss quantitatively the relaxation of energy
in the gas, it is advantageous to examine the re-
tsults qualitatively.

Results of Arcton-brozdened lines

The features shown by Graphs XVI and XIX for
higher pressures of CH4 and H20 are explained as
follows. The correction allowed for the energy ab-
:sorbed by the arcton overtone was measured with
arcton alone present. At higher pressures of CH4 or
HEO in the mixture of constant total pressure, this
correction is not valid due to the induced adsorption
in the CF301 caused by the presence of CH4 or N20.

In terms of the Elsasser theory the difference in
the energy absorbed by the arcton is shown by

5, =2I(o) Eb“-l(épﬁ-i-slpo)] %

where EA is the energy absorbed by the
CF301 overtone,
A and n are the intensity of and
the number of lines in this over-
: tone,
I(o) is the incident energy,
1 is the optical pathlength,
Oy and p, are the pressures of
CFscl and other gas (GH4 or Nzo)
respectively,
and & and §1 are the line-widths
for arcton broadened by arcton
collisions, and arcton broadened
by EEO and CH4 collisions respec-
stively
(§ is a constant for a gas and is
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i equivalent to b, at one atmosphere)

‘.-‘IhengpA is much greater than Slpo the correction,

| measured with CF301 alone, is valid. This is so at
low partizl pressures of CH4 and HQO up to around
Jem.Hg, partly due to the fact that § is greater than
Sl but largely due to the big difference between Py
and Dye That & is greater than.51 follows from the
highly polar properties of GFBCl, and also from the
result on the optical collision diameter of the self-
:broadened CFBCl overtone (given in section 4.2.3).

Thus it follows that although line-widths of
U¢4 and :20, broadened by CFscl, cannot be estimated |
from Graphs XVI and XIX, the limiting gradient at low
pressures 1s a valid measure for calculations on the
intensities. ,

The results in Table XX and Graph XVI for dif-
:ferent total pressures of the mixture CH4 -GFBCl are
markedly affected by induced absorption in the CFBGl,
but at low pressures gpproach the same limiting grad-
:ient as the results in Table XIX (made up to a con-
:stant pressure). It is suggested that the CFBCl
correction, as measured with pure CF301, is the full
correction at these low pressures because the absorp-
:tion of the CF301 in the mixture was in a region not
greatly affected by changes in the line-shape.

The low pressure data in Graphs XVI and XIX thus
give a measure of the band intensities, except for
the small correction necessary for other bands in the

region 3 to §/*(section 2:2+245)

D Results on Pure Gases

|

| The results of measurements on CH, and N,0 alone,
when corrected for the effect of the other bands in
the absorption region, are available at higher pres-
:sures for estimates of the average line-widths over
the bands. The correction for the other bands was
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more difficult to calculate for a pure gas than for
pressure-broadened lines, but by assuming the form of
the change in energy absorbed with pressure to be the
same as for the fundamental bands it was estimated
that the low-pressure linear region for these other
bands extended to approximately 6cm.Hg for CH4 and
3cm.Hg for HEO‘ Since the correction is very small
(c.l to 2% in the energy measured), only a negligible
error 1s introduced in the gradient by assuming the
linear region to extend to 1lOcm,Hg for CH4 and

6cm.Hg for NEO, at which pressures estimates of the
line-widths can readily be made.

The IZlsasser relationship between the energy ab-
:sorbed and the reduced pathlength was found to be
valid for higher pressures, a linear plot being ob-
:tained with both gases. For E20 this high pressure
linear relationship was shown to a pressure of around
8 or 9cm.lg above which the absorbed energy levelled
off, again as approximately predicted by Elsasser.
However, the above high-pressure linear plot did not
extrapolate to zero at zero pressure but curved over
as shown in Graphs XV, XIV and XVIII. The theory
predicts a linear relationship at all pressures, ex-
:cept for the small effect of the Doppler line-sheape
at low pressures, according to the equation

E =I(o)m 27 bf(x)
(section 1.%.1.2)

where x is a constant for a pure gas when

collision broadening is dominant.

It is therefore obvious that for the bands con-
:sidered the Elsasser theory does not apply at low
pressures. It is suggested that the very strong
absorption near the line-centres, which is dominant at
low pressures, gives rise to different absorption
relationships but that at higher pressures the change
in energy absorbed with pressure comes from the wing
absorption obeying the Elsasser relationship. This
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low-pressure feature was zlso shown by the CF.Cl

3

overtone, and is discussed more fully later.

An estimate of the aversge line-width for CH

4
was made more approximate by the presence of the
Q branch. Because with the V3 band of CH,
| S | -1 : :
B7-B™" = 0.019 em ~ (94), partial splitting of the

4 branch occurs at fairly high pressures (c¢.5 to
10cm.Hg) (see section 1.3.1.7), and therefore the
Kaplan and Eggers approach (section 1.3.1.7.3) was
not applicable. Since this splitting was present and
a linear relationship between energy absorbed and
pressure was found at higher pressures, the approxi-
:mation of regarding the Q branch lines as being the

same as the P and R lines was made (section 1.3.1.7.1)

At very low pressures of both CH4 and H20 loss
in the measured absorbed energy occurred due to spon-
:taneous emission. This is shown by Graphs XIV and
XVIII where the measured energy does not extrapolate

i ; E
to zero, and made more obvious by plotting log10?

against 1oglOP (where P is the pressure in cm,Hg) as
in Graphs XX and XXI. In order to examine the energy
transfer process quantitatively it was necessary to
know the actual energy absorbed at these low pressures,
Because of the previously mentioned deviations from

the simple theory this was done empirically using both
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the form of the relationship before the fall-off due
to spontaneous emission occurred and the general
features of the CFacl curve which was not affected by
loss in energy transfer. This is described in detail

in section 4.3%.1.

G Other graphs

Graph XII shows the cell-constant for the CH4
measurements (Tables XIV and XV)

Graph XVII shows the cell-constant for the N20
measurements (Tables XXI and XXII)

Graph XIII shows the incident energy (foil)

measurements (Table XVI)
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Calculations

Intensities of CH4,H20 and CF.Cl

3

4.1.1 3’0180m"1 band of CH4

Prom a temperature of the Nernst filament of
1420°K, the ratio Y (see section 2.1.6) was caloul-

cated as 2.36x10_14secs. for GHd, The error was neg-

:1ligible here due to the fact that even a 100°K error
in the temperature resulted in less than a 1% change
in Y.

Q(m) was calculated from the properties of the
source and the optics (section 2.2.2.8.1) to be

4 ergs see™

8.1Z2.2x10
Using the calibrated thermopile in a way
analogous to section 2.2.2.8, Q(m) was measured as
7.4i0.5x104 ergs sec T |
The blackened foil measurements gave a value for
Q(m) of 7.5x10% ergs sec™t from Table XVI and
Graph XIII. The average error of each reading taken
at different pressures was 4% and, since eight diff-
:erent measurements were recorded, the overall error
in the measurement was 1l.5%. In section 2.4 it was
stated that radiation losses from the heated foll and
wire were the same, and this calculation was accurate

to an oversll effect on Q(m) of 0.5%,. Thus from the

foil measurements,
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7

Q(m) = 7.5i0.15x104 ergs sec”t

This is in excellent agreement with the thermo-

:pile result.

