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PREFACE

This thesis is concerned with two types of
excitation processes in molecules., Part One
deals with the intermolecular transfer of
vibrational energy, and Part Two with the
excitation of electronic states of molecules
by electron impact.
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Chapter One

introduction
Vibrational Energy Transfer:

Molecular energy is distributed among vibrational, rotational and
translational degrees of freedom. If the temperature of a particular degree
of freedom is perturbed by an amount AT, then the return to equilibrium is
governed by the equation

d AT = ~(AT)/T
where T is the 'relaxation time' of the process.

Collisional relaxation of the various molecular degrees of freedom
shows enormous differences in rate. Equilibration of translational energy
requires only a few collisions, and that of rotational energy rarely more
than twenty. In contrast, vibrational relaxation usually requires between
10° and 20 collisions,

This slow readjustment of vibrational energy has important consequences
in both physics and chemistry. It affects gas dynamice by introdueing a time
dependence into the thermodynamic and transport properties of gases, and is
important in such diverse fields as the design of rocket motors and infra-red
gas lasers. Application in the field of gas lasers have recently been
receiving increased attention, and an idea of the range of possibilities can
be had from perusal of the supplement on Chemical lasers published by the
Optical Society of America (1). In addition, since the activation and
deactivation stages of many chemical reactions involve the conversion of
kinetic energy of motion into vibrational energy, the relation between vibrational
energy tranfer and chemical kineties is a close one. The wide range of
vibrational relaxation times offers a useful criterion against which to test

our grasp of molecular interactions in systems which can be specified in detail.
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The knowledge so acquired can then be applied to the more complex conditions
prevailing when chemical reactions occur.

Vibrational energy may be transferred by collisional or radiative
processes. The radiative lifetimes (T rad) of most vibrationally excited
states of molecules with electric dipole moments are of the order of
milliseconds, so that, under normal experimental conditions many collisions
oceur during one radiative lifetime, and collisional relaxation predominates.
However, in a few diatomic molecules with high fundamental vibration
frequencies (greater than 2000 u'l) the two processes become competitive.
Since radiative lifetimes are known from absorption intensity measurements
this competition can be used to determine collisional relaxation times,

The present work is concerned with the develomment of such a method,

The inefficiency of collisional transfer of vibrational energy is
easily understood qualitatively. For changes in translational energy to
affect the internal motion of a molecule it must experience, during collision
with another, an oscillatory perturbation whose frequency corresponds to that
of the internal motion. A rough analogy may be drawn to a vibrating spring;
if the spring is compressed and released slowly there is no resulting change
in its motion, but if sharply hit it starts vibrating, In molecular collisions
the perturbation effecting emergy transfer arises from the change in
translational energy of the molecules as they approach one another in the
repulsive region of the intermolecular potential. At moderate temperatures
this change is slow compared with typical vibration frequencies. Vibrational
energy transfer is therefore inefficient.

From this simple physical picture we deduce that relaxation times
will decrease with increasing velocity of approach, increasing steepness of
the intermolecular potential, and decreasing vibration frequency. The
situation is complicated by the occurrence of 'eomplex collisions!.
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As well as the simple case where vibrational energy is exchanged with
translation, V-T transfer, there exists the possibility of vibrational energy
exchange between the internal modes of the collison partners, V-V transfer.
For near resonant collisions V-V transfer has been shown, experimentally and
theoretically to be more efficient than the V-T process (2,3).

Refinements of the basic theory proposed by Zener (4) in 1931 have
led to good agreement with experimental results for low energy vibrational
modes of diatomic and simple polyatomic molecules. The original classical
approach of Landau and Teller (5), and later semiclassical and guantum
mechanical treatments lead to essentially the same results. Discussions of
the theories of vibrational energy transfer are given by Herzfeld and Litovitz (6)
and Cottrell and McCoubrey (7).  The difficulty of a priori calculations
for polyatomic molecules has resulted in a number of empirical correlations
of experimental relaxation times. In a particularly useful one by Lambert
and Salter (8), a plot of the logarithm of the number of collisions undergone
by a molecule before energy transfer oceurs (Z10) against the lowest
fundamental vibration frequency ( V) min em™~) revealed that molecules
containing two or more hydrogen atoms fall on a different straight line from
those containing no hydrogen atoms. Compounds containing one hydrogen atom
lie between the two lines.

A possible explanation of this phenomenon arose from work by Cottrell
et al (9,10,11) on the relaxation times of a series of hydrides and their
deuterated analogues. Theory predicts that the lower vibration frequency of
the deuteride will be the controlling factor leading to a shorter relaxation
time for the deuteride than for the hydride. Experimentally the opposite is
true, The hydrides relaxed more rapidly than their corresponding deuterides.
Cottrell suggested that, since the rotational veloecity of the peripheral atoms
is greater than the translational velocity of the molecule as a whole,
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vibrational energy transfer into rotation might be more likely than into
translation. Rotational-translational energy transfer is then rapid. A
theoretical expression for V-R transfer was darived (11) and the calculated
ratios of hydride to deuteride relaxation times agreed well with the measured
values, Conclusive proof that rotation can play an important part in
vibrational de-excitation come from work by Millikan and Osburg (12) on

carbon monoxide relaxed by ortho and para hydrogen. And a recent correlation
by Moore (13) supports the interpretation of relaxation in many polyatomic
molecules in temms of vibration-rotation energy transfer.

In the present work a method is developed whereby the optic-acoustic
effect is used to measure long relaxation times ( 10 sec) and a value
is obtained for the relaxation time of pure carbon monoxide, The same
method is then used to determmine the relaxation times of HCl, DC1l and HBr.
The values obtained indicate that vibration-rotation interactions play an
important role in the vibrational relaxation of the last three gases.
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Only a brief review of the more important methods in energy transfer
will be given here. A detailed discussion can be found in reference (7) and
in recent reviews.

2.1 [Ultresonic Methods:

Studies of the propagation of sound waves in gases have long provided
the most important and accurate data on vibrational relaxation at or near
room temperature, For a full account see reference (6).

(a) Measurement of Veloeity:

In an ideal gas the veloeity of sound is given by
v -E‘(J. +u/c',)

Where R is the gas constant, T the absolute temperature, M the molecular
weight, and Cv the molar heat capacity at constant volume, being the sum of
vibrational, rotational and translational contributions to the specific heat.
At low sound frequencies the time between successive compressions and rere-
factions of the gas is long enough to allow excess translational emergy to
relax into vibrational modes. As the frequency is raised the period of the
sound wave becomes comparable with the vibrational relaxation time; the
vibrational modes no longer contribute to the specific heat, and the velocity
of sound rises - see Fig, 1(a). The midpoint of this dispersion curve
sorresponds to a sound wave whose frequency is proportional to the relaxation
time,

(b) Measurement of Absorption:

The dispersion of sound is accompanied by a non-classical absorption
of sound caused by the relaxation process (Fig. 1(b)). The frequency at the
absorption maximum is again simply related to the relaxation time.
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In both cases corrections must be made for the non-ideality of the
gases, 4

A basic limitation of the above methods is that energy is supplied
to translation. It can then relax into all accessible internal modes so
that there is no way of examining preferentially the relaxation of one mode.
Also, because the source of sound is a quartz crystal high temperature work
is ruled out, This means that molecules with relatively high vibration
frequencies ( >1soo-‘1)mum-¢ntnumm: (14) since a
sufficient proportion will not be excited to the first vibrational level.

2,2 Shock Waves:

As a shock wave travels through a gas the translational and
rotational temperature inmediately behind the shock rises to a value somewhat
greater than the equilibrium temperature ‘!'3 of the shocked gas, while the
vibrational temperature remains at T, that of the unshocked gas. In the
succeeding relaxation zone the vibrational temperature rises rapidly as
energy is transferred into vibration; the translational temperature decreases
towards '1'3 and the density increases, until equilibrium conditions for the
shocked gas are attained., (Fig. 2). Investigation of the shock front structure
gives vibretional-translational relaxation times. The most generally applied
method has been measurement of the density profile with an interferometer.
Gaydon and co-workers (15) and Holbeche (16) have followed the vibrational
temperature using a sodium line reversal technique. As with ultrasonic
methods, shock waves give non-selective excitation of many vibrational levels,
That this limitation can sometimes be overcome is shown in a few studies of
infra~red emission from shock heated gases, leading to relaxation times for
specific modes (17, 57).

Shock waves allow the measurement of vibrational relaxation times up

to several thousand degrees and hence provide an important complement to
ultrasoniecs., A recent review of the subject is given by Bauer (19).
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2.3 o nal ence:

Hillikan's work on infra-red emission from shock heated carbon
mmammmrmmmumormmmmmn
of CO with many different collision partners near reom temperature (20,21,22),
He uses the fact that for pure CO, or CO mixed with Ar, the radiative process (1)
is more important than the collision process (2). o denotes vibrationally
excited CO.

) 0 —> 00 + hv (1)

0 + M —> €0 + M + kinetic energy (2)

Thus at room temperature CO is expected to fluoresce. If this fluorescence
umuommmwmmummmmmmmmmu
eliminated, xmm'-mmuumummm.a. When
aﬂmofutr-olypuncowoontnmdinumﬂmorhornm
velocity an intense fluorescence signal was obtained, The addition of
inereasing amounts of a foreign gas M that is efficient at de-exeiting CO"
caused quenching of the fluorescence., At half-quenching the rates of the
radiative and collisional processes are equal. Since the rate of (1) is
known, the collision efficiency of M is detemmined,

Thoflmnmminynnarbonumdbnmhmrorhm,
or 0.2 secs, past the point of excitation implying that the collisional
relaxation time at 286°K and 1 atmosphere pressure is of this order or longer.
This value disagrees with the room temperature value of T = 2 x 10™ secs.
reported by Woodmansee and Decius (23) and the even shorter value of

T = 1.3 x 10" secs. obtained by Delaney (24). Schaefer (25) measured

’tf-sxlo"’ml. mmumrm-mum-mmmumm
which depend on detecting pressure signals arising from collisional energy loss.
But!ﬂlihnlhondthatinpnnurbonmmzidoumt-pcntmmnﬁn
loss is predominant and CO should give no response in the spectrophone (20).
mmntwrkthontoubcmumatmwtoMthntplmurbonmmndo
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gave no optic acoustic signal,

2.4 The Optic Acoustic Effect:

A gas molecule absorbing radiation of the appropriate frequency will be
raised to an upper vibrational level, If it then loses this vibrational energy
by transfer to thermal energy during collisions with other molecules, the
tranglational temperature of the gas increases, and in a constant volume system
there is 2 concomitant increase in pressure. Periodic interruption of the
incident radiation results in sound emission from the gas at the interruption
frequency. This effect - the Yoptic-acoustic? effect - was discovered
independently by Tyndall (26), Rontgen (27), and Bell (28) in 1881, Bell named
the instrument a spectrophone. Tyndall (26) used thermal rediation interrupted
at an audible frequency to excite gas contained in a thin glass sphere, and
detected the resultant pressure fluctuations with a small listening tube
attached to the sphere. The lack of convenient sound detectors delayed
further develomment until 1938 when, in a short time, three authors independently
reported the use of the optic acoustic effect as a method of gas analysis
(29, 30, 31). In 1945 Viengerov (32) successfully employed the optic acoustiec
effect to measure infra-red absorption spectra by using monochromatic exeiting
radiation,

Gorelik (33) in 1946 first suggested the use of the spectrophone to
determine rates of vibretional energy transfer. He pointed out that the time
lag between the absorption of a vibrational quantum and its degradation to
thermal energy would introduce a phase lag between the incident rediation and
the emitted sound. He also showed that the amplitude of the optic acoustic
signal has an added frequency dependence because of the relaxation effect,
Cottrell (35) showed theoretically that if the mean mumber of vibrationally
excited molecules depends on the frequency of modulation, the mean translational
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 temperature should vary with the frequency in & manner determined by the
vibrational relaxation time, However, he overestimated the magnitude

of the effect which is very small and outwith experimental measurement (24).

There are two theoretical approaches to the optie acoustic effect:
Gorelik?s original thermodynamic approach which was further developed by
Cottrell (7), and the kinetic molecular approach adopted by Delany (24) and
Kaiser (36). Both treatments lead to the same frequency dependence for the
phase and amplitude of the sound wave. The relationships are shown in
Fig, 4.

For the simple theory to hold, the rate of heat transfer from the
gas to the environment must be negligible compared with the rate of the
relaxation process. Thermal conductivity effects introduce a frequency
dependent phase lead and decrease the amplitude of the signal, thus interferimg
with both quantities used to detemine relaxation times. Heat conduction
effects can be overcome by making the modulation frequency sufficiently high.
Delany (24) in an extensive study of the optic acoustic effect has confirmed
experimentally the predictions of the simple theory.

In principle the optic acoustic effect offere an ideal method for
obtaining vibrational relaxation times because energy is supplied to a selected
vibrational mode. But the experimental difficulties are formidable., As well
as phase and amplitude changes caused by relaxation and heat condution, further
frequency dependent changes can be introduced by the apparatus., Such spurious
phase shifts have proved to be one of the major problems in obtaining reliable
relaxation times from the spectrophone - see, for example, reference (40).

Two experimental methods have been developed: measurement of the
phase difference, and measurement of the frequency response of the signal
amplitude. Slobodskaya's preliminary experiments in 1948 (34) formed the
basis of work by Slobodskaya and Gasilevich on the relaxation of CO,- N, mixtures (37).
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In mixtures <>rh:lghll2 concentration the relaxation phase lags are large.
They decrease \d.thincm:ingcoz concentration until too small to be detected.
The apparatus phase shift - the sum of phase shifts due to the electronics of
the detecting system, the properties of the diaphragm, and variations in gas
properties - was assumed to be independent of gas composition. The apparatus
phase shift was then deduced from the fast relaxing end of the scale, where
the relaxation phase shift was undetectable, and used to correct the slow
relaxing end. 'nn2.7lnﬂh.5)1 Mlotcozmotﬁhd.

A much more satisfactory experiment becomes possible if the apparatus
phase shift can be eliminated. Then the relaxation times of pure gases and
gas mixtures can be obtained from the pressure dependence of their phase
shifts; decreasing the pressure increases the relaxation time and hence the
phase lag. This pressure dependence experiment was attempted by Jacox and
Bauer (38). However, at a modulation frequency of 2.550 ke/s their results
deviated markedly from the theoretical lines, It is possible that at the
high frequency used their microphone would be near resonance, hence introducing
pressure dependent phase changes which would destroy any relation between the
measured phase shift and the desired relaxation time,

mm(za)nmﬁmnmmunurcomcozumbm
Slobodskaya's method and the pressure dependence technique. He used a
reciprocity technique to calibrate the microphone phase shift before each
experiment and appears to have eliminated spurious phase changes. However,
his gas purity was not high enough and he obtained rather short relaxation
tinu-z.sju.toroozmdlu}o.terco.

Cottrell's suggestion that apparatus phase shifts could be eliminated
by using a double cell spectrophone was investigated by Read (39). The optic
acoustic signals of equal amplitude in two volumes of gas separated by a
microphone diaphregm will be in phase with one another when the diaphragm
remains stationary and no signal can be detected. Hence phase shifts due to
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diaphragm and electronic properties are eliminated. If gas properties are
matched - and phase shifts due to gas thus eliminated - the phase lag which
hutobointrodmcdintothabonmuimuumtutuhnngmhc
direct measure of the relaxation lag characteristic of the gas being studied,
Unfortunately, the system proved impracticable. Whilst the diaphragm had to
be stiff to separate the two gases, the detection of small signals required
it to be flexible. However, some of the advantages of the double cell
spectrophone were retained in Read's two cell experiment (39). Here the
reference signal for phase comparison came, not from a photocell, but from
a second spectrophone filled with a fast relaxing gas. It was hoped that by
matehing gas properties and cell sensitivities most of the apparatus phase
shift would be eliminated. 002, N
frequency of 189 c¢/s.

The two cell approach seemed promising; it was therefore further
investigated by Macfarlane (40). However, he showed that phase lags were

20 and cnk were studied at a modulation

present which had no connection with relaxation processes. In fact the

metal coated Melinex diaphragm used by Read was resonating in the region of
100 - 200 ¢/s. Also matching of either gas properties or cell sensitivities
was found to be impossible. The two cell approach was therefore abandoned
and Macfarlane proceeded to design a single cell experiment using Bruel and
KJjaer Type 4132 condenser microphone. These highly developed microphones
have a flat audio-frequency response and low inherent noise, permitting
sensitive and faithful detection of optic-acoustic signals over a wide pressure
range.

Phase measurements in methane, after correction for thermal diffusivity,
gave a relaxation time of 1.6  secs., in excellent agreement with the ultrasonic
value of 1.5 * 0.2 ) secs. The apparatus was then used to measure the
relaxation times of a variety of gases and gas mixtures (41, 42).
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Macfarlane's value of 7T = 7,01 0.5 psecs, for the \)Bband
othdﬂtmrmmtoWWhW(n,u)mumMa
phase difference technique., However there appear to be errors in

Lavercombe's plots of phase difference against pressure, and some of the
phase differences measured were greater than 90°, which is not possible if
a purely relaxation process was being studied (see Fig. 4). Also he used
ethane to calibrate his apparatus and may thus have introducecd a constant

error because of neglect of the difference in the welocity of sound between
ethane and carbon dioxide.



Since this chapter was written Slobodskaya has published results of
relaxation measurements in undiluted co, (67). The apparatus, with some
modifications, was the same as that used in reference (37)., Here, apparatus
phase shifts were eliminated by studying the relaxation of two bands in the
uum-thob.auﬂlk.af bnnd-ofcoz. The total phase shift for the
first band, relaxation time T,, is (/, + ¢, and the total phase shift
for the second band, relaxation time T,,is [/, + ¢ , where ¢ is
the apparatus phase shift. The difference between the phase shifts is then

AqJ = LDZ- LIJ] = arc tanws— arc tanu)‘c1
(see equation (1) of chapter four). She obtained the relaxation times by
two methods:

(1) From the dependence of phase shift on chopping frequency
and (2) From the dependence of phase shift on pressure.

Hor results are: by method (1) T, , = A = 0.7 secs.

tu.s = 0.5 ) secs.

+
by method (2) TA-B = hd = 0.9 ysecs,
t2.7 - 006 X T

Macfarlane's value for the 2349 em
longer than those of Slobodskaya. Assuming that both experimental techniques
are adequate, the discrepancy may be caused by differences in gas purity. No
details of gas purification are given in Slobodskaya's paper and water is

known to be extremely efficient at deactivating 002.

b3
(’003}-’ ) band is ’C - 7-’ 1’ 005 J“c'o,
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The alternative approach adopted by Decius is to study the variation
of signal amplitude with frequency. Voodmansee and Decius (23) reported the
use of this method to measure the relaxation time of carbon monoxide. But
their measurements were also complicated by the presence of a resonance in
the cell. Redesign of the cell removed the resonance and relaxation in the
CH,» CHyD, CHD, and CHD, series has been studied(45).

All spectrophone techniques have given collisional relaxation times
for CO which are much too short. Theoretical calculations, high temperature
measurements, and Millikan's low temperature work all indicate that at room
temperature the collisional relaxation time is so long that CO should fluoresce
and one would therefore expect little or no spectrophone signal. The very
fact that previous workers were able to measure the collisional relaxation
time in a spectrophone probably means that their CO contained impurities
which greatly shortened the relaxation time., A simple spectrophone was
therefore designed to show that, if very pure, CO did give no optic acoustic
signal.



hapter Three
mmgmmngoaggmmm

3.1 Introduction:
Early measurements of the vibrational relaxation time of carbon

monoxide are inaccurate because the investigators did not realise the extreme
importance of impurity effects in this gas. This applies particularly to

the early low temperature work of van Itterbeck and Marieus (46) and Bender (47).
Sherrat and Griffiths (48), using an ultrasonic interferometer under conditions
far from ideal for this technique, obtained 7T = 10)13 independent of
temperature between 1073 and 1273°K. In the light of later work this must

be wrong.

More recently, the relaxation time of carbon monoxide has been
studied by Windsor, Davidson and Taylor (49) who observed the rate of increase
of infra~-red emission behind reflected shock waves. At high temperatures,
where the collisional relaxation time is short, the effect of impurities is
not nearly so great as at room temperature. Hence the results of shock tube
work are quite reliable if the technique used is adequate. The discrepancy
between the results of Windsor, Davidson and Taylor and those of later workers
probably arises from their use of reflected shocks. This makes the caleulation
of shocked gas conditions difficult and the method they adopt - based on an
incident, unrelaxed reflected shock - gives an upper limit to the attainable
shocked gas temperature. Matthews (50) has determined the relaxation time by
following density changes behind incident shock waves, and Gaydon and Hurle (15)
used a sodium line reversal technique. The latest high temperature results
of Hooker and Millikan (17) agree well with those of Matthews and Gaydon and
Hurle (see Fig., 5). A plot of the logarithm of the relaxation time against
73 15 a straight line as predicted by the basic Landau-Teller theory.
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The solid line in Fig. 5 is fitted to the data of Matthews, and Hooker and
Millikan and if extrapolated to room temperature indicates a relaxation time
of 5 secs,

The relaxation time of carbon monoxide has been calculated by Dickens
and Ripamonti between 1400 and 3000°K and is in excellent agreement with
experimental results (51). The calculated results are plotted in Fig.6 and
also indicate a relaxation time of the order of seconds at room temperature.

These predictions are confirmed by Millikan's fluorescence work
which was discussed in Chapter two. McCaa and Williams have also studied
the vibrational fluorescence of carbon monoxide using a radiation chopping
technique (52). They found results in agreement with Millikan and evidence
supporting a stepwise degradation of the Vv = 2 level. However, their
carbon monoxide was not pure enough to allow them to determmine the relaxation
time accurately.

3.2 Experimental:

The Spectrophone: The spectrophone (Fig.7) is made of brass in two parts
vacuum sealed by means of a Viton '0' ring, A Melinex! diaphragm (30 gauge)
metallised on one side is clamped between two brass rings screwed to the cell
over an adjustable tensioning ring. The position of the backplate is also
adjustable for maximum sensitivity, The pressure in the cell equilibrates
through leaks of a long time constant across the diaphragm tensioning ring,
and backplate. The absorption cell is a cylinder 2.5 em. in diameter and
2 em, long with calecium aluminate glass windows. (Barr and Shroud Type BS39)
sealed to both ends with Viton '0' rings. A metal needle valve connects
the cell to a conventional high vacuum system (Pig. 8) and is closed during
runs to give acoustic isolation of the cell. In order to reduce degassing
from the cell walls the spectrophone can be baked to 120°C.
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Optical System and Electronics: Fig, 9. Infra-red radiation from a Nernst
filament is focussed by a front silvered mirror, through a modulating disec
into the cell.

Variations in capacity of the microphone caused by the acoustic
pressure frequency modulate a 10,7 Mc/s oseillator at the chopping frequency.
The output, monitored by a conventional frequency-modulated ratio detector,
is preamplified and fed to a selective amplifier of 2.5 mv, full scale
sensitivity., 1In later runs this was increased by 50 I full scale sensitivity,
The d.c., output from the detector is used to give an indication of diaphragm
position while filling and emptying the cell.

The sensitivity of the entire system could be checked at any time

by noting the oimlm.lundudmof!zo-

Materials: Carbon monoxide was obtained from a eylinder (I1.C.I. Limited).
Mass spectrometer analysis indicated small amounts of 002 and !lzo. The gas
was further purified by passage through several cold traps at -196°C., one

containing pellets of alumina (20), and dried over PO

27s°

3.3 Results:

The first object was to show that pure CO gave little or no optie
acoustiec signal. The cell was filled with CO to a pressure of 4O ems Hg
and at a chopping frequency of 140 ¢/s with the selective amplified at 2.5 mV.
sensitivity no signal could be observed for 5 hours after filling the cell.
The signal then rose to a steady value over a perdod of 4O hours. It seemed
probable that this rise was caused by impurity molecules desorbing from the
¢ell walls, and shortening the collisional relaxation time., To test this
the cell was baked at 120°C, for 40 hours, The pressure fell from 3 x 10~
% 3 x 100 orr, tnt Ahe presture Fise Srwm 2 % 1677 Serr pov howr to /A ¥ 207

per hour, When the cell was filled with CO as before the signal had not
reached a steady value after 140 hours, confirming the above hypothesis,
Hereafter the cell was baked before each experiment,
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Now, even in pure CO & little vibrational energy will still be lost
by collision, the exact amount depending on the relative rates of the
collisional and radiative processes. Increasing the sensitivity of the
system enabled the small signal corresponding to this energy loss to be
detected, Hydrogen, which is kmown to be efficient at de-exciting CO was
allowed to diffuse into the cell, ( Tcow = 107 gecs, at room temp. - see
ref, 20). The rate of the collision process increased until all the absorbed
energy was trensferred by collision, and the spectrophone signal rose to a
steady maximum.

The initial signal is proportional to the energy lost by collision
in pure CO: i.e. it is proportional to £, ,n, hV — a".mrm
is the transition probability per molecule per second for the 1-0 process,
ﬁummu‘ummmum.thm.Q
is the vibration frequency, and h is Planck's constant (36). Assuming that
mmmwwmmmmmtmmnz(~m)d«-
mtmﬂmmmnm.i.o.mtﬁmm.mnm
final signal is proportional to the total energy loss in pure CO by collision
and radiation. mlilaimby(fmﬁ-ﬁo)nlh\) ’MA].O' 1/Trad
is the Einstein coefficient for spontaneous emission and Trad is the radiative
lifetime, Simce f3y = 1/ Tcoco (7)y then

initial slgnal . L8 3.1
signal Ceoco T W Trad y

Toco being the collisional relaxation time in pure CO. The radiative
lifetime can be calculated from available measurements of the total absorption
intensity of the vibration rotation band, and hence T, .. can be obtained,
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ong of i etime A sities:

A convenient formula for the caleulation of radiative lifetimes from
absorption intensities is derived by Penner (53). He shows that the integrated
absorption shforthotm.itﬂ.onnv-almrquntu state 1 to an upper
state u 1is given by

5, -,1-17—‘51-1-;— %1 Aa :'1 [1--:;»(-%,—9-1;)} 3.2

¢ is the velocity of light, 1)1‘ the frequency for the transition, lll the
number of molecules in the lower quantum state, p the partial pressure of
the absorber, Anl the Einstein coefficient for spontaneous emission, &, and
g, the degeneracies of the two states and k is the Boltzmann constant.

If hv > kT then the contribution from the induced emission term
can be neglected and 3.2 written

S T:ITJ’J: %1 Aa g;

Mer an ideal gas at S.T.P, values of 5, in Gi° atn may be
nmﬂdhlumﬁo“muw]ymmm'mhtho ground

state and g, = &y» by noting that
23
N - &

p 056 x .16

28 2
GV sy = 320 x20% AT 3.3

810 for carbon monoxide has been found by Benedict, Herman, Moore and
Silverman (54) to be 235.6 am™~ atm™, agreeing well with the results of
earlier workers. Using equation 3.3 ‘CM - 1/‘10 is found to be 0,033 secs.
(since hv /kT »1 contributions to Tead from the radiation field can be ignored).

Atnmof”uﬂgthcinitmmm”mnllsjw
dniuhaﬁmldmlof?&yv. This gives & relaxation time for pure
CO at room temperature and one atmosphere pressure of 0.8 secs.
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Collisional relaxation times are inversely proportiocnal to pressure,
To test the experimental method the measurement was repeated at two pressures,
the same gas sample being used for each measurement in order to minimise
slight differences in purity. The initial signal at 40 cms was found and
the pressure reduced as rapidly as possible to find the initial signal at
20 ems. The final signals at both pressures were then measured, The
results are shown in Table I.

From the figures at 40 cms and the final signal at 20 cms, the
mtmupnlmm.tzomum,u.wumommmm
of 20mv . However, this discrepancy is easily accounted for by impurity
desorbing from the cell walls during the time taken to lower the pressure
from 4O ems. to 20 ems.

Chopping frequency 140 ¢/sec.

Pem He Initial signsl bv . Pinal signal My .

20 20 460
L0 30 760

To investigate the effects of impurity in more detail measurements
were made on a sample of CO left in the cell for 90 hours. The results are
shown in Fig. 10. The theoretical curve was calculated using the equation
for the relaxation time of the mixture:

1 /T pixture = 1% /Too.co * ¥8/Tco.n
B is the impurity molecule, probably water, and X; its molefraction, It was
assumed that B was desorbing from the walls at a steady rate - taken as the
degassing rate in the empty cell - and & relaxation time of TW.B = 1:10'60000.
gave the best fit of the caleculated line to experimental points.
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This compares well with Millikan's finding that a few p.p.m. of water quenched
the fluorescence of C0.(20).
3.4  Discussion:

The value obtained here is a lower linit to the true relaxation
time in pure CO; difficulties with gas purity in a static system mean that
the initial signal represents an upper limit to the signal due to €0.CO
collisions since impurity reduces the relaxation time and more energy is
therefore lost by collision than in pure CO, All measurements were carried
out at chopping frequencies greater than 70 ¢/sec. so that it is unlikely that
energy loss to the walls will be significant (7). This is confirmed by
McCaa and Williams (52) who observed fluorescence from CO at approximately
the same pressure, using a modulation frequency of only 13 ¢/sec. ‘

The main source of error in this experiment, apart from impurity,
is reabsorption of the resonance fluorescence, This has been studied in
some detail for CO by Henry and Doyenette (55, 56). They investigated the
variation of the radiative relaxation time, 7T rad, with gas pressure and
cell diameter and their results are shown in Figs. 11 and 12, Above 300 torr
they found that T red became independent of pressure and varied with the
square root of the cell dimensions. Using the dimensions of the present cell
a Trad = 0,15 secs. is deduced instead of the caleculated Trad = 0,033 secs.,
giving Ty co = 4 secs. This is in good agreement with the extrapolation of
high temperature shock tube data (Fig. 5) and theoretical prediction Fig. 6.
The agreement between experimental and theoretical eurves in Fig. 10 is reasonable
considering the assumptions involved and it emphasises the extreme efficiency
of polyatomic molecules as collision partners for CO.

This apparatus can be used to study the relaxation of other molecules
with relaxation time so long that they camnot be measured ultrasonically, or
with the phase difference spectrophone., The hydrogen halides are just such
molecules.
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Very little is known about the vibrational relaxation of the hydrogen
and deuterium halides, Borrell (57) has studied infra-red emission from
shock-heated HC1l and HBr and found that their relaxation times are several
orders of magnitude shorter than theory predicts. Chow and Greene (58)
obtained similar results for HI, This large discrepancy between theory and
experiment is greater than any previously found for diatomic molecules., It
is therefore important to know the relaxation times of these molecules and
their deuterides at lower temperatures, But their vibration frequencies
are high ( > 2000 en™>) and prevent the use of the ultrasonie interferometer;
nor can the phase difference spectrophone be used, The simple theory for
the phase difference spectrophone predicts the relation

tan f =0T 1%
between the phase lag §f, and the relaxation time T , p is the pressure in
atmospheres and L the modulation frequency in radians per second., 1In a
study of CO,~N, mixtures Macfarlane found that at - high N, concentrations
the simple tangential relationship mo longer held (40, 42). The theory
involves the assumption that the rate of energy transfer from vibration to
translation (<) is much faster than the rate of energy loss to the cell walls
(ﬁ). Inoozdanszthmnzmm&bomsm-nl
and the theoretical relationship breaks down. This is illustrated in Pig.l3,
where we can see that at low pressures ( ol becoming very small) the experimental
points deviate markedly from the theoretical lines. Thus this spectrophone
eouldnotbeuudtomrolmuonuuapumthmlm)m at atmospheric
pressure, The range could possibly be extended by increasing the modulation
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m(mmﬂ)wwummummmmm.
Since the relamtion Limes of the halides are expected to be very much greater
\hnmo}:s noagurenents wore attempted using the amplitude spectrophone,

Collisional relmmtion tises were calculated using Lhe semiclassical
trogtaent of Cottrsll and MeCoubrey (7). The expected nusber of transitions
£ per molscule per unit time is given by

f=é"- NBriv*exp(-By*+2}l:,1? +g.‘;.) he2
where B = 3274 n2» /h ol N,
v (412 D futm)
ad y=(2rbmo? /a2l

¥ is the molecule density,r_ the classical distance of closest approach,
Y the vibration frequency; m the reduced mase for the encounter, M the
reduced mass of the oseillator, and v that velosity of approash for which
energy transfer is most probable, oL = & reeiprocal length - is &
measure of the stespness of the intermolecular potential, The second and
third temms in the exponent take ascount of the mymmetrisation of approach
and recession velosities, and the part played by the sttractive part of the
potential respestively. ¢ is the minimum value of the intermolecular
potential,
Values of ol were obtained by fitting & Morse potential

vV = V exp(-or) - # b3
to the Krisger potential

0'12 0'6 ¥ 2
V = j€ ('f") < ("';.) _S(i;) Ao
6* = iqu/etrB
&t the polnts » =¥, »™¥. r‘ummar.uw
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distance, for which the Krieger potential is szero, and )v is the dipole
moment of the molecule. We then have (51)

vt o= (W2 ey felm)3 b5
and o« = (F)/r) - r, heb
where Po= (vt - g)/ -4,

o is obtained bty iterative solution of 4.4 and 4.5.

Potential constants of the Krieger potential for HC1l and HBr are
given by Monchick and Mason (59).  The calculated o values are shown in
Table 2.

M ,P(d.by.) S* a (R) elk (0 K) 0((2):1
HC1 1.08 0.34 0.36 328 5.84
HBr 0.80 0.14 3.1 k7L 5.90

Tt was assumed that A for the deuterides was the same as for the
hydrides ~ i.,e. that substituting a deuterium atom did not significantly
change the shape of the intermolecular potential. This has recently
received experimental confirmation from a molecular beam experiment in
which the scattering of HBr and DBr by potassium was studied (66).
When the above ok values were substituted in equations 4.2 the following
relaxation times were obtained.



_Moleculs D (sec™) n(g) oLlem)™ T (secs)
Bl g.61x10 3002210 sanx1® 6.5
el 62mx10®  3036x12  sehx10®  1.6x15°
HBr 7,672 x 100 6.755 x 15° 5,90 x 10° 5 x 0%
DBr 5518 x10° 6,858 x10%° 590 x20° 1.4 x10*

The predicted relaxation times are very long due to the combination
of large mase and high vibration frequency in these molecules, This is
particularly noticesble in the case of HBr. A similar effect has been
found in the caleculation of the relaxation time of Ask, ().

43

The absorption intensities of HCl and DCl were measured by Benedict,
Herman, Moore and Silverman (60). That of HBy has been measured by Penner
and Weber (61), and by Babrov (62). The more recent value of Babrov is used
here. The absorption intensity of DBr has not been measured but is calculated
roughly from the known intensities of the other gases. Radiative lifetimes
were derived from absorption intensities as before. (Table 4).
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Radistive Lifetime of DBr:
Although the absorption intensity of DBr has not been measured, it

is possible to obtain an approximate value if one assumes that the shape of
the dipole moment function is the same as that of HBr., To check the accuracy
of the calculation radiative lifetimes of HC1l, DC1l and HBr were calculated in
the same way.
For a 1-0 transition a linear approximation to the dipole moment

function is adequate (60) i.e.

N=K+K(@-r) b7
Whero uo icitho permanent dipole moment, and v, the equilibrium internuclear
distance. Using this approximation the matrix element for the transition
is shown to be (53)

Raidyn| Kn + 1)/2
= Kn + DB/, 4.8
with 2d = Q/B 22 1.9
AU h/l'ﬂzc n, rf 4.10

llboingthordudmuiu')e and B, have their nommal spectroscopic

meaning.
Thus with 8 = llJlll r,

.10]2 - ‘f ‘o/ oz"‘)o &A1

xmzu.mmmm-mmmwuwmnm
results.
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[Rf expt

1) 6 Rfeare. RS e, |RE oale.

HCL 1,050 10.59 2990 0,988 4,00 x 15° A9 x 15°(a) 1.12

DC1 1.085 5,445 2091 0,988 3.5x " 3,17 " (a) 1.01
HBr 0.80 8.473 2650 0,120 142 m 1.3 m (b) 0.97
DBr 0.83 4.291 1885 0.,120* 1.09 ——

* assumed.