It therefore follows from section 2.1.6 that

I(o)

1.04 Q(m)Y

1.84%0.04x1077 ergs

Il

for the 3,0180m"1

band of CH4.
Prom Graph XVI the limiting gradient of the absorbed
energy was readily calculable as 3.04x10% ergs sec™t
atm-l. The average error in each point giving this
limiting gradient (from Table XIX) was +10% (this
follows from subtracting two larger values, each of
accuracy around 119), The number of measurements
applicable in Table XIX, and the limiting gradient ob-
:tained from Table XX, reduce this error to t14,

From section 2.2.2.5, in order to allow for
other bands present in the region 3 to %}A, and also
to correct for the small atmospheric overlapping of
the 3,0180m"1 band, a percentage of 0.5% was sub-

:tracted from this limiting gradient.

Therefore the limiting gradient was:

4 =1

%,0350,12%x10" ergs sec Tatm

<3 2
The intensity of the 3,018cm ~ band of CH4,
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B 1 :
A= v 30 XI(oT * Where X = pl with 1=1.54cm.,

therefore is equal %o l,069148x10100m-lsee_latm_l

at 294°k.

At N.T.P. A = 993544x10%%m Ltseo—LatnL

4.1.2 2,2240m™L band of 1,0

A different Nernst filament was used as source

at a temperature of 1510°K. Y was calculated as

2.12x10" 14 1

secs. for W,0 at 2,224cm”

Q(m) was calculatea from the value used for
methane and the ratio of the cell-constants corres-
:ponding to the two different sources (this ratio was
checked by doing similar measurements on CFBGI), and

its value was:

Q(m) = 1.5510.03x105 ergs sec"l

It therefore follows that

I(o) = 3.41% 0.07x10-9eq;5ﬂﬂ-the 2,224cm_1

band of Nzo.

From Graph XIX and assessing the error in a

similar way to section 4.l1.1 the limiting gradient

was 2.71i0.11x105 ergs sec~tatm™t. From this was sub-

:tracted 1% to allow for other bands in the region
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3 %o ?}4 (section 2,.2.2,5) giving

2,68%0.11x10° ergs sec Tatm ™1

Thus, for the 2,224cm™ band of N,0, with
1 = l. 54Cm. )

10 1 1

A = 5,102%230x10™%cn tsecLatn™t at 294%

and at N.T.P., A = 4.740i210x10100m"lsec_latm_l

T 2,400 co™t band of CF5C1

As stated in section 2,3 this band consisted of
a strongly absorbing overtone overlapped by a weaker
combination band. It was impossible to separate these
bands and difficult to assess their relative intensi-
:ties, and this section is only of interest in esti-
:mating an intensity for the whole band. Only an
estimate is possible since the limiting gradient was
determined from measurements on the pure gas, and the
incident energy had to be corrected for the atmos-

1

:pheric absorption of CO, between 2290cm — and

2385cm™ T which overlaps the CF5Cl band.

T'rom Table XVIII and Graphs XV and XXII, the

limiting gradient was

- -1
2.14}{104 ergs sec 1atm

4

Q(m) = 7.5x107 ergs sec

and. ¥ 2.59x10 1% sec.
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By calculating the fractional absorption of the
002 in the region of overlap of the two bands, it was

found that I(o) was reduced by 20%.

I(o0) =1.60x10"° ergs
£

Thus for the 2,400cm — band of CP5C1,

1Q. =l . =] m—l

A = 83%0x10 "em —“sec —at at 294°x.

Estimating the error as £20%, and correcting to
IJ.T.P.,

A = 770il54cm_lsec_latm_l

The interest of this result lies in the fact that
this overtone is extremely intense, its intensity
being of the same order of magnitude as the funda-

:mentals in nmost molecules.
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4.2 Estimates of Line-Widths

4.2.1 Self-broadening of the 3,018cm % band of ,

Using the approximation discussed in section
3.2, the gradient of the energy absorbed against
pressure relationship, shown in Graph XIV, was found
for the higher pressure region of GH4. The correc-
:tion for other bands present in the absorption
region was calculated as 13% at 7cm.Hg pressure and
% at 10cm.Hg. Applying this small correction the
resultant gradient was

9.36}:103 ergs sec-latm—l

Equation (27 for a pure gas gives
B = 2I(0)(amé1)?p

where & is the variation of the

collision line-width for the

it

3,018cm ~ band per atmosphere

pressure for CH4-CH4

collisions.
I(o) = 1.84x1072 ergs,
A = 1,069x10%0 entsec tatn™t at 294°K,
1 = l.54cms,
m = 70 , this coming from reference (29)

and including the number of lines in the

Q@ branch,
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d

&

= 9-363{103 ergs sec Latm L

&l

and thus SCH4—CH4 =0.18%0.05 cn tatu™t

at 294°x y an estimated error of

X304 having been allowed for the
pproximation.
The optical collision diameter, O, is directly

related (1) to § by

where T is the temperature in OK,
and Hl and Eg are the molecular weights

of the colliding species.

Thus, O oy _op =4,9%1,0 A° for the 3,018 em™t
ik S
fundamental at
294°K.
4.,2.2 Self-broadening of 2,2240m_1 band of N20

In a similar way to section 4.2.1, except that
no difficulties due to the presence of a Q branch

arose, the following values were obtained.

I(o) = 3.41i0.07x10"9 ergs,
A - 5,102%230x10%0 cn~tsec latn™ at 294°K,
1 = 1l.54cm.,

m = 100 , from reference (91) ,
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ak K + 4 = -
ap = 3.8=0.1x10" ergs sec latm + (Graph XVIII)

and thus SNQO—NQO =0.13%%0.01 cm-latm_l at 294°k

giving (7N20-N20 =5.33%0.28 A® for the

2,224em™L

fundamental 2%

294°x,

4,249 Self-broadening of the 234000m“1 band of

CP
3Cl

The following values were obtained.

I(o) = 1.60x10™7 ergs,

l = 1.54‘ch,

%% = 7.7020.23%10° ergs sec Tatn™t (Graph XV)
A = 830%170cn Tsec tatn™t at 294%k

The above values for A and %% include the ab-
:sorption of the combination band. The allowance for
this band, as has been indicated, was difficult but,
in order to isolate the overtone, it was estimated
from the spectrum that the overtone was 3 to 5 tines
as strong as the combination band. The values of

A and dE were therefore reduced by 25%.
dp
The number of lines in the overtone was calcul-

.ated from the tandwidth of 120em T and a spacing
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between lines of 2cm"l. The spacing was estimated

from data on similar symmetrical top molecules (15).

ioec m = 60-

For the CF5Cl overtone at 2,4000m-1,
. + -1 -1 0,
SCF301—0F301 =0.20=0.06em ~atm ~ at 294°K,
the error

being esti-

:mated at
1309%.

+ 0
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|43 Probability of Vibrational-Translational Energy

Transfer

Prom section 1.%.2 and equation (56 it is seen
that, at low pressures of the pure gas, spontaneous
emission can result in the energy measured by the

present method being lower than the energy absorbed

by the gas.

From equation (56,
2 =An, [Zplo+(1-g)A10]
V.hVOl
where E is the energy absorbed in
cell.

If E(m) is the energy actually measured, then

Em) - Aw_zp, (68
V.hv01
It therefore follows that
AN = (E_E(m)) (69
° vy, (1-e)iyg
and substituting in equation (68 yields
E(m) (1'g)A10 (70

p ==
10 E-E(m) Z

Thus the relaxation time for the degradation of
energy in a particular vibrational mode to trans-

:lational energy is given by (see section 1.%,2.1)
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B-5(m)
TI ( " rl) ) = h (71
—g)nlo[}-exp(— "Eﬁrq]at 1 atmosphere,

Il

where p is the pressure in atmospheres.

From Graphs XIV and XVIII the fall-off in the
measured energy is seen to occur for both GH4 and Ego.
In order to estimate a value for T it was therefore
necessary to find the quantities (E-E(m)) and g, the

other factors in equation (71 being readily available.

4,543 Calculation (E=E(m))

As indicated in section 3.2 the value of E at
low pressures was not calculgble from simple theory.
The relationship between the absorbed energy and the
pressure was known experimentally down to fairly low
pressures (to the pressure at which the fall-off due |
to spontaneous emission occurred) and an extension of
this relationship to zero pressure was required.

Having allowed for the presence of other bands
in the absorption region, log10 % against loglOP was
plotted for each gas as shown in Graphs XX, XXI and
XXII. Tor CF3G1 the full absorption of the overlap-
:ping overtone and combination bands was plotted.
With the CF3Cl plot no complications arose due %0

loss of spontaneously emitted radiation or increased
absorption because of Doppler contributions to the
line-shape. This latter point is substantiated from

equation (44 where
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E%totalg X 3 ~Drad .
E(collision) ~ l+49za"x " to a first

approximation,
. 'b a
L C 5 D,
with a = EB (In2)® gnd x = 53?%- (section 1.3.1.5)
c

For CF3CI,X=5.14 and a=l.40x102p where p is the
pressure in atmospheres, and the Doppler contribu-
:tion is thus calculated as 1% at lem.Hg pressure.
The low-pressure relationships in these Graphs in-
:dicat? that the line-shape is of decreasing impor-
:tance the lower the pressure, and thus even this
small, theoretical contribution is not applicable,
i.e. although the theoretical Doppler contribution
increases at low pressures, the effect of the line-
:shape on the energy absorbed is so small that no
Doppler contribution is observed.

The experimental CF301 plot in Graph XXII was
fitted accurately by an exponential relationship.

For CH4 and H2O an exponential plot was fitted
to the experimental results, before the fall-off due
to re-emission occurred, and continued to low pres-
:sures as shown in Graphs XX and XXI. With HQO no
allowance was made for the Doppler contributions
for similar reasons to above with CF301, but with

CH, where x=6.43% and a=40.3p below 2cm.Hg pressure

4
the contributions were calculated as follows.
Having determined the theoretical, fractional effect

of the Doppler line-broadening for CH4 using the
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above equation, the percentage to be added to the
empirical, exponentisgl relationship was found by
multiplying this theoretical effect by the factor
representing the extent to which the energy absorbed
was affected by the line-shape., This factor was
found by taking the gradient of the exponential
curve at the pressure in question, and comparing it
with the gradients where the line-shape has no
effect or has total effect on the absorbed energy.
As has been stated, this is shown in Graph XX.

On continuing these empirical relationships to
to extremely low pressures for both CH4 and NQO it
was found that the limiting horizontal line for

-

K "
10510% coincided with the wvalue of log10§ determined

for the low-pressure linear region of the arcton-
tbroadened relationships, The pressure at which this
limiting horizontal line was reached was that pre-
:dicted by the theoretical curves of Van der Held (1)
although, of course, his theory does not predict the
essentially exponential shape of Graphs XX, XXI and
XXII at low pressures. The relationship predicted
by Ven der Held is linear to low pressures (same as
Elsasser) but because of the Doppler contributions at
very low pressures an increase in I occurs before
eventually approaching the limiting gradient as

stated above.

These two tacts would seem to indicate that the
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suggestion of an intense central portion of the line
absorbing dominantly at low pressures is correct.
This gives rise to a different relationship ﬁith
pressure which approaches theory both at very low
and fairly high pressures.

Having established the relationship between E
and P at low pressures, Graphs XXIII and XXIV were
constructed. Because of the very small values of the
measured energies, and a certain approximation in E
due to the Doppler effect, below lcm.Hg pressure, all
values used for calculations were taken in the range
lem.Hg to 2.5cm.Hg where the desired quantity

(E-E(m)) could be determined with most accuracy.

4o342 Calculation of the Factor g

g is a fraction which varies from O, when none
of the spontaneously emitted radiation is re-absorbed,
to 1, when 2ll this re-emitted energy is absorbed.
The distribution of the re-emitted energy with fre-
:quency, over the band under study, is exactly the
same as for the absorption spectrum.

For a constant I(o) over the band it has been
suggested that the strong absorption near the line-
:centres is dominant at low pressures, but as the
pressure increases the wing contributions become

responsible for the change in absorbed energy with
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pressure. However, when I(o) varies markedly with
frequency according to the absorption spectrum, as
for the re-emitted energy, the wing contributions
are negligible till fairly high pressures are
reached (certainly pressures greater than 10cm.Hg) .
It was therefore decided to assume that the absorp-
:tion relationship for re-emitted radiation at low
pressures was similar to the absorption of the in-
:tense parts of the lines when a2 constant I(o) was
used. This relationship was found by extrapolating
the high-pressure linear part in Graphs XIV and
AVIIT for CH4 and H2O t0 zero pressure, and sub-
:tracting this extrapolated value from the values of
E as found in section 4.3.1 and Graphs XXIII and
XXIV. This gave the energy absorbed by the wings,
and subtraction of this from E gave the energy ab-
:sorbed by the central, intense portion of the lines.
The resultant curves (representing the intense parts

the absorption for a constant I(o)) are shown in

Iy

0
Graphs XXV and XXVI where E is plotted against the
reduced pathlength. The required fraction g at a
particular pressure of gas was found by taking the
ratio of the energy absorbed, for the reduced path-
:length of the re-emitted energy at this pressure, to
the total energy absorbed in this intense region. It
was therefore necessary, since the optical pathlength

of re-emitted radiation differed from the cell length,
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to calculate the average distance a re-emitted
quentun travels through the gas before reaching the
walls in the absence of absorption.