(a) ref. (60)

(b) ref. (62)

Now Ay = -‘-’-‘il%-v’[nmlz -1/t

3he
Substituting the above values for lkuf we obtain the following predictions

for Am.
Table 6.
-1
Mo (eale)sec™  Ayp (expt) sec Ayo (cale)/Ay, (expt)
HC1 30.6 33.86 0.89
DC1l 9.10 9.10 1.0
m 70L 702 1.03
DB!‘ 2.2 St

The radiative lifetime of DBr is therefore approximately 0.5 secs,
The determination of collisional relaxation times by the present method depends
on the completion between the two processes.

DBr* ~> DBr + h (1)
and DBr* + DBr —> DBr + DBr + kinetic energy (3)
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The range which can be studied is detemined by the absorption
intensity of the gas and the relative rates of (1) and (2). If the rate of
(1) is slow compared with (2) then most of the energy is transferred by
collision anyway and no rise in signal can be detected in the spectrophone
with the addition of a more efficient collision partner. By lowering the
pressure the relative rates of the two processes can be altered. But the
extent to which the pressure may be lowered is limited by the difficulty of
detecting any signal at all at low pressures.

Since DBr has a long radiative lifetime compared with the collisional
lifetime, its collisional relaxation cannot be studied by this method.

L.y Experimental:

The spectrophone and experimental arrangement were the same as
those for CO except that a General Radio Company Tuned Amplifier and Null
Detector Type 1232A was used for final amplification of the signal. Frequent
replacement of the Melinex diaphragm was necessary in these experiments
because the halides slowly attacked the aluminium coating.
Materials: Hydrogen chloride was prepared in two ways: from NH“CI and
sto y and by reaching conc, HCl with cone. H.’Zsol.' In both cases the gas was
dried with H,80, and P,0,, condensed at =196°C, degassed and distilled into
the spectrophone., Hydrogen bromide was obtained from a cylinder (Matheson
Co. Ltd., minimum purity 99.8%), dried over PO
was HCl.

5 and further purified as
Some trouble was experienced in obtaining pure deuterium chloride.
At first it was prepared by dropping D,0 on hot benzoyl ¢hloride, The
evolving gas was passed through a trap at 0°C, collected at -196°C, degassed
and dried over P205. Infra-red analysis revealed that the resulting sample
of DCl1 contained approximately 20% HCl., This was despite baking the gas
line before reaction. A more satisfactory preparation appeared to be the
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reaction of D0 with $iC1, at ~80°C. (63). The gas was collected at -196%,
degassed and distilled at -120°C.  However, it again contained 10-20%

HCl, which may have originated from an exchange mechanism with water
absorbed on the walls of the generating system, despite the precautions
taken to eliminate such contamination., This idea was confirmed when the
percentage of HCl fell with continued preparation in the same vessel. Other
workers have found similar effects (65). In later runs DC1l was obtained
from a cylinder (Merck, Sharpe and Dohme). Even then it was necessary to
"deuterate™ the gas line before pure DC1 could be obtained. This was
simply done by filling the line with DCl, leaving it for some time, pumping
the gas away and repeating the process until the percentage of HC1 decreased.
A fresh sample of DC1l was used for each experiment.

L.5  Results:

Acmﬁﬂywriﬁdmmplomdmwuﬁuu,unm
as possible, into the baked, degassed spectrophone and the initial signal
found, mcummmmmcmmdmmumwum
value. As with CO this rise is caused by impurity desorbing from the cell
mmmmmmmnmmmmoanmwu
lost by collision. The curve of signal amplitude against time (Fig.li) is
of the same shape as that for CO. Measurements on mixtures of HC1l and
Bz (10%) that would be expected to have short relaxation times showed no
such rise, indicating that it is not caused by effects unrelated to
relaxation, such as attack on the microphone diaphragm.

From the initial and final signals the relaxation times (T) were
calculated as before:

1/7T

initial sigal . /T
final signal VT% /g n
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For each gas measurements were carried out over a range of pressures.
The results for HCl are shown in Table 7 and a plot of relaxation time
against 1/pressure in Fig. 15, At atmospheric pressure the relaxation time
is 1,1 x 15° secs.

Table 7.
tion Time .
PlemBg) o (c.pes.) initial signal (yv) fina) signal (uv) T (secs)

57 240 600 900 1.6 x 15°
39 79 1180 2160 2.6 x 10°
26,5 240 600 1260 3.4 x 10°
25 240 600 1200 3.2 x 10°

8.8 240 120 420 8.0 x 15°

The results for HEr are given in Table 8 and Fig., 16. The
relaxation time at one atmosphere is 1.5:'.1\53 secs,

Table 8.
Experimental Relaxation Times for HBr.
Plem Hg) _ w (e.p.s.)  initial signal (pv) final signal (yv ) T(secs)
11.6 240 350 380 2,0 x 15°
742 " 480 550 2,2 x 15°
5.6 : 140 220 2,4 x 15°
2.2 ; 170 240 6.2 x 10°
1.6 ) 70 100 6.3 x 15°

The results for DCl are shown in Table 9. There is a large scatter
of values, almost certainly due to small but varying amounts of HC1l in the
samples of DC1, The points are plotted in Fig. (15), along with those for HCl.
The relaxation time at one atmosphere is approximately 1 x 15° secs.
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Table 9.
Experimental Relawation Time of DC1.
A) t v (pv) T (secs)
23 240 600 900 6 x 15°
1.5 140 800 1500 10.5 x 10%
11,0 140 700 1200 8.5 x 10°
11,05 240 400 570 5.1 x 152
9.95 240 250 350 5.0 x 15%
5.0 80 550 975 12 x 15°
4.6  Discussion:

The above relaxation times must be regarded as shorter limits to the
true relaxation times. Small traces of impurity - with such long relaxation
times even a few p.p.m. of water can have & considerable effect - and reabsorption
of the resonance fluorescence both shorten the measured relaxation time. The
first of these effects is most important at low pressures and the second at
high pressures. However, apart from DCl - where the purity problem is most
acute - the plots of relaxation time against ~/pressure are fairly good straight
lines, indicating that impurity effects have probably been largely overcome.
Also reabsorption of the resonance fluorescence will be less important in HCl
and HBr than in CO because the pressures used are lower and the collisional
relaxation times are shorter. Experimental and theoretical relaxation times
(from Table 3) are compared in Table 10. It can be seen that the discrepancy
between theory and experiment is far greater than experimental error.



Table 10,
C of b n time
fog Ql. m; g E!c
Molecule T theor. (secs.) Texpt, (sec.) 'Cthoor.[tm,
HC1 6.5 1.1 x 10° 596
DC1 1.6 x 10° 1 x 1% 1.6
HBr 5,1 x 10* 1.5 x 15° 3.4 x 107

While the relaxation time for HCl is very nearly correct, those for
HC1 and HBr are much too long, The same theory, however, gives very good
results for other diatomiec molecules with long relaxation times such as
02, llz and CO. It therefore seems probable that vibrational energy in the
hydrogen halides is transferred by some mechaniam cther than direct vibration-
translation energy transfer. This mechanism might be vibration-rotation
energy transfer, as suggested by Cottrell and Matheson (9) and the possibility
of vibration-rotation energy transfer is discussed in detail in the next
chapter,

Results for the 3-0 transition in HC1l have recently been obtained by
Borrell and Gutteride (18). The v = 3 band of HCl would be expected to relax
rapidly to the v =1 level by resonance collisions of the type.

HCl (v=3) + HCl (v=0) —> HC1 (v =2) + HCl(v =1)

HCL (v=2) + HCl (v=0) —> HCL (v=1) + HC1(v = 1)
so that the 3-0 relaxation time should be effectively that of the 1-0 process
which will be much slower than the resonance processes. The two sets of results
can therefore be directly compared, Fig (15) shows the present result, those
of Borrell and Gutteridge, and the approximate results for the 1-0 process
obtained by Borrell. The temperature dependence is very different from that
predicted by vibration-translation theory. This will be discussed in the next
chapter,
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5.1  Introduction:
The relaxation times of most diatomic and heavy atom polyatomic molecules

can be satisfactorily explained in terms of vibration-translation energy transfer

(6,7). Lambert and Salter (8) showed that there is a correlation between the
number of collisions required for vibrational deactivation 210 and the
fundamental vibration frequency of the molecule, Y min, However, the picture
is not a simple one., They were able to distinguish two classes of compound:
heavy atom polyatomics lay on a straight line represented by

logyg Ziy = 7.3 x 15° ¥ min(ei),

and those containing two or more hydrogen atoms lay on the line whose equation is

log)o%yp = 3.7 x18° v min(ei) (64)
Molecules containing one hydrogen atom lay between the two lines, This effect
could not be explained at the time and the situation was further complicated
when more recent data, especially on deuterated molecules, led to a large
spread of points rather than to straight lines.

A possible explanation appeared when Cottrell and co-workers measured
the relaxation times of a series of deuterides and hydrides and found that,
contrary to the predictions of vibration-translation theory, the hydrides
relaxed more rapidly than their deuterated analogues (9, 10, 11). On the
basis of simple theory the #lightly greater mass of the deuteride leads to a
slower relative translational velocity and hence a slightly longer relaxation
time for the deuteride than for the hydride. But this is outweighed by the
lower fundamental vibration frequency of the deuteride which results in an
increased probability of energy transfer and hence a ghorter relaxation time.
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Refinements can be made to the vibration-translation theory but in no case
has it been successful in explaining the relative relaxation times of hydride
molecules and their corresponding deuterides.

Cottrell suggested that in molecules with low moments of inertia, and
therefore high totational veloeity, vibrational energy may be transferred
into rotation rather than into translation. Rotation - translation energy
transfer is then rapid. Qualitatively since the hydrides have a lower
moment of inertia and higher rotational velocity than the deuterides it is
possible, in this theory, that they could have shorter relaxation times than
the deuterides. A simple calculation showed that vibration-rotation theory
can account for the observed relative vibrational- relaxation times of the
hydrides and deuterides of elements in groups 4 and 5, The model adopted

<«

The force causing the interaction was assumed to arise between the
peripheral atom of the rotator and the atom moving in the vibration. It is
therefore & function of the distance p. d is the radius of the rotator and
R the distance between the centre of the rotator and the equilibrium position
of the vibrator. The rotator makes an angle © with the line of centres and
the displacement X of the vibrator is at right angles to this line, The
probability of de-excitation of the vibrator was calculated using time
dependent perturbation theory.
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The calculated ratios are shown in Table 11,

Molecule Vib-Rot. Vib-Trans. | Experimental D/ SH

ODI.' cllh 1.7 00” 1.7 (8)

SiDh. Sﬂl“ 1,5% 0.25 1.5 (8)

PDg 4 PHg 1.5 0.13 1.5 (9)

A0D3, A&lB 1.2 0.04 0.6 (10)

* interpolated.

The vibration-rotation ratics agree remarkably well with experimental
values, However, these results must be treated with some caution. Absolute
values calculated using this theory are very many orders of magnitude too
short, and the excellent agreement obtained in the ratios may be fortuitous.

Another consequence of vibration-rotation theory becomes apparent in
the dependence of the relaxation time on molecular weight. According to the
standard theory of vibrational energy transfer the probability of transfer
depends on the extent to which the vibrational period and the duration of the
encounter are matched, Because typical vibration periods are so short
(3 x 15 gecs, for a 1060 em > vibration frequency) the rape high velocity
collisions are mainly responsible for energy transfer. Therefore in two
molecules with similar modes of vibration and vibration frequencies but
different molecular weights the probability of energy transfer in the heavier
gas will be very much less than in the lighter gas which has higher average
translational veloeity. However, in vibration rotation transfer the relative
probabilities should depend on the rotational velocity,and hence the moment of
inertia rather than on the translational velocity and molecular weight.
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Cottrell et al compared the relaxation times of l’ll3 and hll’. (Table 12)
whose moments of inertia are similar.

Table 12.
Molecular Parameters and Relaxation Times of Pi, and Ask,.
AsH, P,
lowest vibration frequency (em™) 906 992
form of vibration bending bending
X - H distance (4 ) 1.42 1.50
Molecular weight 3k 78
boiling point -87 -55

The vibration frequencies are close and the intemmolecular forces are probably
similar as shown by the boiling points.

Relaxation Times:
Vib-trans, Vib-Rot. Expt.

/3 betiy / ﬁ PH, 150 1 1.5
Again vibration-rotation theory seems to give better agreement with experiment.
Recently Moore correlated all the available data on vibrational
relaxation in molecules with small moments of inertia (13) and his treatment
will be followed here. He derived an explicit expression for the dependence
of the probability of vibration-rotation energy transfer on molecular constants
using a simple model of a peripheral atom, distance d from the centre of
mass of the rotator, colliding with an atom of the stationary vibrating molecule.
el for

A

rotator 9, @ s, t-AR

A

RHAR

@(@ vibrator
"

B centre of mass
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Several assumptions are made: that the translational veloeity is
slow compared with the rotational veloeity, that only one rotational degree
s considered, and that only head-on collisions with the rotational velocity
parallel to the vibrational normal ecoordinate need be eonsidered. Tt is
assumed that the potential interaction between A and B effecting transfer
is represented by

V = Vo exp( -oR)(1 +«{AR) 5.1
where A R is the vibrational displacement, and r the distance between the
colliding atoms with AR = 0. The rate of change of distance between atoms
A and B is 0d,®d being the angular frequency of the rotator.

Using semi-classical time-dependent perturbation theory Cottrell and
McCoubrey (7) derive the following expression for the transition probability
for vibration-translation energy transfer:

ho - Bt et AT
The probability of vibrationeretation energy transfer is obtained by
substituting (wd) for the relative translational veloeity v, and (1/d2)
for the reduced mass, m, in the above equation. I 4s the moment of
inertia of the rotator and M the reduced mass of the vibrational normal

coordinate. Hence for vibration rotation energy transfer

L .2 2
1!2;11 IV ey
Po L*Md exp (- %) ) 5.2
and averaging over the thermal distribution of rotational veloeity
2
Q%L-(_HLQ) exp(- 52— ) 4 5.3



gives
Po © '}'zl—o
- Svmw 2
I P I R 3t 2
/3 B a6 x| L le%che

Sk

The change in veloeity due to an inerease of rotational energy hY during
eollision has teen neglected., VWhen this is accounted for, and when a

steric factor 2o, greater than one is included to take account of non-
linear collisions, equation 5.4 becomes

13/6 . u/3 2 |3
L 1!:1 ! . )) up. -1.78 _I_i_ q. le
I, | W6 wv/s &% K 5.5

From equation 5.5, the radial veloecity for which energy transfer is most
probable is given by

2
T (ﬂf.x_u_s_,*

2 -3
- 0.995 x 10" (-Ec-”—!—) soleeular waits 5.6

7
and the optimum initial angular momentum quantum mumber
#* = AL . oam (_Li‘.;:!_ )i molecular units
h

5.7

In Table 13 the most probable rotational velocities for energy transfer

( Wd*) are compared with the average translational welocities for the

hydrogen and deuteriwum halides., For comparison the figures for a few other
molecules in which vibration-rotation energy transfer is important are included.



Molecule (0d)*  ®pel. Ji* Je* 2BJ1* 2B J£*

x 15° en sedr ™t on™t
HC1 6.5 0.42 13 21 270 Li5
HBr 6.1 0.28 1, 2 237 373
DCl L6 Ouhd 18-19 27 196-206 294
DBr b.43 0.28 20 29 170 246
HI 6.15 0.16 15 2l 196 314
Cllh 3.4 0.63 17 23 178 22
¢, 2.0 0.56 2 31 127 164
Sﬂlk 3.0 0.48 20 27 s 155
3

Sy = (-5];%-) is the average translational velocity.

»*
J* = (2LE2) is the rotational quantum nusber for which
Plodw aN(©) is & maximumm,

&% 7w L +’/, )é is the rotational quantum number after
vibrational energy transfer.

B 1is the rotational constant in on'l.

The ratio of (wd)* to the average translational velocity in the
halides ranges from 38 for H I to 11 for DCl. Iti-uloqurorCDh
and for the bulk of molecules considered by Moore is near 5. Thus the error
caused by neglect of translational motion in the halides will be relatively
small. A more serious error is likely to be caused here by the large

rotational energy spacing of the halides; as much as half of the energy



-39-

separating successive rotational levels must be transferred to translation
and the larger this energy is the smaller the transition probability. To

account for this a translational factor should be included in equation 5.2.
However using the simple theory only, the expected collision numbers at

room temperature for HC1l, DC1l and HBr were calculated.

502 d LU L1==3L0 tm SIOLE fal : 1‘ m VAL

The collision numbers of Zio for HC1l, DCl and HBr were calculated

from the expressions (from ref. 13)

2
' [ ol Sad |
5.8
1 1 17.1 113/6 9"/3 172 L
BE ewem— - 6 ap -1.7‘ \
Y10 % skl ) e o2y
5.9
and from equation 5.5
Moore found that a plot of
10, (expt) against ( 157 )é
€0 "0 a2 42 »

gave an order of magnitude fit with a straight line whose slope corresponded
to oL =804 £1, ande=13,

A plot of

gave a straight line for which the best parameters were

oL =388 and % =6.75



Table 14.
Compardson of Celculated Vibration-Rotation er Nunbers with Values.
Molecule T a vy M %10 cale, 210 exptl. |log, “10(ean 5)
Kk amy A’ A em! amy Bon 8 |Egn 9 h5 210 exptl,
I 2465  2.57 1.591 2230 1.0 37 12 U 6.4 x 10° (b) -2.7
I 1370  2.57 1.591 2230 1.0 125 83 1.25 x 10* (b) -2.2
HC1 2000  1.592 1.239 2886 1.0 18 105 139 1.33 x 10 (e) -2.0
HC1 290  1.592 1.239 2886 1.0 | 1.29 x10°|2.29 x 10%| 7.9 x 20*| 5.4 x 107 (a) -2.8
HBr 1000 1.99 1.396 2560 1.0 563 752 634 Setxis (&) -2.3
HBr 290 1.9 1.396 2560 1.0 | 3.4 x 0% [5.48 x 10°| 2.2 x 20*| 521 x20° (a) -2.3
pc1 290  3.075 1.206 2091 2.0 | 6.31 x10* [4.35 x 10°| 6.01 x 20°| 4.87x 207 (a) -2.7
(a) present work

C.C. Chow, E.F, Greene, J. Chem. Physics, 1965, 43, 324
P. Borrell, Chemical Society Special publications No.20. fMolecular Relaxation Processes' Academic Press, 1966



And a plot of

¢ 6wy 73 T LT
'comspondod to a straight line whose slope gave ol= 2,94 and
intercept Z = 4.97.
mmmzmumwmmmmmom
mwuumnmzm-. Hard sphere colligion numbers are

calculated from
2
zns,%z_s_igl_“g
T M

and 2, = 2T (expt). Oisin K, 7T in °K, M in a.m.u., and Tin secs.
The results are shown in Table 14 along with those of other workers.

The agreement between theory and experiment has been greatly improved
by the use of vibration-rotation energy transfer theory, particularly in
the case of H Br. This is most clear when the ratios of the relaxation times
predicted by the two theories are compared (Table 15).

Table 15.
Ratios of Relaxation times of HCl, HBr and DC1 at m“x,
Ratdo yib-trans, theory vib-rot . theory expt
T HEL/LDCY k.1 x 10° 1.1 x 18 1
T HOL/THBr 1.3 x 10 2.5 7.3

The effect noted by Cottrell in the 5 AsH,/ /@m3 ratio is clearly
important in the ratio of T HC1/THBr.,  HBr has a vibration frequency about
12¢ lower than that of HCl, but in vibration-translation theory the much
greater weight of HBr, and hence its lower relative translational veloecity,
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FIG18  VIBRATION-RCTATION RELAXATION FOR MOLECULES CONTAINING LIGHT ATOMS
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becomes the dominant factor leading to & much longer relaxation time for

HBr than for HCl, However the moments of inertia of the two molecules
are similar and vibretion-rotation theory predicts that they will have
similar relaxation times. It can be seen that this prediction is in

agreement with the experimental finding.

Although the experimental result for DC1 is not reliable because
of traces of HCL in the sample it is obvious that the relaxation time of
DC1 is not 40O times smaller than that of HCl as predicted by vibration
translation theory since the effects of impurity and reabsorption of the
vesonance fluorescence are such as to make the present result a lower limit
to the true relaxation time,

A plot of

Ty 71 11¥8 3 e | 0T

against (192 )é is shown in Fig, (18). It can be seen that the

a1
halides require approximately 100 times the number of collisions predicted
by vibration-rotation theory. However the temperature dependence is very

much closer to experiment - Fig. (19). This is a great improvement on the
temperature dependence expected from vibration-translational theory (Fig. 17).
As was pointed out before an error could arise from neglect of the

translational motion. In the halides the rotational spacing 2 BJ* is large
(Table 13) and a significant amount of vibrational energy must be transferred

to translation; these molecules have low translational veloeity because of
their mass and hence the overall probability of energy transfer is decreased.
A complete understanding of vibration rotation energy transfer in the halides
would require a quantum treatment of rotation, and separate calculations for

all possible values of the initial and final rotational quantum number.
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Conelusion:
mmmuownm-mka«um

vibration-rotation emergy transfer plays an important role in the
collisional deactivation of vibrationally exeited HC1, DC1 and HBr,
While 1t1.mmtmmhnmuq-m-mnmm
Mfomrdwmwmhmrgtmrumm, nevertheless no
other theory can account for the observed relaxation times, especially
the ratio of Thydride to T deuteride. A comparison of, for example,
& Lambert-Salter plot, with Moore's semi-empirical correlation shows
the vast improvement achieved by interpreting the relaxation times of
molecules with low moments of inertia in termms of vibration-rotation

energy transfer,
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PART _TWO



1.1  General Introduction:
The electron is a particle which has played a fundamental role in our

understanding of atomic and molecular structure. It provides the explanation
for the occurrence of chemical bonds, and is thus the basis of the whole of
chemistry. On it also rests the interpretation of the phenomena associated
with metals, semi-conductors, ete.

The study of the behaviour of electrons and other charged species in
solution has long formed an important branch of physical chemistry, namely
electrochemistry. By contrast the behaviour of free electrons in gases has

been, until recently, largely the concern of physiecists, Put mass spectrometry
hubcmavcryhpormttoolinthootwuch-iedumtium.,nnd

the diffraction effects arising in the elastic scattering of high energy
electrons now provide a powerful method for the determination of the geometric
configuration of polyatomic molecules, The discovery of the Ramsauver -
Townsend effect in the scattering of slow electrons from gases, and more
recently the observation of resonances in electron scattering - explained in
terms of short-lived compound states of the electron and molecule - have also
led to an increase in the interest of chemists in the field of electron impact,
an increase which becomes obvious on scanning the literature. In addition
electron spectroscopy provides & tool for the study of molecular states which
can be studied only with difficulty, if at all, by other techniques, and this
thesis is concernsd with the application of electron impact to the study of
electronic states of atoms and molecules.
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A further factor responsible for this recent growth of interest is that
modern experimental techniques make possible the measurement of quantities
which could not previously be observed, and the increasing sophistication
of the theory makes the significance of the experimental results more easily
grasped.

The phenomena associated with electron impact therefore give new

eriteria against which we can test, and perhaps improve, our understanding
of atomic and molecular structure.

1.2  Electron-moleculs collisions:

Collisions of electrons with atoms and molecules can cause various
interactions depending on the energy of the electron and the nature of the
collision partner. Probably the most familiar of these interactions is
fonisation:

e + M —>2 + N
&i&mommwgmmmm‘tlunumtutho
ionisation potential of the moleculs. This is the reaction taking place
in the ion source of a mass spectrometer, Electrons can also cause electronic
excitation of molecules:

e + N =>e + H*
where M* denotes a molecule in an upper electronic state. In addition lower
energy electrons may cause rotational and vibrational excitation.

Because of the wavelength of the electron and the range of electron-
molecule interactions some of the concepts found useful in discussing inter-
molecular energy transfer must be abandoned when we come to consider electron-
molecule intersctions. Intermolecular forces vary rapidly with distance
(typloally as r"°) so that it is possible to think of & fixed collision
dismeter for molecule-molecule impacts, independent of energy, and a property
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of the molecule alone, However electron-molecule forces vary more slowly
with distance (as about r3 ) and therefore the effective range of the interaction
depends strongly on electron veloeity. Neither can the wave nature of the

electron be neglected. It has a de Broglie wavelength about a hundred times
greater than a molecule with the same energy and diffraction and interference

effects arise between the electron waves inside and outside the molecule.

In the first part of this thesis the probability of intemmolecular
energy transfer was discussed in terms of the average mmber of collisions
W-anyof&inﬂumhmrmﬁlhmbnlmotthodﬂﬁmty
of deciding when a collision has occurred, A possible definition is that an
.mem»mmmmmummmmmu
detected after the distance between the two particles has been first decreased
and then inercased. The physical change may be angular deflsction, kinetie
energy change, momentum change etc, detected within the limits of the uncertainty
principle. The probability of electron-molecule energy transfer is then
discussed in terms of an energy-dependent collision cross-section for a given
procm, defined as follows.

When an electron moves through a short distance x ems in a gas, density
n molecules per cn3 s the probability P of making a collision is given by

P = nqréx 1.1

%mmmormmumm“mm&mw.

It may be split into elastic and inelastic components, similarly defined,
G " Qastic * Unelastic 1.2
The difference between Qr and the molecular collision diameter of kinetie theory

is that Q is not a property of the molecule alone,but a function of the whole
spstem: molecule, electron velocity, and type of transition,
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The angular distribution of the scattered electrons is determined by
a differential cross-section for the scattering of electrons into an element
of solid angle d0 , making a polar angle &, and an azimuthal angle #,(see Fig.)
Az
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dl = gine, do, af

The probability of scattering into this solid angle is
P(e). sin 0, do, d¢
and the differential cross-section for scattering inte dJ/l is defined as

Q.P(6) sin 6, 48, df = I () sin 0, do, dff 1.3

The total eross-section is just the differential cross-section integrated
over the range of solid angle

Q = ‘/(;nfoznx(e)dne.ao.d 1.4

To allow for the angular distribution of elastic scattering a momentum

transfer cross-section is defined, Conservation of momentum requires that
the fractional energy loss of an elastically scattered electron be about
2../-:.%.. is the mass of the electron, and in the mass of its collision
partner. An electron seattered through an angle € will lose approximately

2 (1 - cos e)-'/- of its energy. The mean fractional energy loss per collision

is given by

T 2T
:! xf/z (1 -cose)P(e) sine, d6. af = 21 N
" oo T T

1.5



is equal to

T ~2T
/[ Q@ P(e) sin e, do, af 1.6
0 "0

ummtmuinmm%-o.

These three cross-sections deseribe completely an electron-molecule
mmih

21 CIOSS-gections:

Total collision eross-sections were first studied at the beginning
of this century and the first quantitative results were obtained by Ramsaver (1)
in an elegant electron beam experiment, MNis technique was used in the 1930s
hnwmn-mtimhtmommotm-mm“’hutm
(2, 3) - and has recently been employed with higher resolution by Golden and
Bandel (4).

Flectron svam techniques, originally developed by Townsend (5), have
been extensively utilised for the study of total collision cross-sections,
They are particularly useful at very low electron energies where electron
beam techniques are not applicsble. A discussion of the experimental methods,
results and theoretical interpretation of total collision cross-sections at
low electron energies will not be given here. Accounts of the work ean be
found in references (6, 7, &, 9) and references therein. Since this thesis
ummuummum.mumetohamnumnumm
to cause electronic exeitation of atoms and molecules the measurement of cross-
sections for these processes will be considered in more detail.

We saw above that the total collision cress section can be subdivided
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into a sum of the elastic collision cross-section and inelastic cross-sections
for the various possible excitation processes, i.e.

@ = Qolutic e anmm
The experimental measurement of the separate inelastiec collision cross-sections
requires high resclution and electron beam techniques must therefore be used.
Absolute measurement of ecollision cross-sections is very difficult and early
results, obtained by indirect methods are often unreliable. However
measurements of the variation of cross-sections with electron energy, and
the relative magnitude of cross-sections for different transitions, are
much easier.

(1) the excitation on by optical method
This involves the bombardment of a gas or atomic beam with a beam

of electrons, followed by measurement of the intensity of some known part

of the optical radiation as a function of inecident electron energy. Care
must be taken in the analysis of the results to allow for population of the
states by a collisional mechanism, cascading effeects, and reabsorption of the
emitted radiation, although these become less important at low pressures. The
method is not easily applicable to the study of metastable.states.

The complication in the analysis of data obtained by observing the
intensities of lines emitted from a gas discharge are so great that the method
is very inferior to electron beam teehniques, However it does pemmit the
study of electron impact with excited atoms.
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(3) The of me ble states by detection of le a :

(a) On impgict with a metal surface metastable atoms with sufficient
internal energy will cause an electron to be ejected from the surface.
Metastable states formed during collision with an electron beam can be detected
by measuring the ejected electron current, if suitable precautions are taken,
The rare gases and mercury have been studied in this way.

(b) Metastable atoms have large absorption coefficients for light
of a wavelength suitable to raise them to higher states. The intensity of
absorptior can give a measure of the population of the metastable states.

(%) ts_invo e kinetic ene sses of the
¢olliding electrons:
Such experiments provide the most direct measurement of

excitation eross-sections, and with modern techniques of electron energy
analysis they have assumed great importance. The various methods used will
be discussed in more detail in a later section.

Again aceounts of the above techniques and the results obtained
can be found in references (6, 7, 8).

1.4 Features of ine ie ero tions for atoms and molecules:
(1) Exeitation of Atoms:

A + @ —> A* + o (1)
A+ e —> A% + 20 (2)
We are here concerned only with process (1).
Three clearly marked types of excitation function have been
observed. The first type is characteristic of excitation to states which
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combine optically with the ground state; for example the 1s —> 2p transition
in hydrogen (Fig. la). The cross-section rises to a broad maximum at
energies four to five times the threshold energy, and then decreases slowly
with inereasing electron energy.

Transitions involving a change in multiplicity show a different type
of excitation function (Fig. 1b). The cross-section rises to a much sharper
maximum just above the threshold and decreases to very small values at higher
electron energies,

An intermediate type of execitation function is found for transitions
which are optically 'forbidden? but involve no change in multiplieity, for
example the 1'5 — 315 transition in heliwm (Fig. lc).

This rather arbitrary classification of states according to the
optical selection rules appears to have fairly general applicability.

A comparison of the relative probabilities of the three types of
transition is shown in Fig.(2) for helium. In general high electron energies
cross-Séctions for optically allowed transitions are larger than those for
any others and eross-sections for transitions involving a change in multiplicity
are large only, if at all, at energies near the threshold,

Mohr and Nieoll (10) investigated the angular distribution of electrons
scattered inelastically from He, Ar, and Hg for angles between 20 and 160°,
and ineident energies from 23 to 196 volts. Some of their results are shown
in Fig. (3). At all energies the curves fall off very rapidly with angle
at small angles, but for lower energy electrons they level off at large angle.

(2) Exeitation of molecules:
Inelastic eollisions of electrons with molecules can lead to far more

complex results than collisions with atoms. Vibrational and rotational
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F16 3 EXPERIMENTAL AMNGULAR DISTRIBUTION GF ELECTRONS SCATTERED
[NELASTICALLY FROM HELIUM
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excitation can occur as well as electronic exeitation, and many types of
dissociative processes are possible. It is simplest to consider a diatomic
molecule:

AR

AB*
AB+

A*
A+

A

B + e
B + 2e ete.

22222

nl denotes a vibrationally or rotationally excited molecule, AB* one
vhich is electronically excited.

Since the mass of the electron is so much smaller than that of the
nucleus, and it therefore moves much faster, it is possible to neglect nuclear
metion when caleulating the electronie energy of a molecule (the Borne
Oppenheimer approximation). Potential energy curves can then be construeted
for each electronic state of the molecule, some showing a more or less deep
minimam (bound molecular states) and others no minimm at all (unbound molecular
states). Again based on the fact that electronic motion is so much faster
than nuclear motion, the Franck - Condon prineiple asserts that transitions
between states may be represented by vertical lines on the potential energy
diagrams.  Fig. (4) illustrates four possible types of transition,

(1) and (2) lead to dissociation of the molecule, (3) to an upper electronic
state in the ground vibrational level, and (4) to a vibrationally excited upper
electronic state. The lines are drawn from the position of maximum probability
for an electron in the ground state to the state for which the overlays integral -
JL}JILIJQ 4T -isamaximm, ) and ), are the vave functions of the

two states.

For polyatomie molecules no such simple geometric representation can
be given,
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Exeitation of molecules has been studied by many of the techniques
used for atoms, and in general the cross-sections show the same type of
behaviour. A discussion can be found in reference (14).

tat itation:

Rotational exeitation of molecules by electrons can occur because
of the long range nature of the interaction between the electron and the
molecule. Thus electrons with the necessary angular momentum can interact
sufficiently strongly with dipolar or quadrupolar molecules to cause
rotational excitation. Cross-sections have been deduced from electron
swarm experiments but comparatively little is known about them. (7,15).

ibrat tion:

The *direct! vibrational excitation of molecules by electrons is
ruled out by the principle of conservation of momentum, However Haas (16)
found energy losses corresponding to the vibrational excitation of l2
and more recently Schulz (17) confirmed that vibrational exeitation does
occur. His results for N, are shown in Fig.(5). The mechanism for vibrational
excitation involves the formation of a temporary negative ion state, a
'resonance! state, 2.3 eV above the ground state, which then decays to upper
vibrational levels of the ground state., Many resonance states have since
been observed by numerous authors in a wide variety of gases. An account of
much of the work on resonances, and a rationalisation of the results can be
found in reference (18).

Recently Takayanagi (19, 20) has cast some doubt on the first statement
of this section that direct vibrational excitation is not possible and has
shown theoretiecally how such a process can occur at low electron energies.



FIG 5 THE ELECTRON IMPACT SPECTRA OF NITROGEN OBTAINED
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1.5 The theory of electron-molecule collisions:
The theory of electron-molecule interactions is more complicated

than that of either molecule-molecule interactions, or of the interaction
of molecules with radiation. In the present case both the source of
excitation, the electron, and the excited species, the molecule or atom,
must be treated in a fully quantum mechanical manner.
An extensive account of the theory is by Mott and Massey (21), and
a very brief summary will be given here. The derivation of the exact formula
for f£(©), the scattering amplitude, is given because it illustrates the
manner in which the problem must be approached.
The incident stream of electrons, travelling along the 2z axis
with veloeity v is regarded as a plane wave, wavelength A , having the form
o2 pemv/m ; A= h/2n
The incident wave will be scattered by the atom or molecule giving rise to
a spherical scattered wave, and the amplitude of the scattered wave at the
point (r, ©, #) is given by
£ (e) o' \p
Caleulation of £(0) gives the mmber of electrons scattered into a given
solid angle per unit time, the differential cross-section being

1(e) = lr (e)l2
If we consider the simplest case of scattering by a spherical potential
V (r), the Sehrodinger equation is written

’Ll) k . u(r)l‘t,(! 1.7
U(r) = v(r). /4%,

AtmmmmﬂmmmnhuoanMmmt
an incident plane wave and an outgoing spherical wave.



L‘J it . (e) cm/t 1.8

Toobuinthonlutionw is expanded in a series of Legrendre polynomials.
The general solution of 1.7 having axial symmetry is

o0
LLJ - 2 S Ay Py (eos0) 1, (r) 1.9
1=0
where the A, are arbitrary constants, and L, (r) are any solutions of the
equation

v 5 0 f-‘-;i—'l—) “‘{f’"’"’ - -w—%ﬂ}nl(r)w

so chosen that LIJ remains everywhere finite. The particular solution
of 1.10 remaining finite at the origin is

(c/r) sin ® (kr - Inf2 + VU ) 1.1

C is an arbitrary constant and "\ the phase shift introduced into the
spherical wave by the scattering process is dependent on k and U(r).