Since spontaneous emission is isotropic the
problem was to calculate the mean distance of the
walls of the cell from the centre, under the con-
:dition of uniform distribution of the radiztion
from the centre.

The exact treatment of this problem i.e. the

evaluation of the integral

_;_f[
I 1 ds

where 1 is the distance from the
centre to the walls, and the
integration is over a unit
sphere, centre at the centre
of the cell,

was found to yield intractable integrals, and it
was decided to find the average value of 1 by numer-
:ical analysis.

The dimensions of the cell were measured and,
having taken into account the presence of the plati-
:num wire frame, were found to be on average

1.30cm., 4.73cm and 5.49cm.

Considering one wall and a unit sphere, centre
at the centre of the cell, lines of latitude were
drewn on the sphere at equal, colatitive angles S

( ® being the angle from the line of length d joining
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the centre of the sphere to the centre of the wall).
© was taken at 10° intervals and the lines of lati-
:tude projected on to the wall. The projections
were circles or parts of circles, with radius, r,
equal to d tan®. PFor all points on the circle
1 =4d sec®.

Considering one quarter of the wall, as shown
in Pigure 8, the angle x subtended at the centre of
the projected circle by the arc on the wall was 90°
for low values of © but less than 900 for higher

values of 6. However,

sinx =

Hlo

where ¢ is a dimension of the
quarter wall as shown,

and thus, from r=tan @, < was found for each
value of 6 taken.

The ecirecles falling outside the quarter wall
were eliminated, having determined them in each case
from the condition that d tan € (or r) must be less
than the value of the diagonal of the quarter wall
for the circle of angle 8§ to count.

1 was averaged over the circles of latitude in
the following way. The length of are for the circle
of angle 0 was Xxr where X = —T-Q'—- for the quadrants and
the radian measure of & for the smaller arcs. Thus

xXr
the length of arc on the sphere was A
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The average of 1 for the quarter wall was

therefore -

=
LT

"‘Ig HIr-s

which equals Zxd tan
Zxsinb

since r=d tan § and 1=d sec

The appropriate range of 0 and values of & and
d were found for each wall, and the average distance
from the centre to the walls, under uniform distri-
:bution from the centre, was calculated.

The results were as follows.

a) For the wall measuring l.30cm by 4.73cm

ﬂl X o tan 6 xsin @
10 1.5708 0.2769 0.2727
20 0.7084 0.2579 0.2423
30 0.4227 0.2441 0.2114
40 0.2862 0.2402 0.1840
50 0.2002 0.2386 0.1534
60 01573 0.2378 0.1189

In this case d = 2.745cn.,

and thus,
S xd tan® = 4,1051,
and Z2xsin® = 1.1827.
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b) For the wall measuring 4.73cm by 5.49cm

x sin 6
0.2727
0.5372
0.7854
1.0097
1.2032
1.3603
1.4761

= T7.7886
= 6.6446

ocsine

0.2727
0.2926
0.2480
0.2145
0.1787
0.13580
0.0941

,jiLEL X X tan 6
10 1.5708 0.2769
20 1.5708 0.5718
30 1.5708 0.9070
40 1.5708 1:3181
50 1.5708 1.8721
60 1.5708 2.7208
70 1.5708 4.3158
With 4 = 0.65cm., Zxd tan 6
Z x sin O
¢) For the wall measuring l.30cm by 5.49cm
0 o o< tan
10 1.5708 0.2769
20 0.8555 0.3114
30 0,4960 0.2864
40 063337 0.2800
50 0.2533 0.2780
60 0.1594 0.2761
70 0.1001 0.2750
With 4 = 2.365cm.,Zxd tan @ = 4.6917, and

Sxsin @ = 1.4386

e Zoxd tan b
Zxsin 6

71 = 1,79cm.

and therefore
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The error in.i, although difficult to estimate,
should be small.
Having determined the optical pathlength for
spontaneous emission, the reduced pathlength at any
pressure was p 1, and the value of g was obtained

from Graphs XXV and XXVI.

L5 Ti D A Check on the above Calculations

Since several assumptions, as to the form of
the relationship between absorbed energy and pres-
:sure, were made in sections 4.3.1 and 4.3.2 a check
on their approximate correctness was carried out as
follows.

From equation (68,

E(m) = V.thIAHeZplO
For two different measurements at two pressures

1l and 2,
E(m)l =A1\Tel pl

(72
E(m)y ANy, pp

where pq and p, are the

pressures in atmospheres.
Prom equation (69,

_ (B-E(m))
ANe V.hv’Ol(l-g)Alo
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and therefore
AV, _ (B-E(m)); (1-gy,)
AV,  (B-E(m)), (l-gp)

giving from equation (72,

E(m); py (B-E(m)); (1-g,)
E(m)g Ps (E“E(m))2 (l“gl)

(73

Thus if the right-hand side of equation (73
gives a ratio in agreement with the measured left-
:hand side ratio, the results are at least shown to
be self-consistent and are very probably correct.

The following values were obtained from the

smoothed plots in the appropriate Graphs -

N,0 CH,
7 o lem.Hg | lem.Hg || 1.5cm.Hg 2cm.Hg
3om£ared and and and and
pressures Y4 sem,Hg | 2em.Hg || 2em.Hg | 2.5cm.He
E(m)
. 0.61 0.46 0465 0.73
4\nm 2
ol
- 0.67 0.50 0.75 0.80
Po
|

(E-E(m))q

a ) 50 | 1.29
(1—g2)
g 0.61 0443 0.80 0.779
Left-hand | a
side 0,62 0.47 h___o.ba 0.81
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The results for N20 were consistent to within a
few percent, and for OH4 were consistent to within 5%
in the range 1.5 to 2cm.Hg pressure when the combined
effects of Doppler broadening and a very small value
for (E-E(m)) (producing a large percentage deviation)

were at a mininmun.

4.7.4 Estimates of Relaxation Times

4.3.4.1 3,018cm™ T band of cH,

Although the relationship between E and p was
found empirically, the possibility of a slightly dif-
:ferent plot at low pressures due to the presence of
the @ branch existed. It followed that, even though
the results were consistent in the range 1.5 to 2cm.Hg,
o large error was present in (E-E(m)).

With P=l.5cn.Hg,

E(m):O.QgiO.lelo3 ergs sec_l. (the error
follows from Table XVII),
5-3(1)=0.19%0,05x107 ergs sec ~ (estimated from

the uncertainty due to the Q branch)
P =0.47%0,03 (estimated from the procedure for

finding g)
Ay =91i4 sec-l at 294°K, calculated from the

intensity measurement.
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Using equation (71,

T was determined as 265i14§)13ec. at 2940K.

With P=2cm.Hg, T =225X150 usec.

(with a bigger error in E-E(m))

4.3.4.2 2. 224em™t band of N.0

2

This band does not have a Q branch and an esti-
:mate of greater accuracy was possible. The following
results were obtained.