Tt can be shown that
o0

P= 2 @+t oy (1) Pyleoso) 1.12
10

representing the incident and scattered wave, and since we have f(e).om/r
for the asymptotic form of the scattered wave, ‘then

o) = —=— 2 (2 1+ 1) <1)P, (eose). 1.13
a1

and 1(e) = ‘r(e)l2
3

Qe = zng 1(6) sin &, @6
0

We have thus arrived at an expression which allows theoretical
caleulation of the eollision eross-section, However the exact expression
for r(o) is extremely difficult to evaluate for all but the simplest systems,

1.10
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and various approximations have been developed, valid under differing
econditions of electron enmergy. The most thoroughly investigated case is
that of scattering of high energy electrons where the Born approximation holds,

The Born Approximation:
The treatment is based on the assumption that the distortion of the

ineident wave by the atomiec field is small, i.e. that all the phase shifts
are small. Making use of Oreen?s function it can be shown that

SR Coll ) go’”‘!‘%‘ll v Y ar 1.

where n is a unit vector in the direction r (the direction of scattering).
The Born approximation says that Lb (_ql)nybo replaced by the unperturbed

wave function ano”" . We then obtain for £(0)

2e) = -(1/am) Xm(ik(g,-a)- ¥ Uz dv 115

B, is & unit vector along the z axis such that 20 Changing to
spherical polar co-ordinates, and integrating over © and ¢ gives

20e) = - i’; X &:;5! () ©° ar 1.16
K = k(n, -n
This treatment is only valid for fast electrons.

A ¢ !

Consider a ecollision of an electron with an atom in which the atom
is raised from state m to state n by the impact, l‘udlnmtho
energies of the two states, and v and | the initial and final welocities
of the eolliding electron.
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B, -% = 3n (F-vV) 1.17
The differential cross section is

Ty (©) = %.. \f.,‘(e)lz 1.18
Changing to momentum variables the following expression can be obtained

o= g e

2

5 2 &
I,n(l)dl=%n——‘—hr°—- % 1.19

€= [y 5 -

Expanding the exponential and integrating we obtain for the inelastic
cross~section

Rpax
o £ MR, |7
T h 'hin
vhere K, -—-k-l&ml
Rax = |k * Ky |

R x"mmmnm.orx.} ete. such that

1.28

2, %x|<,z)_,

2
+) dK

%

(x’)m=gqj‘(x')LlJ: at 1.21

For a transition associated with a dipole moment (optically allowed) the
first term under the integral sign in 1.20 does not vanish, and is by far
the greatest. Carrying out the integration gives

log _g.i 1.22
B = B

o B "Sml?



scattering intensity (arbitray units)

FIG 6 THEORETICAL ANGULAR DISTRIBUTION OF ELECTRONS SCATTERED
ELASTICALLY AND INELASTICALLY FROM HELIUM
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If the transition is associated with a quadruple rather than a dipole moment

the first term vanishes and we obtain

2en’ w? o
K2 nh

(xz)-n, : ’ B_’ 1.23

Q.n 2

Thus we can see that owing to the logarithmic term in 1.22 the eross-sections
for optically allowed transitions fall off less rapidly with inereasing electron
energy than do those for optically forbidden transitions. The theory can
therefore explain satisfactorily the observed variation with electron energy

at relatively high energies. The predicted angular distribution of electrons
scattered inelastically from helium is shown in Fig. (6) - of Fig. (3).
Apinmwnthupﬁuntilmodathm.mrghs.

In the above theory the probability of a transition involving a change
in mltiplicity is zero. Mathematically this is due to the symmetry properties
of the wave function corresponding to states of different multiplieity so
that the integral 1.21 always vanishes; physically to the impossibility of
changing the total electron spin on impact. But it is the total spin of the
atom or molecule plus the ineident electron which must now be conserved. The
possibility of electron exchange is neglected in the above treatment. Suppose
the initial molecular electron spin is sh, so that the multiplicity is 28 + 1,
the total spin of ineident electron plus molecule is (s - 3) A, If the
excited state has spin s fi, making the total electron spin after collision
(oltﬁ)‘h. then to conserve spin .ltilutnovithin otii.o. 31=c+1.
or 8" =8 -1, Thus vhen electron exchange is involved the multiplieity can

change by : 2. Exchange can of course occur without a change in multiplicity.
Electron exchange can be accounted for at high energies by the Born-

Oppenheimer approximation (not to be confused with the previously mentioned
Born-Oppenheimer approximation for neglect of nuclear motion). In a manner
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similar to the Born approximation for the caleulation of £ (e), a
scattering amplitude & (8) is ealculated for the case when electron
exchange takes place. The differential eross-section is then given by

L (@) =-:-’L- Be]% + 3|e|? + 3|e-g?) 12

The agreement between theory and experiment has been most extensively
studied for scattering from H and H, for vhich good approximate wave
functions are available, and therefore any errors in the predictions arise
from failure of the scattering approximations and not from inadequate wave
funetions.

At low electron energies neither of the above approximations is
valid and the theoretical treatment becomes much more complex. * Among
the approximate methods which have been used are the distorted wave
approximation, semi-classical approximations, effective range theory, and
inereasingly in recent years variational methods have been employed.

No general method of practical usefulness can be developed when the Born
approximation is not wvalid”, The most successful treatments such as
variational methods, are too complex to discuss in detail here but a full
account can be found in reference (21),

We will now sumarise those properties of inelastic cross-sections
which are well established on both theoretical and experimental grounds.

(1) At electron energies far above the threshold all inelastic
eross~sections decrease with inereasing electron energy. For optically
allowed transitions this decrease is slower than for optically forbidden
ones, and for transitions involving a change in multiplicity it is very
rapid indeed.
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(2) At electron energies where exchange is unimportant the cross-
sections for optically allowed transitions are much greater than those for
any others. Less information is available in the region where exchange is
important .

(3) In the emergy range where exchange is unimportant the differential
cross-sections decrease very rapidly with inereasing angle.

(4) Vhen exchange is important the angular distribution is much more
uniform.

One of the most interesting properties for the chemist of excitation
by electron impact is the possibility of causing transitions to states of
different multiplieity. As we have seen, at high energies the probability
of such exeitation is negligible, except where spin orbit coupling is
significant. But at lower energies transitions involving changes in
multiplicity may take place quite readily, and at some energies may occut
with greater probability than exeitation to a level of the same term series.
For light atoms electron exchange is the only mechanism by whieh transitions
between states of different multiplicity ecan ocecur.

Exchange will be predominant under conditions for which the Born
approximation is least likely to hold. These are conditions of low electron
energy (<100 oV.) and high scattering angle. It was decided to investigate
the scattering of electrons under such conditions with the hope that spin
forbidden transitions would be seen,

As we saw before the most satisfactory methods for studying optically
forbidden transitions involve the measurement of the kinetic energy losses of
the scattered electrons. The various techniques which have been employed will
now be reviewed in more detail.
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1.6 Electron beam experiments:
In electron beam experiments a monoenergetic beam of electrons is

passed through & gas under such conditions of gas pressure and electron
path length that no electron makes more than one collision with a gas
molecule. Under these conditions of course most electrons make no collisions
at all, and the observable effects are small., Maiér-Liebnitz (22) conducted
one of the first of such experiments, in which electrons were accelerated from
a filament and allowed to diffuse outwards through a gas in eylindrical
symmetry., After passing through a grid the electrons were collected at a
eylindrical collector to which was applied a potential sufficient to repel
those electrons which had suffered inelastic losses. He obtained cross-
sections for electronic excitation in the inert gases and observed vibrational
excitation in W, and H,.

A more refined technique has been developed by Schulz in his Ttrapped

electron' experiment.

The Electron Trap:

A typical electron trap is shown in Fig. (7). [Electrons from the
filament, aligned by the magnetic field H, traverse the electron gun into the
collision chamber. The eylindrical grid G is surrounded by a eylindrical
collector M. To M is applied a potential 22 volts positive with respect to
G, of which 0.3 volts penetrate to the axis of the tube, Thus the well
depth is 0.3 wvolts, [Electrons in the beam making inelastic collisions and
losing all but 0.3 volts or less of their energy are trapped in the well.and
reach the collector M. The incident electron energy is selected by a retarding
potential difference method, Electrodes Pl and P3 are at a potential positive
with respect to the filament and draw current from it. Pzilatapotontm

'A negative with respect to the filament, providing a potential barrier
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surmountable only by the higher energy electrons, HV‘ is increased to
V, AV, the difference in the trapped current results from electrons in
the voltage interval AV,. By measuring the trapped current at different
electron energies one can estimate the probabilities of inelastic losses as
a function of energy.

In addition to the inelastically scattered electrons, there are two
other contributions to the trapped current,

(1) Negative ion formation:
This can be accounted for since the negative ion current can be

measured separately by reducing the potential between M and G so that no
electron trapping ocecurs.

(2) Hastically scattered electrons:

At near zero accelerating voltages elastically scattered electrons

have an isotropic angular distribution. Thus the scattered electrons may
have insufficient axial velocity to escape from the trap. At these voltages
it requires a very improbable subsequent collision to direct the electrons out
of the trap, but at higher energies escape becomes more probable and the elastic
contribution to the trapped current disappears. Schulz therefore does not
measure trapped currents below 1 eV.

Using the electron trap he has investigated inelastic processes in
N, (23, 24), 0, (25), co(23, 24), W,D (26),H,0 (27) and H, (24).

The Double tic Ty

Electrons of veloeity u entering a radial, inverse first power,
electrostatic field deseribe circular orbits of radius r provided that they
enter perpendicular to the lines of force, and that u 1is related to the
field strength x at each point of the orbit by
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Electrons of the same veloeity entering at + oldegrees to the lines force
deseribe non eireular orbits which recross the eireular are at

§ =r/V2 =PIt e

A focussing electron energy selector may therefore be built with entrance
and exit slits separated by the angle § . A treatment of the focussing
properties is given by Hughes and Rojansky (28). More recently the 127°
analyser has been investigated by Clarke (29) and Marmet and Kerwin (30).

Sehulz. (31, 32) has used two 127° analysers in an S eonfiguration
to study the vibretional excitation of Ny. The energy-selected beam from
the first analyser passes through a gas filled collision chamber and electrons
mtmhuumdimum,mmmmmndmhnr.m
¢ollected at a shielded electron collector. This technique, although more
mmwnwmchotmwumuumwmu;.
is less sensitive than the electron trap and can only be used when the inelastic
eross sections are high. His study of the vibrational excitation of Nz
showed that this involves the formation of a temporary negative ion state,

Simpson (33) and other workers (34, 35) have used velocity analysers
of the hemispherical and 127° variety. Much of their work has been devoted
to the study of the sharp resonance peaks which oceur in the collision cross-
sections. These are thought to be due to the formation of unstable compound
states of the atoms or molecules and electrons, and as stated above, are
important in the exeitation of vibrational states of molecules by electron impact.



FIGC 8 DIAGRAM OF LASSETTRE'S APPARATUS

For full details see ref L5
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Electron Impact Speetroseony:

At high incident electron energies and low scattering angle, where
the Born approximation, is obeyed, electron impact spectre should correspond
with optical spectre (ref. 21, chapter 16). Van Atta (36) working in the
energy range 100 - 300 e.V. found no evidence of optically forbidden transition
in He, Ne and Ar. Other early studies of H, (37, 38), W, (39, 40),
co (K1), co, (41) and H,0 (42) conducted by a variety of techniques, revealed
no evidence of exeitation of optically forbidden transitions at kinetie
energies greater than 100 e.V.

Recently Lassettre and his collaborators, in an elegant series of
experiments, used an electron impaet spectrometer to study electronic
excitation ecross-sections for electrons in the energy range 300 - 600 e.V.
Their apparatus, Fg. (8), consists of an electron gun G, producing an
electron beam of variable energy, and & collision chamber C with a pair of
slits Slllﬂ 82 determining the direction of the scattered electrons
reaching the detector. This is a 127° analyser followed by an electron
multiplier. For full details see reference (45). Lassettre and co-workers
have used this apparatus to study scattering at zero degrees, and in some
cases up to angles of 15°, enabling them to test the theoretical predictions
over a wide range of conditions. The substances which they have studied
are listed: helium (43, 45, 46, 50, 51, 68), hydrogen (43, 4A), methane (43),
ethane (43), eyelohexane (43), ethylene (43, 67), water (43, 54, 62, 65),
carbon monoxide (45, 48, 53, 66), nitrogen (47, 54, 55, 56, 57, 63, 6k, 69),
amonia (54), benzene (54), carbon dioxide (58, 60), acetone (59) and
2-butanone (59). This is the most extensive study of inelastic losses of
high energy electrons, and the results obtained are in good agreement with
theoretical predictions. Lassetre's work was restricted to high electron
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energies, and because of intensity problems he could not study scattering
at angles above 15°,

At lower electron energies (less than 100 e.V.) singlet-triplet
transitions can be observed in electron impact spectroscopy because of
electron exchange. The scattering of low energy electrons (4 to 180 e.V.)
was studied by Arnot and Baines (70) who obtained total, elastic, and
inelastic cross-sections for Hg. Vomer (71) observed the 2% - 238
transition in heliwm, mmermmm-mmwm
further developed by Kuppermann and Raff (72, 73, 74).

The Kuppermann and Raff experiment:

Their apparatus is shown in Fig. (9). Klectrons from the cathode
cmucmntdbytbomthmwhth]ﬂnhoh P into the collision area.
The scattered electrons are energy analysed by a retarding potential difference
method using a series of eylindriecal grids coaxial with the electron beam.

The current at the eylindrical collector S is measured as a function of the
maximum energy loss E of the scattered electrons. Differentiation of this
eurve gives a series of peaks corresponding to electronic transitions in the
atoms or molecules. Electrons scattered through angles from 22 to 112° reach
the collestor, 90° seattering being favoured. Kuppermann and Raff cbtained
mfwnoﬂhmthoolummmmo”to 50 e.V, They also
studied ll2 at 60 e.¥., nzo at 30 e.V. and ethylene at 40. 50, and 75 e.V.
In many of these spectra spin forbidden transitions, and dipole forbidden
transitions appeared with equal prominence to optically allowed transitions,

Sinee it appears that interesting and new information which would
increase our understanding of molecular structure can be obtained by the study
oflwcmmohctmnhmtitmmtolhrtwrkatwnburghon
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both the eleetron trap, and an electron impact spectrometer of the
Kuppermann and Raff type (75). The present work concerns the development
of the electron impact spectrometer,



Chapter Two
EXPERIMENTAL
2.1  Description of Apparatus:
The apparatus, based on that of Kuppermann and Raff, was designed
and tested by Dr. A.W. Read (76). It consists of two evacuated chambers

connected by a small diameter pinhole, Electrons produced from an oxide
coated cathode in one chamber are energy selected and focussed by the gun,
pass through the pinhole, and eollide with gas molecules flowing through the
other chamber at pressures betwsen 10° and 137 torr. The unseattered beam
is collected at a Faraday cup. Electrons scattered through large angles
”Mluﬂnofqmw.mmmwam
potential difference method, and collected at a eylindrical eollector,

Previous experience with electron swamm devices at Edinburgh had shown
mtthommthulﬂllhmbofonthomnovhmnd,thmw
more reliable the results, This is because of the elimination of absorbed
gases from the electrodes and grids, The vacuum system was therefore designed
with the aim of achieving a rather better ultimate vacum than the 3 x 157 torr
obtained by Kuppermann and Raff, The stringent vacuum requirements demanded
mmluicnotmmmhmhlthmmuruormW.
mr»m.mmmmm.mmdmthmnmmm
electrode assembly. Also, in oxder to obtain the best possible ratic of
scattered to background current, all magnetic materials were excluded from
the system. ncwmmmmmunotmahm..mh
was carried out by 20th Century Flectronies, The general layout of the
apparatus is shown in Fig.(10).
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2.1.1. The Vacuum System:
Thomnh-borinoonmrmmmic stainless steel

of overall wall thickness '/, , and internal dismeter A", The central stesl
nn.ormn«mom(m.n)mma-nmummmm
ormmmummmmmmmmnmmmn.
connection being provided by the 1.5 m.m., diameter pdnholo:ln!s. Differential
mormmmummwmormmu.u.v.n.z
mpm,mhnuiﬂiuof:thn.ntmmwdﬂﬁdmmmd
trapping systen. The trapping system is & lower chevron baffle, kept cool
byautcr—mhdtbmchotmm.ml Z baffle in contact with an
annular nzmmamnmbymammnmauzum
system, mmmmaqwm-nmmwnmm
of 70 1/sec, for air. An interlock system provided protection against failure
of the water or liquid nzmmh,mmnmumm.

mmumummrmmnmnaoraoommp.-mmp
mercury diffusion pump, and a rotary pump., Two Edwards ?Speedivalves! connect
thcbukintlinntothcultnhighmmmudaﬁn'thwtwoinleta,
nnnldby'mdinlm',mmviddfcrcomdmlukumofm
system,

The collision chamber is connected via a right-angled stainless steel
tubohl"di-lmmmbolmuthinmmmofomdiﬂmionm.
Moﬂurmuntmuﬂubottuotmmchububycﬂdimm
flange. Mch.boriaﬁttdvithn!ﬂﬂnr?ﬂﬂng-thouhuhichm
mwmmmmm,mmmnmmumwmun
pmM(Mmm)lthmefthouﬂmo.

Awmmmnwumunmmum
system through a Balzer's needle valve (Type U.V.8H). The differential screw
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the system. Gold 0! rings were used for all vacuum sea}s in the ultra-high
vacuun part of the assembly.

The main chamber and the upper parts of the diffusion pumps could be
baked to about 250°C, although later in the experiment facilities were installed
which allowed the chamber to be baked to 400°C. An ultimate vacum of
2 x 15° torr vas attained in both chambers; and the differential pumping
arrangement permitted the pressure in the gun chamber to be kept at about
wéhnmw..tmtbmintheoomumoh-burou
to about 15° torr, suscessfully preventing contamination of the cathode.

2.1.2  The Flectrode Assembly (Fig.l1)
1. The Elestron Gun:

The cathode and its heating element along with five planar electrodes
constitute the electron gun. The cathode used is a modified 20th Century oxide
coated cathode-grid assembly, indirectly heated by means of a filament rated
at 6.3 volts, 0.5 amps. E, is constructed from 0.010" Ferry, the diameter
of the central hole being 5 m.m., this relatively large hole allowing many
electrons to reach the lens, 32' !a,lMlkmof 0.040" Ferry having
owtnlhohno.S-.l.mmuw“oflzudlh,mln.n.tcr
153. All four electrodes are 2" in diameter. lsil-doofmlybdmuith
a central hole 1.5 m.m, in diameter through which the electron beam enters the
collision chamber. It is mounted on the centre non-magnetic stainless steel
plate from which it is insulated by a silica disc. The other electrodes are
supported by alumina rods attached to the steel plate and separated from one
another by ceramic spacers. The distances between the centres are:
IM.-KI“zl.I., 31-32"3!.1., !2’33833"15 = 1.5 m.m,,
BL'ES =7 m.m,
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To facilitate replacement the cathode assembly is a press fit held in position
by spring clips. Electrical leads for the cathode, cathode heater, and
chotrodul!l-kabrouht through a 9 pin pinch below the gun and thence
connected to the ceramic seals in the side flange (Fig.10). Glass insulation
is used.

In operation El is run at a potential positive to the cathode and
draws electrons from it. Ez, Ejandl‘mnudunn!innllm : lzcnd
8‘ are placed at the same potential so that electrons suffer no energy change
in traversing the gun. 33 is pluodutlpotonthllmrthmlzlndlhmd
has the effect of filtering out from the beam those electrons which have
relatively high eomponents of veloeity perpendicular to the beam axis, thus
collimating the beam and reducing the background current in the ecollision
chamber, In practice the potential on 13 is usually varied until the ratio
of scattered electron current to beam current in the empty cell is at a minimum,
As well as optical collimation of the beam the electrodes Rz and E , by
virtue of their small central holes, introduce a high degree of mechanical
collimation.

The potential on ES determines the energy of the beam entering the
collision chamber and is normally set at the same value as the potential on
12 and El.' With this system currents measured at the beam collector were
typically of the order of 158 amps.

2. The Collision Chamber:
(1) crid G,¢ This is & cylinder 25 m.n. long and 12.5 m.m. in diameter

with sides of 707 transparency molybdenum mesh and a top of 90¥ transparency
tungsten mesh, supported by a cage of 0.020" diameter molybdemum wire. Its
purpose is to provide a field free region in which the only electron energy

losses arise from collisions with the gas. The bottom end of Gl is mechanically



™

connected to ES and the electrical lead, insulated by glass, runs along the
steel plate and up the outside of the shield electrode to the top plate.

(2) Grid G,: is placed 4 m.m. in front of G,. It is a cirele of
90% transparency tungsten mesh 14 m.m. in diameter, mounted on a molybdenum
ring. During operation it prevents penetration of the field of the beam
eollector into the region of 01 It is also used for energy analysis of the
beam. If the current reaching the beam collector is plotted against the
potential on 02, the curve falls off rapidly as the repelling potential on
Gy reaches numerically the energy of the beam since the electrons do not

then have sufficient energy to pass through the grid and reach the collector.

(3) The beam collector (BC) is a cone of 0,020 tantalum sheet 20 m.m.
long with a base opening 15 m.m. in diameter situated 5 m.m. from 02. The
shape means that electrons entering the collector make many collisions with
the surface, hence reducing the probability of their being reflected out of
the collector. To reduce the probability of reflection further a holding

voltage of about 50 volts with respect to 35 is applied to the beam collector.

() Grid G,: Surrounding G, is the grid G, made of 70%
transparency molybdenum mesh supported on 0,020" diameter tungsten rods.
It is 30 m.m. in diameter and 57 m.m. long. The purpose of this grid is to
stop the passage of positive jons. To it is applied a potential a few volts
positive with respect to ls, and since any positive ions formed will have a
low kinetic energy this potential is sufficient to prevent them penetrating
to 6" and the scattered collector.

(5) G,: This is the key grid fior successful operation of the
spectrometer. It is a eylinder of 707 transparency molybdenum mesh 75 m.m.
long and 40 m.m. in diameter mounted on 0.020" tungsten wire. At the beginning
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of the measurement of a spectrum it is set at a potential negative with respect
to the eathode, so that no scattered electrons have sufficient energy to pass
through it to the scattered electron collector. The potenmtisl is then gradually
inereased until elastically scattered electrons can reach the ecollector,
whereupon a rapid rise in scattered current is obtained, As the potential is
further increased electrons which have made inelastic ecollisions are able to
penetrate to the scattered electron collector, causing similar sharp rises in
the current. The points at which these sharp rises are observed correspond

to the various excitation processes oecurring in the atoms or molecules of the
gas. A more detailed discussion of the variation of scattered current with
the potential on G, will be given later.

(6) The scattered electron collector (SC) is made from 0,020" tantalun

sheet, 54 m.m, in diameter and 85 m.m. long, supported by 0.020" tungsten rods.
To ensure efficient collection of the electrons reaching it a constant holding
voltage is applied between the scattered eleetron collector and G‘. In
practice the scattered collector is held at earth potential and all other
potentials set accordingly.

(7) The shield is a further tantalum cylinder 73 m.m. in diameter and
100 m.m, long. In spite of the precautions taken, a number of electrons are
reflected from the surfaces in the collision chamber, Since some of these
electrons, after successive collisions with the walls of the apparatus might
reach the scattered electron collector this second tantalum eylinder is placed
around it, and held at a potential some 4O wolts positive with respect to the
cathode. Smofmnmcm.hdnumthumtmmchm
the scattered collector.
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All the collision chamber electrodes are suspended from a second
non-magnetic stainless steel plate, attached to the central plate by three
stainless steel rods, 2 m.m. in diameter, placed outside the shield electrode.
Electrical connections from the electrodes to the ceramic-metal seals in the
top flange are made through the top stainless steel plate, from which they
are insulated by quartz dises.

2.1.3 Electronies:
The Potential Cireuits:

A diagram of the potential cireuits is given in Fig. (12). The
potentials on E,, 33, E,, 35/(11. G,y BC, 0’ and the shield are, applied
relative to the cathode, by means of circuits each consisting of two 90 wolt
batteries connected across a Beckmann 300 K helipot, Type A. The variable
posts of the helipots are conmected to the appropriate grid or electrode, and
the centre points of the batteries, via a switehing arrangement, to the cathode.
The switching arrangement allows any of the eleetrode or grid eircuits to be
connected to a Vibron vibrating reed electrometer (Model 33-B), so that the
current reaching any one of them be measured, The potential between G“md
the scattered electron collector is applied by the same type of eircuit.
Since the currents reaching 31 would cause rapid decay of the batteries, the
potential on it is applied,relative to the eathode, by a Farnell stabilised
voltage supply Type E 350, rated 0-350 wolts, O - 100 milliamps output, The
potemtial on G“ relative to the cathode is applied by means of a circuit
consisting of a 45 volt battery and a 100 K helipot (Beckmann Type A), and a
second switehing arrangement allows the battery voltages to be checked at any
time. A Solartron digital voltmeter, Type IM 1010 2, is used to measure the
potentials on all the electrodes and grids.



FIG 12 POTENTIAL CIRCUITS
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Current Meagurement:

n-mm-mmmmmmmmu. except the
scattered electron collector, are measured mn the Model 33 B Vibron
ubntiuﬂdm.mm.ummnmth
Mu.ummmm.mmwnc. which is
capsble of measuring currents down to 15°* amps. Two'Servoscribet
potentiometric recorders (Type RE 511) are used to make sontinuous
mummmmnmm.mmommm
any other grid or electrode, usually the beam collector.



After assembly the apparatus was leak tested using a 20th Century
mass spectrometer leak detector. VWhen the system was vacuum tight the
diffusion pumps were started, reducing the pressure to less than 13° torr
within a few hours, The vacuum chamber and upper parts of the diffusion
pumps were than baked for 12 - 24 hours, after which the pressure in both
gun and collision chambers was nomally about 2 x 18° torr,

Once satisfactory vacumm conditions had been achieved the heating
element for the cathode was switched on and the voltage slowly raised, degassing
the emitter at such a rate that the pressure in the gun chamber never rose
Mlxlﬁéurr. Conversion of the cathode coating from carbonate to
oxide was effected by raising the voltage to a high value (maximm 12 volts)
for a short time before reducing it to the rated 6.3 volts, 0.5 amps. The
relatively low operating temperature (- 1000°K) of this type of cathode means
that the resultant electron beam has & smaller energy spread than one from a
directly heated cathode - such as tungsten, which has an operating temperature
of - 2500°K.

2.2.1., Adjustment of the Gun Electrodes:
The ratio of scattered electron current to beam current:

Since the seattered signal will be small it is necessary that the ratio
of seattered current, I (SC), to beam current, I (BC), in the empty cell be
small. The potentials on the lens electrodes were varied until, for a given
beam energy this ratio was minimised., Typieal results are shown in Table 1.



Potential (volts) 1. (sc)
1 (M)
. ., UNS . . . .
30 k2 30 30 13 1 x 182
% 158 75 75 13 6.5 x 15*

These may be compared with the results obtained by Raff (74) who found that,
in order to achieve the desired small background current, he had to incorporate

a small magnet in the electron gun.

Comparison with Raffts results

A

L 1(sc) / X (8e)

B ¥

4o — 1,62 x 16° 3.6 x 15°
L3 2,39 x 1t - -

50 - Ssrx1*  2.6x15
65 4,12 x 15 147 x 15° 13 x 15°

A - Raff without magnet
B ~ Raff with magnet
C - Present work

smmmnmummhuthm“owwmr
mmﬁn‘lm,mMthtmmtmmtic
field might penetrate into the ecollision chamber, altering the trajectories
of the scattered electrons, it was decided to omit the magnet in the present
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experiment., Also obvious from Tables 1 and 2 is the fact that as the beam
energy is decrsased to 30 eV the background scattering increases., For this
reason most measurements were made using beams of energies around 50 eV.

2.2.2. [Energy Analysis of the Incident Beam:

It is possible to obtain an indication of the energy spread of the
incident beam by using 02 as an energy amalyser. As the potential on Gz
is gradually reduced until the repelling potential reaches a value numerically
equal to the beam energy, the current reaching the beam collector drops sharply.
If the curve of beam current against the voltage on oz(mz) is then
differentiated a sharp peak is obtained whose half width, i,e, its width at
half height, can be taken as a measure of the energy spread of the beam. On
the basis of this definition the expected energy spread from the cathode being
used is 0.15 eV. Unfortunately, the method of analysis will give a value
which is too large (74) because

(a) DNot all the electrons in the beam approach the eollector in a direction
perpendicular to Gz.and

(b) Field penetration effects into the region between G, and G, distort
the beam as the potential difference between G, and G, is changed.

mmﬂzulmmmm“unlmumr
limit to the actual energy spread. Results for a 50 eV incident beam are
shown in Fig. (13 a) and (13 b). The experimental conditions were :
nzﬂnh=n’/01=sovo1n, m,-sznm, VBC = 90 volts, mh=5w1t-,
V Shield = 70 volts, and the holding voltage = 18 wvolts.

The half width of the peak is 0.7eV instead of the expected 0,15V,
Raff?s results are somewhat similar: for an incident beam of 4OeV the measured

energy spread was leV. However possible reasons for this are given above,
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and spectra obtained indicate that, in both ecases, the actual energy spread
8f the beam is close to the predicted 0.15eV.

2.2.3. Posgitive 3

The purpose of the grid G, is to prevent positive ions, formed
during the collision process, from reaching the scattered electron collector.
Fig. (14) shows a plot of the scattered electron current against VG, with
argon in the collision chamber. The conditions were: 'lz-ﬂk='l5/01’=50m1tl.
M2=50vo1to, VBC = 85 volts, m‘=l.ew1to. holding voltage = 15 volts,
and the pressure of argon was & x 10™* torr, It can be seen that when 6,
becomes slightly positive with respect to 'fl there is a sharp rise in
tbmolmtwohotnnem.ﬁiohthuununuatodumﬂ;
because of field penetration effects. The magnitude of the sharp rise is
O«lhmmtﬂﬂmﬂdtiwmmmhmﬁomtm
electron collector when 03 is at the same pmtm“l’/lll. In operation
& potential about 2 volts positive with respect to l’lclilthwuappuod

to 03.

2.2.4. Soattered Electron Colleetor Efficiency:

To prevent electrons being reflected from the surface of the scattered
electron collector, a holding voltage is applied between it and oh. The
mormhumwxmiamummumndmmmmuncmq
of the collector, and its effect is illustrated in Pig, (15) where the current
matthoonuhrhphttdwmhoningwltm.

The conditions were: VE, = VE, = VE,/G, = 50 wolts, VG, = 60 volts,
VBC = 85 volts, vo,-sznm. V shield = 70 volts; and the pressure of
argon = 5.5 x 107* torr,



FIG 15  VARIATION OF SCATTERED ELECTRON CURRENT WITH HOLOTNG VOLTAGE
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Consider curve (a). Below 15 volts the current drops off rapidly indicating
a large increase in the number of reflected electrons, but above this voltage
the current increases only slowly with holding voltage, showing that most of
the electrons are now being collected rather than reflected. A second sharp
rise is seen starting at 55 volts. It was thought that the second rise might
be caused by field penetration into the region between 03 and G". If this
is so, then at a higher repelling potential on Ghthoortoct should not be
noticed until a higher holding voltage is reached., Confirmation comes from
curve (b): the second rise does not now start until the holding voltage
reaches 60 volts.

In practice a holding voltage of around 20 - 30 volts was nomally
applied, minimising field penetration effects while simultaneously operating
the scattered bcollcctor at high efficiency.

2.2.5 VYariation of Scattered Electron Current ‘with pressure:

In Chapter One we saw that, when a single particle moves through a
short distance dx ecms in a gas, density n molecules per cn3 s the probability

of making a collision is given by

P = n, Q. dx 2.1
A flux of N particles por'cnz moving at veloeity v, is reduced in this
distance by a number

di = nNQadx 2.2
Integrating we obtain

N-Noexp(-an) 2.3
For electrons, which carry a single charge, the current Io equdl to Nov is
reduced after travelling x cms through the gas to

$ * L exp(-nQx) 2.4
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In the present experiment we have

I(8C) = Io exp(-nQx) 2.5
where I is the current entering the collision chamber, I(BC) the current
reaching the beam collector, and x the distance between these two points.

I(SC), the current reaching the scattered collector, is given by

I(sc) = I(Io - I(BC) ) 2.6
& being that fraction of the scattered electrons which is collected.
For single collision conditions

060) = 1, (2 - nex)
I(sc) = lIo nQx 2.7
and under these conditions I, = I(BC), so that

1/sc) / 1(8c) = 1(s¢) /I, = angx 2.8
The scattered current is therefore directly proportional to the pressure
for fixed beam current, collision cross-section and path length, In Fig,(16)
the current at the scattered electron collector, minus the background current
1(sc) o 1n the empty chamber, is plotted against the ionization gauge reading
with argon in the chamber. The conditions were : VE, = VE,‘ = Vl,/ﬂl = 50 volts,
VG, = 55 volts, m, = 52 volts, VBC = 8J wolts, VG, =10 volts, holding
voltage = 15 volts, and V shield = 60 volts. The relation is linear up to
pressures of 1 x 10'3 torr, whereupon double scattering sets in and equation
2.8 no longer holds. An operating pressure was always chosen to lie somewhere

in the linear portion of the curve, which of course may differ from gas to gas.

2.2.6 tion of tte tron th nt ¢

From equation 2.8 it can be seen that, just as the signal should show
& linear variation with pressure, so should it show a linear variation with
beam current, since doubling the beam current effectively doubles the number



FIG 17 VARIATION OF SCATTERED ELECTRON CURRENT WITH BEAM CURRENT
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of collisions taking place, If the beam current is varied by changing the
potential on one of the gun electrodes then the electron optics will be slightly
altered, and two factors will contribute to the change in scattered electron
current., To avoid this complication the beam current was varied by varying

the cathode-heater current, and hence the cathode emission, Results are

shown in Fig, (17) for a 65 oV beam with 2,5 x 10™* torr of argon in the
collision chamber. The electrode settings were VE, = VE, = “5/01 = 65 volts,
'02 = 70 volts, WB = 66 volts, VBC = 90 volts, V shield = 70 volts,

vch = 10 volts, and holding voltage = 30 volts. Linear behaviour is observed,
as predicted.

2,2.7. n_of tte wi Potential:

Electron impact spectra are obtained by varying the voltage on GL
relative to the cathode, and measuring the current reaching the scattered
electron collector for each value of this potential, In order to analyse
the data correctly and to obtain from it the electronic excitation energies
of the gas under study, Raff determined the functional relationship between
I (sC) and VG,. A brief account of his caleulation will be given,

Consider a hypothetical apparatus in which only electrons scattered
through Ntydogroummhthoconoctor, where y is a small angle,
and in which the repelling field between O,tnd Oh is perpendicular to the
beam axis at all points. When the repelling field is numerically greater
Mmbmmrgmohctmmmthmughak.mdthocmontattho
collector will be zero; but as the repelling field is reduced to a value
numerically less than the beam energy, there will be a sudden rise in scattered
electron current due to elastically scattered electrons reaching the collector.
The current then levels off as the repelling field is further reduced, until
the first inelastically scattered electrons have sufficient energy to overcome



FIG 18  THEORETICAL -90° IMPACT SPECTRUM OF AN ATOM—FROM REF 74
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it, whereupon there is another sudden rise in scattered electron current.
Differentiation of the plot of scattered electron current against W}h
would give a series of infinitely high spikes at the excitation points,
were it not for limitations of apparatus resolution and energy spread of
the incident beam. These tend to lower and broaden the spikes - Fig.(18).
In this hypothetical experiment the transition energies in the gas would be
given by the positions of the peak maxima.
The actual experiment differs from the one just described in several
important respscts.
(1) FElectrons are being collected over angles other than 90° so that the
repelling field is not always perpendicular to the veloecity vector of the
seattered electron, For an electron of energy E , scattered through an

angle © , the energy effective in overcoming the repelling field is

E linz ©., Thus in the actual experiment not all electrons losing the same

amount of energy to the gas will be collected at the same value of VG,, the
effect being to lower and broaden the peaks.