With P = lem.Hg,

E(m)xl.SOiO.OB:{lO3 ergs sec™t
E-E(m)zO.GB-O.lleO3 ergs seo™t (allowing a
6% error in
the value of
E)
g=0.4420,03

A19=236%11 s60

Using equation (71, 7= 43il%jxsec. at 294°K

Similarly with P=l.5cm.Hg, 1’=43iléfxsec.
and with P=2.,0cm.Hg, 1’=42i2;/13ec.

The similarity in these results reflects the

self-consistency demonstrated in section 4.3.3
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4.%.4.3 2,4000m-1 overtone band of OFBOl

No fall-off in the measured energy was observed
above a pressure of lem.Hg, and although quantitat-
:ively difficult to discuss because of the overlap-

:ping combination band, it was established that

T 50 usec. for the overtone band at 294°K,
using equation (71. The significance of this is dis-

tcussed in section 5.

4.4 Summary of Results

The above results are summarised and two quan-
:tities, o (kinetic) which is the kinetic collision
diameter (calculated from the measured viscosities),
and/s which is the relaxation time of the lowest vib-
:rational mode in the molecule, are given for

comparison,
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CH, 1,0 CF5C1
3,018cn™ " band |2,224cn™L bandl|2,400em™t
overtone
A(at N.T.P.)

+ 10 + 10 +. 10
om Yseo tatm~L| 995-44x10 4,740=210x10 580=170x10
1.~ (at 294°K)

10_1 9174 23611 33110
sSec
Q.
B (&t 294°K)
101 )| 2.0%0.09x10% | 1.30%0.06x10"7 | 1.58%.53x1018
cm’ergs ~sec
$(at 294°K) . o .
—l b "‘1 0.18-0005 0.13-0.01 0020"0.06
cm at
o (optical)
0 4.921,0 5.3320,28 9.621.9
0-.— ;
T(at 2047K) | py5tiys 43t 50
)JS@C-
%’(izlnetlc) 3,86 3,88 4.9
A
Qo
B (at 2947K) 1.5 0.9 0.1

: /.{SGC-
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Discussion

Intensity Measurements

The results obtained for the intensities of
both CH4 and N,0 are very similar to those of other

workers using different techniques. PFor N,0 the

2
results, listed in Table I, of pressure-broadened

1

measurements on the 2,224em™~ band vary considerably,

but with references (47) and (48) great care was

taken to ensure the correct conditions of measure-

10 10

:ment. Their results of 4,950x10™" and 4,850x10"

em sec_latm_l are within the experimental error of
the value obtained in the present study.

With CH4 the following values of the intensity

of the 3,0180m—1 band have been determined:-
971x10100m-lsec_1atm“l (81),
10 =1

1,075x10 " cm seo Latm L (43),

and 978x1010cm"1sec"1atm“l (96),

where the methods used were.infra—red dispersion
studies, inert gas pressure-broadening and self-
:broadening respectively. Although in the literature
the highest value is taken as being the most accur-
:ate (97), the present result of 993xlOlOcm_lsec"1
atm™L substantiates the lower values.

This work was not expected to yield results in

violent disagreement with the previous values since

calculations of the atomic polarizations of the
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molecules from the intensities agreed, to a first
approximation, with those estimated from dielectric
constant measurements (98)(99)(100). However, the
results of this method indicate the wvalidity of
pressure-broadening megsurements, when sufficient
care is taken, to within 5%. Since the only other
method not using a spectrometer, viz. infra-red
dispersion studies, is subject to many theoretical
difficulties of interpretation, this was a very use-
:ful check.

With regard to the actual method, it was hoped
that this would be simpler and quicker experimentally
than the complexities of high-pressure work, as well
as being theoretically more direct. It is therefore
useful to summarise the advantages and the dis-

tadvantages:

a) Advantages

1) No difficulties due to finite spectro-
:meter slit-width or lack of sensitivity
in the wings of the band (section 1.4)
were present.

2) The operation of the apparatus at
pressures of below one atmosphere meant
that difficulties due to incomplete mixing
of a small pressure of absorbing gas and a
high pressure of inert gas, and the

pressure-induced adsorption of the
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absorbing gas on the walls of the cell
were eliminated. (section 1l.4.1)
3) Constructional problems in both cell
and gas-line design were reduced by using
low pressures.
4) With pressure-broadening measurements,
as has been stated, great care must be
taken to ensure optimum conditions, e.g.
to ensure that the absorption coefficient
is constant over the spectrometer slit-
:width in use. Because of the theoretical
simplicity and certainty of the low
pressure linear region only one set of
measuremnents 1s necessary with the present
method. Therefore, when allied to the
fact that a simple energy measurement and
not a graphical integration is involved,
the method is very much quicker and
simpler.
5) The line-shape of certain bands demands,
with pressure-broadening experiments, the
use of a very high pressure of inert gas
(greater than 30atm). At these high
pressures (section 1.4.,1) pressure-induced
absorption takes place. In the present
method no such difficulty arises.
6) Bands of low intensity (e.g. overtones)

can easily be measured. This follows from
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the fact that the pressure of gas at which
The low-pressure linear region is reached
is proportional to a2 and inversely pro-

tportional to k(o)D, where

=

W,

(1n2)

W
1l
CJUI od

and k(o)D, the absorption coefficient at

the line centre for Doppler broadening,

o=

= E% (;%E) where S is the line
intensity.

To a first approximation (ignoring possible
changes in the number of lines in a band),
therefore, the extent of the linear
region for bands is inversely proportional
to the intensity. Whereas for a fundamen-
ttal of high intensity pressures of as low
as lcm.Hg have to be used, pressures of an
atmosphere could be used with low intensity

bands thus enabling sufficient sensitivity

in the energy nmeasurements to be attained.

b) Disadvantages

In listing the disadvantages in the method,

suggested remedies for many of them are dis-

:cussed.

1) In finding the absorbed energy two

larger quantities were subtracted, i.e. the

cell-constant and/or the absorption of the
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CF301. This gave rise to the biggest error
in the final results.

The absorption by the cell itself
could obviously be eliminated in any new
design, since it was simply due to too wide
a beam being allowed through the aperture
and filters. The absorption by the
broadening gas, i.e. the CFEOI, could be
eliminated in two ways; either by using a
totally non-absorbing gas and experiment-
tally determining the required pressure
before loss of energy to spontaneous
emission occurred, or by filtering the in-
:cident energy to a smaller band. The
latter method could only be employed when
the absorption bands of the gas under study
and of the broadening gas did not overlap.
By eliminating the need to subtract two
guantities to obtain the gbsorbed energy it
is estimated that the error in the intens-
:ity measurements would be reduced from 5
to under 2%.

2) The effect of atmospheric absorption be-
:tween the source and the cell is an in-
sherent difficulty in this method, although
of little importance in the bands of CH4

and N20 considered above. There are two
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problems, one of overlap of an atmospheric
band with the band of the gas in the absorp-
:tion cell, and one of the effect on the
incident energy measured over a region in-
:cluding an atmospheric band. With the
latter, when no direct overlapping ocecurs,
the problem can be completely overcome by
the use of a monochromator, isolating the
absorption band in question and eliminat-
:ing any atmospheric absorption. The
method used above of calculating the
effect is, however, perfectly adequate
being accurate to within 1% of the total
incident energy measured (it is dependent,
of course, on z knowledge of the intensi-
:ties of the atmospheric bands). With
direct overlapping of a strong atmospheric
band the problem can only be overcome by
enclosing both source and cell in a con-
:tainer which is filled with a non-infra-
:red active gas. The experimental diffi-
tculties here would be considerable. For
direct overlapping of a weak atmospheric
band, e.g. the water vapour overtone over-

:1lapping the 3,0180m-1

:culation of the fractional absorptivity of
the weak band, although approximate, should

in almost all cases suffice because of the




176,
very small correction necessitated (0.5%
in the quoted example)., Although not
applicable in this example (15) the indivi-
tdual lines in each band could coincide and
the weak atmospheric band would need to be
treated as a strong one.
3) A small error was introduced in the

results obtained for CH, and N2O by the

4
presence of other absorption bands in the
filtered region. Because of the high ab-
:sorption of the bands studied, the error
here was very low, This difficulty would
be readily elimingted by the use of a mono-
:chromator as above.

4) In the design of the final cell many
factors (section 2.2.,2) were taken into
account. TFor this method to yield accurate
results each of these factors must be fully
considered and allowances made when
necessary.

5) The apparatus has a limiting sensitivity
but energies much lower than measured above
could be determined. Since two larger
quantities were being subtracted to yield
the energy absorbed no problems of sensiti-
:vity arose. However, with incident ener-

8

:gies of 10~ %o 1079 ergs per frequency




follows.

¢
unit (as above) the lowest energy required
to define the low-pressure linear region of
absorption is approximately 0,2 %o O.8X103
ergs sec_l, and this, even in the absence
of extraneous absorptions increasing the
measured signal, is well within the scope
of the apparatus. With optimum setting a
factor of 10 to 20 lower than this could be
attained.
6) When compared with methods using a
spectrometer, the above suffers from the
need to carry out separate measurements on
absorbed end incident energies. However,
the development of the technique using the

blackened foil offers g very accurate

determination of the incident energy.

Although spectrometer measurements using
pressure-broadening have the advantage of being a
fully developed technique, and although the present
method essentially substantiates the results ob-
ttained from them, it would seem fair to conclude
that the direct measurement of the absorbed energy
offers great accuracy and considerable ease and
rapidity of measurement. It is interesting to

speculate on further developments in this field as

Having established the intensity of a parti-

:cular band and by using a stable source of radiation,
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it should be possible to do very rapid comparative
neasurements. If the incident beam were chopped at
a certain frequency and the diaphragm used as a
microphone, selective amplification of the amplitude
of the resultant wave would give high accuracy in
the neasurement of the energy absorbed. Having as-
:certained with a few measurements that the linear
region of absorption was attained in each case, a
direct comparison of the amplitudes corresponding to
two absorption bands could be carried out. This
would give the ratio of the energies absorbed, whilst
a measurement of the temperature of the source and a
knowledge of the filter characteristies would yield
the ratio of the incident energies, Since the in-
:tensity of one of the bands is assumed known, and
the linear region relationships are applicable, then
the intensity of the unknown band would follow

directly.

Line-Widths, and the effect of Line-Shapes on

\J1
L]
(V]

the Absorbed Energy

Reviews on line-shapes have been written by
Breene (101) from a theoretical viewpoint and by
Ch'en and Takeo (102) on the experimental results.

i

The number of results related to vibration-rotation

bands is, however, very small.
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The variation of line-width over a band branch
can be quite considerable (16)(31)(32) but, because
of the difficulties encountered in making measure-
:ments on individual lines, the average line-width in
a band is a very useful value to obtain. It is also
of practical value since it is the average line-width
which is used in emissivity calculations (1).

The results obtained in this work for pure CH4,
N2O and CF301 were based on Elsasser's theory al-
:though this theory was not fully descriptive of the
relationship between the absorbed energy and the
pressure. It was decided (section 4) that the change
in the energy absorbed with pressure at higher
pressures, when the relationship was linear, was due
to the physical changes suggested by Elsasser for a
pure gas. By employing the full analysis detailed in
section le3.1le4, Penner(l) found for CO that the
Elsasser approximation yielded a result for the line-
:width which was approximately 50% too low. This
may also be true of the results in this work, but a
full analysis would be necessary to show it; and
since the values obtained are fairly high (compared,

1)

for exemple, to the 0.06em Tatn™T for CO) it would

seem that Penner's conclusions are not general.

- w}
FTor the 589cm 1 band of H20 values of 0.20cnm

L

atn T (103) and 0.2lcm atm™T (58) for the average

line-width have been obtained, although in the second
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reference only a branch maximum was studied. For the

-1
1,285cm ~ band Thorndike (58) obtained 0.130m_1atm_1.

A value of O.3cm ~atm™™ was obbained for 2,224cm_1

band (56) but this was based on a wrong assumption.

It is seen that the present value of O.chm"latm_l

for the 2,224cm“l band is in agreement with the

results obtained with ¥.O.

2
With 3E4 the result of 0.18cm_1atm"1 is approxi-

:mate because of the presence of the Q branch, and

L band is available

no other value for the 3,018cm
with which to compare it. However, using purely com-
:parative measurements (57) it was found that the
optical collision diameter for CH4-CH4 collisions was
approximately the same as for CH4-CO collisions (this
was for the 1306em " band). Assuming that this means
the approximate equality of the collision diameters
for CH, and CO, a value is obtained of 4.5 to 5,04°

i

(for the 13%306cm ~ band), which is in very good agree-

:ment with the present result of 4.9A0 for the

1 band. Comparative measurements on a single

1

3,018cm”

line in the 3,018cm — band (J = 4—5) with a single

line in the HC1l fundamental (J = 2—3) have been
made (104), but no estimates of the average line-

:width can be made from this.

latnrl

-1
was obtained with the OFBCl overtone at 2,400cm ~,

A high result for the line-width of 0.20cm~

but a high optical collision diameter is to be ex~

:pected for this molecule because of its strong polar
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properties.
Considering the kinetic collision diameters
(section 4.4) and the relative polarities of CHy ,
N2O and CF3Cl the results on the optical collision

diameters of these three molecules are obviously in

the correct order.

As has been indicated in section 4, simple
theory for a pure gas predicts a linear relationship
between the absorbed energy and the pressure, ex-
:tending from the region in which the 'error function
law' (section 1l.3.1.2) is applicable to very low
pressures when the eifect of Doppler broadening
changes the amount of energy absorbed. In the ab-
tsence of the Doppler effect this linear region should
pass through zero. The present work showed that,
for the three bands studied, an initial low-pressure
absorption took place not obeying simple theory al-
:though a linear region was obtained at higher
pressures. This linear region, when extrapolated,
did not pass through zero.