(2) TFlectrons scattered through small angles will 'see' grids which are
less transparent than do those which are scattered through large angles.

(3) It was assumed that the lines of force between 03 and Gk were
perpendicular to the beam axis at all points. This will not be so near the
top edge of 03, where Gk protrudes above it.

Continuing the analysis of the actual experiment for atoms, Raff
obtained the following expression for the derivative:
dis) . = . A [-g-i-_-f} ) [-m‘l &) th(e)’ [-m'l(}i)j 2.9
where V(volts) is the potential on grid !5 relative to GL - “5 - VG",
Q1 {s the tatal collision ecross section for process i,
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A is & normalisation constant depending on the beam current and pressure
in the collision chamber = nI(BC)x (see equation 2.3),

;i(e.ﬁ) is the normalised angular distribution function of scattered
electrons for process i,

£(¢) is the grid transpavency funetion for a single grid, and

Ey (eV) is the energy of the seattered electron.

Fig.(19 a) shows the electron impact spectrum caleulated by Raff for an
atom with one electronic state 10eV above the ground state. The incident
beam energy was 503V and he assumed that the cross sections for the elastic
and inelastic processes were the same. The form of g(6,ff) used is shown in
Fig. (19 b). The exact form of the spectrum obtained is very dependent on
g(e,ﬁ).Mchofmmfmmtomlultnmmntomduon-
see Fig.(3). Raff concludes that for atoms transition omrdu should be
taken from the onset values rather than the peak maxima.

A similar caleulation was conducted for molecules. Fig. (20 a) shows
one possible set of transitions for a diatomic molecule, Any mumber of
transitions between Eluxlxz may occur, the probability depending on their
individual eross-sections, and the probability density of the ground state
vibrational wave function; therefore as V is varied, one is rumning over
a continuous set of tramsitions,  The value of dI/SC)/dV as V is varied

m(s*-nl) to (B"'-Ez) is given by
h(Y)

le " & 9{%‘1‘ ) lir'. ixF 2 [ﬁn‘)‘(—!—!—,—x)i}t’ {-u'l(f!*i;)*Jn(x)dt

-ob

2,10
where E* is the energy of the incident beam, n(x) represents the probability
density of the vibrational ground state, and the upper limit h(V) depends on V.
The result of & much simplified caleulation is shown in Fig, (20 b). 1In this
case onset is at E, and no infinite spikes appear.
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The ealculations indicate that the apparatus will produce peaks at
values which correspond closely to the emergy loss for a vertical transition
from the centre of the ground state to the exeited electronic state.

Some doubt had, however, been cast on the results obtained by
Kuppermann and Raff - see reference 77 -, and it was therefore decided to
repeat their experiments in heliwm and argon.

2.3.1. Materials:
Both argon and helium were obtained from cylinders (British Oxygen Co.Ltd.),

and used without further purification.

2.3.2. Elastic Seattering:
Being the easiest to detect the elastic peaks were studied first.

The apparatus was baked for a short time before any measurements were taken,
and the gas flow rete was then adjusted, by means of the needle valve, until
the desired pressure was obtained, After setting up & beam of the chosen
energy, the variation of scattered electron current with VG‘ was measured,
while simultaneous records of beam current were taken on the second recorder
in order to correct for any minor fluctuations. The curves obtained are
shown in Figs.(21) and (22). Values were interpolated at small, equally
spaced intervals on these curves and used as input data for a computer program
which caleulated the derivative mumerically. The method used for numerical
differentiation was originally developed by Rutledge (79), and in the present
case a sixth degree polynomial was fitted to seven successive points.
Figs.(23) and (24) show the resulting plots of a(sc)/m‘ q-:umvo,..
the vertical line in the bottom left hand corner representing the seatter in
the derivative introduced by the differentiation procedure.
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One pussling observation is that the peaks oceur at about 1.5eV
above zero, an effect also noted by Kuppermann and Raff (72). Since there
hnolhﬂnrlhiﬁinthoimhluopuhthootfoetmtbouphimdin
terms of contact potentials (the contact potential correction found necessary
by Kuppermann and Raff was only about - 0,2eV). Raff's caleulations indicate
mtawmmmmmmuwwuumpor
angular distribution function of the scattered electrons, Maxima in the
function can introduce subsidiary peaks, or dips, in the derivative, too
narrow to be resolved in this apparatus. The experimental angular distribution
function for electrons scattered elastically and inelastically from argon
are shown in Fig. (25) along with the function used by Raff in his caleulations.
smmmniomnuobmmmmwmmu.udmn;t.
muuamm,mmmwn-ummmwor
effect, although the situation is by no means clear.

2.3.3. ¢ Scat H
A 50eV beam was set up and, after obtaining the current against

voltage curve in the empty cell, the curve with & x 10~ torr of helium in the
chamber was obtained (Fig. 26). The conditions were: uznu‘.=u5/ol-=

50 wolts, 702=60w1t., VBC = 90 wolts, W3=52W1tl, holding woltage = 20 wolts,

The difference between thess two curves is shown in Fig. (27), and
the derivative of this, obtained in the same manner as for the elastic peaks,
is shown in Fig. (28). Raff's procedure was then to shift the peaks wntil
the ionisation peak corresponded with the optically determined value of the
ionisation potential, a contact potential correction of about 0.2eV. However,
since there is some doubt about whether the peak near 24.6eV is in fact due
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FIG 28 ELECTRON IMPACT SPECTRUM OF HELIUM
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to ionisation (see next chapter), this procedure was not adopted here; the
peak values quoted are unshifted,

Peaks are seen at 20.1, 20.9, 22.9 and 24.7eV. The peak at 20.1
agrees fairly well with the known value of 19.8eV for the 2°S state. The
218, 23P, and 217 states are seen as one peak at 20.9eV, their optical values
being 20.6, 20.95 and 21,26V respectively. The 38 state is seen at 22.9eV,
in exact agreement with the optically determined value. The large number of
states lying between the 318 state and the ionisation limit are not resolved
in this instrument. To illustrate the reproducibility of the results a
second helium spectrum is shown in Fig.(29). Here the peaks occur at 19.8,
21.0, 23.0 and 24.5eV, again in good agreement with known optical values.

The Spectrum of Argon:
The spectrum obtained with a 50eV beam is shown in Figs. (30 - 32).

Peaks occur at 11.8, 13.0 and 15.5¢V. Since L-S coupling is not a good
approximation in argon, L-S notation will not be used to describe the states.
The first peak at 11.2 corresponds to the excitation of a p electron to the
Ls orbital, the singlet being at 11.6 and the triplet at 11.8eV, in good
agreement with the above observations. The next set of argon levels lies
between 12.9 and 13.25eV, in agreement with the second peak seen here at 13.0eV.
The levels between this and ionisation are not resolved. In many of the
argon spectra obtained the ionisation potential was not clearly marked.

The above results are in excellent agreement with those of Kuppermann
and Raff, and indicate the same degree of accuracy, about : 0.2¢V, for the
spectrometer. The variation of relative peak heights with ineident beam
energy should give information on the type of transition involved, As we
saw in the introduetion, the cross sections for spin forbidden transitions
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decrease mech more rapidly with increasing electron energy than do those for
optically allowed transitions. However, the error introduced by the
differentiation procedure used here makes the comparison of peak heights a
rather dubious procedure.

The results appear to indicate that states inaccessible by optical
techniques can be studied by low energy, high angle electron impact spectroscopy.
However, these results were obtained only with great difficulty. Random
fluctuations in, for example, pressure and beam current can, and do, introduce
spurious peaks. Many spectra must therefore be taken before spurious effects
can be identified, and in fact most of the results must be discarded. The
main causes of instability are the two mentioned above: fluctuations in
beam current, and fluctuations in pressure. These could be removed by
introducing servo controlled systems but during the course of the present
research other workers have obtained results which appear to contradict those
of Kuppermann and Raff in some respects, and cast some suspicion on the
technique. Before going on to discuss possible improvements in any more
detail, we will therefore pause ard compare the results obtained by the various
methods in order to evaluate the usefulness, or otherwise, of the one employed

here.
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Chapter Three
{
DISCUSSION

3.X. Comparison with other work:

The two substances whose electron impact spectra may be most usefully
discussed here are helium and ethylene, which have been studied by various

workers over a wide range of energies and angles.

The electron impact spectrum of helium:

Lassettre and co-workers (see Chapter One) have made an extensive
study of the electron impact spectrum of helium at high energies and low
scattering angle, conditions under which the Born approximation is valid,
There should therefore be an exact correspondence, within the limits of the
resolution of the apparatus, between electron impact and ultraviolet spectra,
a prediction which was confirmed by Lassettre's work. His first results, for
390 eV electrons and zero scattering angle, are shown in Fig. (33a) where the
most prominent feature of the spectrum is the 211’ transition at 21.2eV (43).
Using lower energy electrons, and looking at 9° scattering, the angular
momentun forbidden 2'S transition was resolved - Fig.(33b)-, some at least
of the increased resolution being due to greater dispersion of the analyser
at lower kinetic energies (45). The variation with angle was further investigated
for angles up to 15° (25,50) and some of the results are shown in Fig.(33¢).
Lassettre found that at low angles only one peak around 2leV was
visible, the 2'P peak, but as the angle was increased a second peak corresponding
to the 2'S was resolved. Although the scattering intensity for both transitions
decreased steadily with increasing angle, the intensity for the optically
allowed 1'S — 2P transition decreased more rapidly than that for the optically
forbidden 118 i 218 transition, until by 15° the transitions occurred with
equal probability. This is exactly the type of behaviour predicted by the
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the theory (see Chapter 1). The expected variation of relative intensity
with electron energy was also observed: at 600eV the 218 state wvas not
clearly resolved, but for a fixed scattering angle the intensity relative

to the 2P state increased steadily as the energy was decreased to 232eV (46).

In a later experiment an electrostatic analyser was installed in the
electron source (51). Much higher resolution was then achieved, but at the
expense of intensity, which meant that only zero angle scattering could be
studied, Fig.(33d) shows a typical spectrum obtained with 250eV electrons,
the 5P and 6'P states now being resolved. Using the same apparatus he was
later able to resolve the 3'S angular momentwn forbidden transition.

The helium spectrum obtained by Kuppermann and Raff is shown in
Fig.(34a), very similar to the ones obtained in the present work - Figs.(28,29).
The most striking differences between these and the spectra of Lassettre and
co-workers are the prominent peaks for the 2°S state and the first ionisation
potential. In no other electron impact work is ionisation clearly marked.
Lassettre studied the region around 24.6eV carefully and found "no indication
whatsoever of a peak at this voltage, of a discontinuity of slope, or of any
departure from a continuous curve with continuously changing slope". He
states that the reason that no peak is seen at the ionisation potential is
the low resolution of the spectrometer, and its absence is not fundamentally
related to the scattering process, or to the energy states of the scatterer (43).
Since the resolution achieved by Kuppermann and Raff is lower than Lassettre's
one would not expeet them to observe any peak at the ionisation potential, but
the peaks were systematically present in all their experiments, as indeed
they are in the present work on helium.

In the light of other work it seems unlikely that ionisation is being
observed. Doering (82) has suggested that the peaks may correspond to
transitions to a bound state near the ionisation limit.
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The prominence of the 238and318 states might be explained by the
failure of the Born approximation at low energies, To determine whether
the deviations from optical spectra observed by Raff are a consequence of the
low electron energy Simpson and Mieleczarek investigated the forward scattering
of 50eV electrons (77). Their apparatus consisted of two hemispherical
electrostatic analysers., The filtering anmalyser produced an electron beam
of half width 0.leV, and electrons scattered into an angle 0 20 mrad were
energy analysed in the second analyser by determining the amount of energy
required to restore them to the primary beam value. However the spectra
they obtained - Fig.(34b)- resemble Lassettre's rather than the present one
and those of Kuppermann and Raff, Neither the 238 state nor the ionisation
limit were prominent, leading Simpson and Mielczarek to conclude that the
deviations observed by Raff are a consequence of the high angular scattering,
rather than of the low electron energy. A discussion was given by Kuppermann
and Raff (81) who reached the same conclusion.

An experiment designed to clarify the situation was recently carried
out by Doering (78). In his apparatus electrons from a thoria coated iridium
filament were accelerated through a slit into the collision chamber, the
unscattered beam was collected at a Faraday cup isolated from the collision
chanber by an 867 transperency grid, and electrons scattered through 90° left
the collision chamber via a second s}it, were retarded to 3eV in order to
inerease the dispersion at the exit slit of the 127° analyser, and collected
at a shielded collector. The limiting factor in the resolution was the energy
gpread of the beam from the filament: 0.7eV. Spectra were obtained for
electrons in the energy range 40 - 1006V, but in no case was the 2°S state
observed, from which Doering concludes that the 118 - 233 transition must be
at least a factor of 5 less intense than the 1'S — 2'P transition, and that
there is no great variation of the spectrum with scattering angle. A typical
spectrum is shown in Fig.(34e).
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It begins to seem as if the results obtained by the retarding potential
difference method may be spurious; however the 2°S state has been observed
at 56,5V and 50° by Simpson, Menendes, and Mielczarek (80). They found that
it was 7 times less intense than the 2P state, in agreement with Doering's
conclusion above, The 2'S state was also observed, appearing 5 times less
intense than the 2P state. This last result contradicts the observations
of Lassettre et al (Fig.33¢), who found the two transitions occurring with
equal intensity as low as 15° scattering angle. Therefore, although the
qualitative agreement is good, there is not complete agreement among any of the
workers about the intensities of the various transitions.

Because of uncertainties introduced by the method of data analysis
used in the present work it does not seem justifiable to put much weight on
the relative intensities of the peaks seen: the shape of the derivative curve
1s too sensitive to the smoothing procedure, a fact which must also have been
true in the Kuppermann and Raff experiment, However it should be remembered
that the occurrence and position of a peak is clearly marked by a discontinuity
in the current against voltage curve. It is only the intensity which is
doubtful.

Since ethylene has been studied by all the above workers we will consider
briefly their results for this gas before continuing the discussion.

The spectrum of lene

At high energies and low angle the main feature of the spectrum is a
continum peaking at 7.66eV - Fig.(35a), ref.(A3) -, which was resolved in a
later experiment - Fig.(35b), ref.(67).

At low energies, 40 - 756V, Kuppermann and Raff observed inelastic
transitions at 4.8, 6.5, 7.7, 8.8 and 10.7eV, Fig. (35d). The first two peaks
were assigned to optically forbidden transitions, one corresponding well with
the value of A4.b6eV proposed by Evans (85) for the singlet » triplet T« N
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transition, and the other they suggest is an angular momentum forbidden
transition. The 7.7 and 8.8eV peaks agree with observed transitions in the
ultraviolet ahsorption spectrum, and the 10.7eV peak was attributed to the
ionisation limit,

Simpson and Mieleszarek obtained a spectrm with peaks between 7 and
13eV only. They observed no transitions below 7.1eV, or at the ionisation
limit - see Fig.(35¢), and ref.(77).

Doering's results are shown in Fig.(36). Because ethylene interfered
seriously with the emission from the cathode, necessitating a much higher
operating temperature than normal, and because of difficulties in achieving
& satisfactory signal to noise ratio, the energy resolution in this experiment
vas 1.2 eV at best. The major features of his spectra agree well with those
of Simpson and Mielezarek, while there is qualitative agreement with Lassettre's
high energy work. He does however see an "urmistakeable" peak at 4.7 eV, not
seen by either of the above authors, but present in the spectra of Kuppermann
and Raff,

Both Doering and Kuppermann and Raff found an identical variation with
electron energy of the intensity of the 4.7 eV transition relative to the & eV
transition: As the energy was increased from 35 to 50 eV, the 4.7 eV peak
became less prominent, and by 75 eV it had disappeared altogether from Raff's
spectrum. They therefore agree over its assigmment as a T¢ N transition.
Doering does not see & peak at 6.5 eV and concludes that it is at least a
factor of 3 less intense than the 4.7 eV transition, in contradiction to
Kuppermann and Raff. All the workers found a peak at 10,7 eV, only Kuppermann
and Raff observing a prominent one, assigned by them to the ionisation limit.
The others, however, favour its assigmment as an allowed transition to a
bound state near the ionisation limit.
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Summarising the position we see that, apart from the 6.5 eV peak in
ethylene and the ionisation limit in he}iwm, all the peaks observed by
Kuppermann and Raff in these two gases have been observed by other workers,
there being disagreement among all of them over the relative intensities.

It does appear that as the scattering angle is increased from 0 to 90°

there is not such & radical change in the spectra as was first thought from
Raff's work, However, the optically allowed transitions do become much
weaker relative to optically forbidden ones so that forbidden transitions,
masked at small angles, ean be observed at 90°. Doering has obtained some
data on '2 in which he finds that the optically allowed transitions agree
well with the high energy work of Lassettre, but at energies less than 100 eV,
and 90° scattering angle, singlet-triplet transitions are very clearly resolved (83).
There is therefore much useful information to be gained from low energy, high
angle scattering spectra and it remains to decide whether the present method
can yleld reliable results.

The greatest discrepancy between the present results and those of the
other workers is the prominence of the optically forbidden transitions. This
does suggest that, in some way, the method used here may be more sensitive to
the occurrence of weak tramsitions., A possible explanation arises when the
results obtained by the trapped electron technique (see Chapter 1) are studied.
Bowman and Miller have measured the electron impact spectra of helium and
ethylene by this method (84). 1In their apparatus 93% of all electrons
scattered from a particular level are detected without regard to scattering
angle, and their results for helium and ethylene are shown in Fig.(38). The
incident electron energy scale was corrected for changes due to the potential
well, and for contact potentials, in order to bring the excitation peaks into
agreement with optical transitions, the 2°S state of helium at 19,82 eV being
used as a standard. Now there is a great difference in incident electron
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energy between this experiment and the present one, so that exact agreement is
not expected, But the results bear a close resemblance to those obtained by
the retarding potential difference technique. This suggests that what at
first sight appears to be a disadvantage of the present method - the collecticn
of electrons scattered through a wide range of angles - may in fact be
responsible for the increased sensitivity of the instrument over the slectrostatic
analysers. A far greater percentage of the scattered electrons are being
collected and therefore the weaker peaks are more easily observed.