It is unlikely that this low-pressure high ab-
:sorption was due purely to the Doppler effect since
it can be shown (1) for a pure Doppler line that the

%
energy absorbed approaches 2.5 (2TTkT)“I(O)u,’
mcE %

with w, the wave-number of the line-centre, as the
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reduced pathlength becomes very large. Extending
this to a band, it was found that the total energy
absorbed by the Doppler line-shape was approximately
a factor of 10 less than the value of the energy ob-
:tained by extrapolating to zero pressure the linear
region of absorption for the three bands considered.
Having dismissed the Doppler effect as a possible
explenation, it was suggested that the high absorp-
:tion coefficients near the line-centre gave rise to
an absorption relationship at low pressures which
was similar in some respects to that obtaining for
an absorbing gas made up to constant pressure with
an inert gas.

There is considerable difficulty in predicting
the form of this relationship theoretically, although
the empirical extrapolation used in section 4 should
be approximately correct.

lMany gases have been found not to obey simple
theory, e.g. HCl and HBr (1) ; and N,0 made up with
N2 was found to give re?ults yielding an X% relation-
:ship, rather than an X% one, at higher pressures
(48). However, results on pure gases which have
been assumed to obey simple theory can be shown to
have the same low-pressure features as found in this
work. Thorndike (58), working on the 589em_1 band of

N20, although not extending his results to low enough

pressures to leave the linear region, found that his
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plot did not extrapolate to zero (he suggested that
this was due to the Doppler effect, but did not state
how this was possible). On examining Penner's
results on CO (both fundamentsl and overtone) and
U0 (1), although these were not extended below the
linear region, it was found that an extrapolation of
the straight line plot did not, once more, go through
zero (nor could the extrapolated value be explained
by the Doppler effect); however, the smaller the
value of the cell-length used the more closely did
the extrapolation come to zero. These facts would
seem to indicate a general process for low pressures
of pure gases not associated with the Doppler effect.
It is therefore of value to draw up a table showing
the extrapolated value of the fractional absorptivity,
AR(o), in each case compared with properties which
might affect this value.
is the optical pathlength,
is the intensity of absorption,

is the line-width at latm. pressure,

o on B M

is the distance between lines in the

absorption band.
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A-(0)[1(cm.) A(cm-lsec_latm—l) S(cm-latm-l) d(cmfl
;CH4(5,0180m-1) 0.04 | 1.54 993x10%° 0.18 | 9.0
N,0(2,224em™) | 0.3 | 1.54 | 4,740x10% 0.13 | 0.86
N,0(589em™Y) [ 0.06 |30.0 900x10™° 0.20 | 0.86
CF501(2,4OOGm_l) 0.04 | 1.54 580x10%° 0.20 | -
co(2,143cn™) | 0.02 [10.1 710x10%° 0.06 | 4.0
NO(1,876cm ) | o0.01 | 6.22 190x10%° .08 - 1=

These figures indicate that probably the main
factor influencing AR(o) is the intensity of absorp-
:tion, and it suffices to conclude that the relation-
:ship between the absorbed energy and the pressure for
low pressures of pure gases does not follow simple
theory, but is dependent in a more complicated way on

the properties of the band absorption.
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5.3 Relaxation of Vibrationsal Energy

The study of the probability of vibrational-
:translational energy transfer has received consider-
:able attention in recent years (33). Uany methods
have been used to determine the time taken for the
transfer of translational energy to vibrational
energy, and vice versa; the main techniques being
the measurement of the velocity and the absorption of
sound in gases, shock wave and impact tube studies
(33). These procedures essentially only give infor-
:mation on the lowest-lying vibrational mode in the
molecule (there are a few exceptions), since the
transfer takes place from translational energy to
vibrational energy and naturally the most available
mode of vibration is firstly excited.

In the present work the excited vibrational modes
were not the most low-lying in the molecule and the
question of interest was whether the energy was lost
to translation by collision in one step, or whether

the collisions with other molecules produced a step-
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twise mechanism down the available vibrational modes

in the molecule.

The theory of energy transfer (33) yields the

following expression for the reciprocal relaxation

time,
f = (ﬁég) NBro2 v* exp (-3y * + g%%)
where £ = %_with‘T’the relaxation time,

N is the molecule density,

T, is the distance of closest approach of

the molecules,

4.2
B = 32 17 'm Y
ho M

, with m the reduced mass
of the system,

y the frequency of
vibration,

h Planck's constant,

« a constant in the pot-
tential energy
function,

end M the reduced mass of

the oscillator,
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L
3

2
v* = (5{¥552K) with k Boltzmenn's constant,

and T the absolute tempera-

:ture,

¥ s (2D 24“’”2)%
xX“kT

It was found, using values from reference (33),
that the ratio of f for the 1,306cm™t band of CH,
(the lowest-lying mode of vibration) to f for the
3,0180m‘l band (studied in this work) assuming the
mechanism was by one step, was approximately 10"6.
Since the established value of the relaxation time
for the 1,306cm™ band is 1.5x107° sec., this means

1 pana

that if the energy was lost from the 3,018cm”™
to translation in one step the resulting relaxation
time would be of the order of 1 sec. Similar
results were determined for the 2,224cm_1 band of
N2O. The step-wise process with its much smaller

energy jumps theoretically yielded values from 30k

to 10—6 sec., dependent on the route taken by the

energy loss.

1

The results obtained for the 3,018cm — mode of

CH, and the 2,224cm'1 mode of N,0 were 245 and 43usec
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respectively, both of which show conclusively that
the step-wise process is the operative method for
vibrational-translational energy transfer from higher
modes of vibration.

lfany indications that the above is true have
been obtained in other work and some of these are now
mentioned. Although ultrasonic measurements normally
only give information on the lowest mode of vibra-
:tion, in those molecules with two, well-separated,
low-1lying modes it has been observed (105) that the
velocity dispersion curves show two distinet parts.
This has Dbeen interpreted as revealing relaxation of
the energy in two modes, and a good example (105) of
3

this is CH,C1l, with bands at 2830m“1 and 704cm

8

yielding results of 0,2x10™ - and 9.5x10_8 sec. res-

:pectively. These results would indicate a step-wise
mechanism,

One method has been devised to study these
higher modes. This makes use of the optic-acoustic
effect; if there is a time-lag between the absorption

of a vibrational quantum and its degradation to
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thermal energy in an absorption cell, then a result-
:ant phase difference should exist between the modu-
:lation of the incident radiation and the emitted
sound wave. Details of this method can be found in
reference (33). The results which have been obtained
are of dublous significance because of other phase-
:lags present in the measurements (106)(107)(108),
but definitely indicate az step-wise process for loss
of vibrational energy.

The only result recorded for either of the two
bands in CH4 and N2O studied in this work is by a
technigque which examines the change in vibrational
temperature with time (109). In a rapidly flowing
gas stream heated at one part of the apparatus the
vibrational temperature at a small distance from the
heat source has not attained equilibrium with the
translational temperature. By measuring the.vibra—
:tional temperature using an infra-red spectrometer
and the translational temperature with suitably
placed thermocouples, the difference between the two

can be found. The change of vibrational temperature
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with time can be determined from a knowledge of the
rate of flow of the gas and a measure of the vibra-
:tional temperature at several distances from the

heat source. The relaxation time follows from

T 7 (IvyTy)
where t is the time,
and Tv and Tt are the vibrational and
translational temperaturés respectively.
The result quoted for the 2,224cm_l mode of H,0
was approximately IOQ/Asec at one atmosphere of gas.
However, the results varied from lOQ)Lsec at 3920K
to 260 usec at 340°K to 160 psec at 519°K (the
temperature range studied being fronm 4600 to 11900)
which would appear to be an incorrect temperature
dependence. The value obtained is therefore of

dubious significance.

It is seen from the above that, as yet, no
definite results exist for the relaxation time of
higher modes of vibration, and that therefore no

meaningful comparisons with the present results can

be made.
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Assuming the validity of the present results it
is interesting to speculate on the possible routes
taken by the collisional deactivation of the vibra-
stional energy.

CH4 has four fundamental modes of vibration, at

L 1,526em™ ) and 1,306em L. Tt

3,018cn™ T, 2,9l4cm”
has been shown (110) that the rapid transfer of
energy for the lowest mode (T = l.?/xsec) is due to
the action of the rotating molecule. The transfer
of translational energy to rotational to vibrational
is more rapid than the normgl translational -
vibrational transfer. However, energy in the 3,018
cm‘l mode is almost certain to undergo an extremely
fast deactivation to the very close 2,914cm—1 mode;
this mode is a stretch of the four hydrogen atoms
and cannot be affected by the rotation of the mole-
:cule in the same manner as the other modes which
have a twisting vibration. It is therefore likely

1

that the second deactivation (from the 2,914cm”

mode to the 1,5260m_1 mode) is much slower than the
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others due to this factor. The result of 24?}1860.
substantiates this mechanism since if each step
took place in a similar manner then the relaxation
time for the 3,018cm_1 mode would be much shorter

(the longest jump of l,3880m-1 being not much

1

greater than 1,306cm —, and only lengthening the

relaxation time from simple theory by a factor of
two or three). The suggested route of collisional

de—activation is therefore

5,018cm_1——+ 2,9l4cm_l, very rapid,

2,914cm-;__+ l,5260m_1, slow, time

determining step,

1

1,526em — 1,3060m'1, very rapid,

and 1,3060m7;__¢ ground level, rapid.

N20 has three fundamental modes of vibration at
1l

1 and 589em™*. Although many

1

2,224cm —, 1,285cm”

possible routes exist for the deactivation of the
vibrational energy in the highest fundamental mode

4

(e.g. via overtones of the 589cm — mode) the most

likely is the straightforward
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2,224cm_%——+ 1,2850m_1, rate determining step,

1,2850m_£_—+ 589cm_l, comparatively rapid,

589om_%——9 ground level, rapid.

Herzfeld (111) calculated for the 2,349cm-1
mode of 002 that the most likely route was the
straightforward one above (CO2 being very similar
to H2O), although this is in opposition to the
theoretical findings of Laidler (112) who suggested
that energy transfer is very unlikely between sym~- .
:metric and antisymmetric stretching.

The proposed rate determining step for the NQO
degradation involves a jump of 939cm-1, which from
theory would be approximately a factor of 30 to 40

times longer than the 589cm_1

jump which is estab-
tlished at %}Asec. The result obtained for the
2,224cm“1 mode of 42}xsec. is therefore in very good
agreement with the straightforward vibrational-

:translational, stepwise mechanism.

The remaining result from this work is the
rapid deactivation of the CF301 overtone at
2,4000m_l (’fbeing certainly less than 59}Asec).
Below the corresponding fundamental at],2lOcm_1 there
are many vibrational modes and it can be assumed that

energy transfer from the l,2lOcm“l mode to the ground

state is very rapid. The value obtained (33) for the
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lowest~lying mode is O.%)xsec. The result therefore

shows that collisional deactivation of an overtone to

its fundamental is a rapid process, and cannot be

explained by one step (in this case of approximately

1,2000mh1) which takes place with the normal

vibrational-translational mechanism. Two explana-

ttions are possible:

a) that a step-wise mechanism can exist between
the overtones of the various fundamentals. This |
would give a series of small jumps similar to
the degradation of energy from the highes?t
fundamental, and would be a rapid process.

b) that a completely different mechanism is res-
:ponsible for the transfer, i.e. an initial
vibrational-vibrational transfer involving the
change from one molecule containing two guanta

of energy to two molecules containing one
vibrational gquantum each (this being different
from the normal process of degradation to trans-
:lational), followed by degradation to the

ground level. If this mechanism is correct then
it would seem to be dependent on the exactly
similar symmetries of the colliding species, and
should not exist when the colliding molecules

are different. This could readily be tested by
studying the relaxation process of an overtone in

collision with a foreign gas.
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The findings in this work that degradation of
vibrational energy from an overtone is very rapid are
in agreement with studies on high overtones (113) (33)
using fluorescence technigues, flash spectroscopy and

direct spectroscopic investigations.
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ABSTRACT

Absolute intensities of infra-red absorption have
been determined for the\l3 bands of CH, and N,0 from
direct measurements on the infra-red energy absorbed.
The energy was measured as a pressure rise in a con-
:stant-volume absorption cell having allowed a steady-
state, with heat loss to the walls, to be attained.
The pressure rise was simulated by introducing a knowq
amount of heat energy Ifrom an electrically heated wire.
The energy incident on the gas was measured by using
within the cell a thin, blackened foil which absorbed
all the radiation and in thermal equilibrium trans-
:ferred this energy to heat energy of the gas. The
resultant pressure rise was sinulated by the heated
wire as for the gas absorption. The value obtained
for the incident energy was checked by measurements
with a calibrated thermopile.

The results of 995x1010 and 4,?40x10100m"1sec

-1
at N.T.P. for the VB bands of CH, and N,0 respectively
confirmed that the normal method of determination,
using pressure-broadened, spectrometer measurements,
yields accurate results when sufficient care is taken
to ensure optimum conditions of measurement.

Although the simple Elsasser theory was not
fully descriptive of results on the energy absorbed

for pure gases, it was used to estimate average line-

;widths of 0.18 and 0.13cm Tatm © for the bands in CH,
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and N20 respectively.

The technigue used did not measure all the ab-
:sorbed energy at very low total pressures. This was
due to the fact that with decreasing pressure spon-
:taneous emission became a competing process with the
vibrational-translational energy transfer involved in
the determination. The magnitude of this loss was
used to estimate relaxation times of 245 and 4?/;Asec.

for the V3 bands of CH, and I,0 respectively.