There is good agreement between the data of Kuppermarn and Raff and
that of the present work, except that in this work the ionisation limit in
argon is not clearly marked, However, before results, especially relative
intensities, obtained from this experiment can be treated with real confidence,
the difficulties inherent in dealing with an integral curve when it is the
derivative that 1s required must be overcome.

Leder and Simpson (86) have suggested a method by which differential
spectra may be obtained from retarding potential measurements. They were working
at very high electron energies (keV), but it may be possible to adapt the method
to the lower energies used here. Full details of eireuitry and performance
can be found in ref, (86) and only the prineiples of the method will now be
discussed.

In the retarding potential difference technigue the magnitude of the
current, I, at any given value, E, of the retarding field is proportional to
that fraction of the total current due to electrons of energy greater than E,
The curve of I against E 1lthn-lninumlc°\5mofthomrudhtr1hution

of the electrons reaching the eollector, i.e. j’ I (E) dE against E.
E
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If a small ac wltquYilluMlpMonthomrdingpotontm E,
then the current I has added to 1t an ac component AT whose magnitude
hmpruomltotho.lopoetmmwcmatmpom E, and whose
frequency is the same as that of AV, The process is illustrated in Fig.(39%a).
Changing E while keeping AV constant leads the magnitude of /I to sweep
out a difference curve corresponding to the integral curve. As AV is decreased
hnplitﬂothouﬂmomamm-atmdmmulomo. A
block diagrem of the electrical differentiating system designed by Leder and
Simpson is shown in Fig.(39%b). Their retarding potential was obtained from
dry batteries and a continuous roution potentiometer driven by a 2 r,p.m, motor.

Mutmmitwmb“puibhuommmhnu
um,mmmummmunummmomw
employed eould be avoided, A further advantage is that by transforming a
de signal into an aec one, problems of voltage stability are alleviated,
mmotmmilthtmmofmmctmmionututing
within the amplitude of the modulating signal, 0.1 volts in Simpsont's work;
but the magnitude of AV could perhaps be reduced, and since the resolution
ot&owhmitdbymmmﬂorthbm.lboutO.joV,
the fluctuation may not be a problem at all., Simpson found no sppreciable
broadening of the energy profile he obtained for an electron beam from a
tungsten filament, having a known half width of 0.6 eV.

With the possibility of overcoming the major drawback of the technique
we will now consider what further improvements could be made.

3.2.2. Stabilisation of Beam Current and Pressure:

As was mentioned in Chapter 2, section 2, very many spectra had to be
discarded because the system became unstable. The main sources of instability
were found to be fluctuations in beam current, and fluctuations in pressure,
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Stablisation of the beam current can be achieved by using the already
amplified output from the electrometer in a servo system to modulate the
voltage on 1:1, and hence the emission,

Instabilities in pressure can be overcome by incorporating a serwvo
controlled needle valve in the gas inlet system. A Granville Phillipe
Automatic Pressure Controller has been purchased for this purpose and is
now installed between the Balszer's needle valve and the inlet flange, It
will be operated by the signal from the ionisation gauge in the gun chamber,
since the ionisation gauge in the collision chamber cannot be switched on
during measurements without giving rise to a significant positive ion current
at the grids,

3.2.3. Improved Angular Diserimination:

By splitting the scattered electron collector, electrons scattered
through a smaller range of angles could be studied, while retaining the
facility of measuring the total current reaching the collector in cases
where intensity problems are acute. It has been ascertained that this
modification ecould be carried out without difficulty by 20th Century Electronies.

3.3.  Coneclusions:
At first sight it appears that the electrostatic analyser is a

preferable technique to the present one, since higher resolution is possible,
and the derivative is obtained direectly. However with the above modifications
the retarding potential difference method becomes more attractive. Even at
present the resolution of the apparatus is higher than any achieved by Doering.
It is all a question of intensity. The situation is somewhat analogous to
the position of Schuls with the electron trap and the double electrostatic
analyser. The second technique is the more refined, but because of intensity
it could be used to study only those transitions with high cross-sections.
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Similarly, Lassettrets work was limited to low scattering angles, the loss of

intensity preventing investigations at angles greater than 15°, Indeed,

in the double analyser experiment only zero angle scattering could be studied,
even with an electron multiplier in the detection system., At the much higher
angles studied by Doering signal to noise problems were severe, and the resolution
was limited to between 0.7 and 1.2 eV, However, for the purpose of studying
cross sections in detail the advantages lie entirely with the electrostatic
analyser techniques, They are inherently capable of the high resolution
necessary, if the intensity problems can be overcome.

The above discussion leads to the conclusion that the present method
can best be used in more qualitative studies of electron impact spectra. The
positions of many singlet-triplet transitions have been predicted by quantum
mechanical caleulations.

In particular, Pariser and Parr (87) have developed & molecular orbital
type of caleulation for the electronic spectra of conjugated molecules. Their
theory has since been refined by other workers and there exist predictions of
the energies and intensities of transitions in the electronic spectra of many
hydrocasbons and heteromolecules. Experimental evidence is available for the
optically allowed transitions,but there is very little information with which
to test the aceuracy of predictions concerning the optically forbidden ones.

The present electron impact spectrometer, after incorporation of the
improvements suggested above, should provide a suitable method for the location
of optieally forbidden transitions in a wide variety of molecules, Collecting
electrons over & wide range of angles as it does, gives the apparatus 2
higher sensitivity than is possible with the more refined techniques. 1In
addition, the variation of intensity with ineident electron energy allows
assigrment of the type of transition involved. However in order to examine
eross sections, and hence transition probabilities in more detail, a different
type of apparatus is required, in which the differential scattering can be studied.
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The vibrational relaxation time of carbon monoxide has been determined with the spectrophone,
comparing the amount of vibrational energy lost by collision to the amount lost by fluorescence.
Using a carefully purified sample a value of 0-8 sec was established as a shorter limit to the relaxation
time at 290°K.  This result, longer than previously determined room-temperature values, agrees with
the value predicted by the high-temperature shock-tube data. The shorter values are shown to be due
to impurity effects.

Vibrationally excited carbon monoxide can lose its energy by two mechanisms :
(1) collision, CO(v = 1)+M—-CO(v = 0)+ M +kinetic energy,
) radiation, CO(v = 1)»CO(v = 0)+ hv.

The relaxation time for the first process with M = CO has been well established at
higher temperatures by shock-tube experiments 1-3 and the extrapolation of these
results indicates that at room temperature the rate of collisional loss should be much
slower than that of radiative loss, whose time constant can be calculated from spectral
data.4 This conclusion has been verified by Millikan 5 who studied vibrational
fluorescence in a flow experiment. Thus, pure carbon monoxide should lose vibra-
tional energy by radiation rather than by collision and should give zero response in the
spectrophone, which detects changes in translational energy.6 This is in contradiction
to the observations of Woodmansee and Decius,? but their result can be attributed to
the presence of impurities shortening the relaxation time to the reported value of
2 %1073 sec.

We have re-investigated the behaviour of carbon monoxide in the spectrophone
and by comparison of the proportion of energy loss by collision to that by radiation
have established a new value for the relaxation time at room temperature.

EXPERIMENTAL

The spectrophone is shown diagramatically in fig. 1. It was constructed from brass,
vacuum sealed with a Viton O ring. The diaphragm was of 30 gauge metallized Melinex
film and was clamped between two metal rings which were screwed to the cell. Diaphragm
tension and backplate position were adjustable for maximum sensitivity. The pressure in the
cell equilibrated by long-time-constant leaks across diaphragm, tensioning ring and back-
plate. The absorption cell was a cylinder 25 cm diam. by 2 cm long, with windows of
calcium aluminate glass (Barr and Stroud, type BS.39B) sealed to the ends with Viton O
rings. Gas flow into the spectrophone was controlled by an all-metal needle valve which was
closed when measurements were taken to avoid acoustic resonance effects in the gas line.
The spectrophone was connected to a conventional high-vacuum system and the vacuum
measured with an ionization gauge. When required the system could be heated to 120°C
for bake-out purposes.

The exerimental parrangement is shown diagramatically in fig. 2. A front silvered mirror
focussed the radiation from a Nernst filament through a modulating disc into the cell.
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Radiation was absorbed by the gas and some transferred to translational modes giving rise
to pressure fluctuations. These caused variations in the position of the diaphragm which
frequency modulated the 10-7 Mc/sec oscillator at the chopping frequency. The frequency
modulation was detected in a conventional ratio-type discriminator and after pre-amplifica-
tion fed to a selective amplifier of 2:5 mV full-scale sensitivity. In later experiments this was
increased to 50 uV full-scale sensitivity. The d.c. output from the discriminator gave an
indication of mean diaphragm position. The sensitivity of the entire system could be checked
by noting the signal from a standard pressure of nitrous oxide.

5

E i] <—————needle valve

== :‘\q\ diaphragm
Y ;ﬂ b
%_L /gluss- metal seal
i backplate
T EEEr
U
2cms.

FiG. 1.—Diagram of Spectrophone.
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FiG. 2.—Experimental arrangement.

MATERIALS

Carbon monoxide was obtained from a cylinder (I.C.I. Ltd.), mass-spectrometer and infra-
red analysis indicated small amounts of CO; and H,0 with no detectable Hp. It was further
purified by passage through several cold traps at —196°C, one of which contained pellets of
alumina,> and dried by passage through phosphoric oxide. A new sample of CO was pre-
pared for each experiment. When required, H, was obtained from a cylinder and used
without further purification.
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RESULTS

The cell was filled with pure CO to a pressure of 40 cm and with the selective
amplifier at 2-5mV sensitivity and 140 ¢/sec chopping frequency no signal was
detected until 5 h after filling the cell. The signal then rose to a maximum value over
a period of 40 h. It seemed probable that this rise was due to impurity molecules
from the cell walls shortening the overall relaxation time, thus the spectrophone was
baked for 40 h at 120°C after which the pressure fell from 3 x 10-5 to 3 x 106 torr
and the pressure rise from 2x 103 to 4 x 10~4torr/h. On repeating the previous
experiment it was found that a maximum value was not reached after 140 h. The
sensitivity was checked and found to be unchanged. Hereafter, the spectrophone
was baked before each experiment.

Even in pure CO a little vibrational energy will be lost by collision, the exact amount
depending on the relative rates of processes (1) and (2). With the more sensitive
electronics it was possible to detect a very small initial signal as soon as the cell was
filled with purified gas. H», which is known to be an efficient collision partner for the
de-excitation of CO (tco-m, = 104 sec at 290°K 5) was then allowed to diffuse into
the cell so that the rate of process (1) became very much faster than that of process (2)
and the signal rose to a final steady value.

The small initial signal is proportional to the energy lost by collision in pure carbon
monoxide which is given by fionihv sec™1 ecm—3, where fio is the transition probability
per molecule per second for the 1 -0 process, 7; is the number of vibrationally excited
molecules per unit volume and v is the vibrational frequency.8 The final steady
signal after the addition of H; is proportional to the total energy loss both by collision
and by radiation in pure CO, assuming that the radiation density remains constant
and that the 10-20 % of added H; does not affect the absorption process. The total
energy loss is given by (fio+ !/traa)miftv sec ! em~3, where 1/7raq is the number of
spontaneous transitions per sec per molecule (31 sec™1).

For CO, fio = 1/1¢co-co 6, where 7co-co is the relaxation time. Thus:

initial signal/final signal = 1/t¢o-co/1/Tco-co+ 1/Traa

At a pressure of 39 cm the initial signal was found to be 15 #V and the final signal to be
780 uV. This gives the reiaxation time of CO at 290°K and 1 atm as 0-8 sec.

Molecular relaxation times depend inversely upon pressure whereas the radiative
lifetime is independent of pressure. Thus, a good test of the experimental method is
to measure the initial and final signals at two pressures and see if they are self-consis-
tent. This must be done with the same sample of gas to eliminate the possibility of
slight differences in the degree of purity. With a pressure of 40 cm the initial signal
was found to be 30 iV, the pressure in the cell was then reduced, as rapidly as possible,
to 20 cm when the initial signal was found to be 20 uV. After the introduction of
hydrogen the final signal at 20 cm was 460 ©V whereas for 40 cm it was 760 uV. From
the figures at 40 cm and the final signal at 20 cm the initial signal expected at the
lower pressure was 10 uV compared to the experimental value of 20 uV. The
probable reason for the slight discrepancy is the impurity which degassed from the
cell walls during the time taken to lower the pressure in the cell. The impurity will
shorten the relaxation time and hence increase the initial signal over the expected value.

In order to investigate the effects of impurities from the walls measurements were
then made on a sample of pure CO which was left in the cell for a period of 90h. The
results are plotted in fig. 3. The theoretical curve was calculated using the equation
for the relaxation time of a mixture 6:

1/Tmixture = 1 —Xp/Tco-co+ Xs/Tco-B»
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where B is the impurity, probably H,0O, and xg is its mole fraction. It was assumed
that B was desorbing from the walls at a steady rate (taken as the degassing rate of the
empty cell) and that tco-p = 1 x 1076 sec.
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FiG. 3.—Plot of signal amplitude against time; Continuous line is the theoretical curve.

DISCUSSION

It is impossible to obtain an accurate figure for the initial signal because of the
difficulties in the purification and the time necessary to fill the cell after the gas has
been purified. The value of 15 uV for the initial signal at a pressure of 39 cm therefore
represents an upper limit to the signal due to CO—CO collisions and thus the value for
the relaxation time is a lower limit. All experiments were carried out at frequencies
above 70 c/sec thus energy loss to the walls is not likely to be significant,6 this has been
directly confirmed by McCaa and Williams who observed the fluorescence from pure
CO using a modulation frequency of 13 c/sec.® There is probably some re-absorption
of a quantum before it is emitted from the cell, this will lead to an overall increase in
the probability of collisional loss and again makes the value of 0-8 sec a shorter limit
to the true relaxation time.

The result in this paper is in good agreement with that of Millikan 5 who observed
infra-red fluorescence in a flow experiment for a period of 0-2 sec and deduced a
relaxation time of this order or longer. The value predicted by the exptrapolation of
the high-temperature shock tube data is around 5 sec and that predicted by the theory
is around 3 sec10, both of which are in good agreement with the present result.

The agreement of experimental and theoretical curves in fig. 3 is reasonable con-
sidering the assumptions made and it serves to emphasize the extreme efficiency of
polyatomic molecules as collision partners for CO. It should be possible to study
these effects further with this apparatus and also to study other gases which have
predicted long relaxation times. It should be noted that the very small spectrophone
signal from pure CO means that the Luft type of gas analyser,!! which uses the same
principle, will only detect impure samples of this gas.

The authors acknowledge helpful discussions with Prof. T. L. Cottrell and Prof.
J. C. Decius.



M. G. FERGUSON AND A. W. READ 1563

! Windsor, Davidson and Taylor, 7th Symp. Combustion (Butterworths, London, 1958), p. 80.

2 Matthews, J. Chem. Physics, 1961, 34, 639.

3 Hooker and Millikan, J. Chem. Physics, 1963, 38, 214.

4 Penner, Quantitative Molecular Spectroscopy and Gas Emissivities (Pergamon Press, London,
1959), p. 21.

5 Millikan, J. Chem. Physics, 1963, 38, 2855.

6 Cottrell and McCoubrey, Molecular Energy Transfer in Gases (Butterworths, London, 1961).

7 Woodmansee and Decius, J. Chem. Physics, 1962, 36, 1831.

8 Kaiser, Can. J. Physics, 1959, 37, 1499.

9 McCaa and Williams, J. Opt. Soc. Amer., 1964, 54, 326.

10 Dickens and Ripamonti, Trans. Faraday Soc., 1961, 57, 735.

11 Luft, Z. tech. Physik, 1943, 24, 97.






Offprinted from the Transactions of The Faraday Society,
No. 529, Vol. 63, Part 1, January, 1967

VIBRATIONAL RELAXATION OF HYDROGEN CHLORIDE,
DEUTERIUM CHLORIDE AND HYDROGEN BROMIDE AT
ROOM TEMPERATURE



Vibrational Relaxation of Hydrogen Chloride, Deuterium
Chloride and Hydrogen Bromide at Room Temperature

By MARGARET G. FERGUSON AND A. W. READ *

Chemistry Dept., Edinburgh University
Received 26th August, 1966

The vibrational relaxation times of HCl, DCI and HBr have been determined by a spectrophone
method. Shorter limits to the relaxation times are 11 x 10-2, 1 x 102 and 1-5 x 103 sec respectively.
These results agree better with vibration-rotation theory than with vibration-translation theory. The
results for HC is compared with high-temperature shock-tube data.

Little is known about the vibrational relaxation of the hydrogen halides. Observa-
tions of the infra-red emission from shock-heated gas indicate that the relaxation
times of hydrogen chloride and hydrogen bromide at 2000°K are several orders of
magnitude shorter than predicted by theory.! The discrepancy is greater than any
previously found for diatomic molecules, and it is therefore important to know the
relaxation times of these molecules at lower temperatures. Because of their high
vibrational frequencies, the room temperature equilibrium vibration populations are
very low and prevent the use of the ultrasonic interferometer.2 This limitation does
not apply to the optic-acoustic method and we have investigated the vibrational
relaxation of HCI, DCI and HBr using the spectrophone developed during work on
carbon monoxide.3 The basis of this method is that vibrationally excited molecules
with long relaxation times (>10-3 sec) will lose energy both collisionally and radia-
tively. The time constant of the radiiative process, which is known from the absorp-
tion intensity, provides a time scale by which the efficiency of the collisional process
can be determined.

EXPERIMENTAL

A description of the spectrophone and experimental arrangement are given elsewhere.3
In the present work the final amplification of the spectrophone signal was by a General Radio
Company Tuned Amplifier and Null Detector, type 1232A. During the experiments the
Melinex diaphragm was replaced frequently since the gases used, even when pure and dry,
slowly attacked the metal coating.

MATERIALS

Hydrogen chloride was prepared (i) from NH4Cl and H,SO4, and (ii) by reacting HCI
with conc. H8O4. In both cases the gas was dried with H,SO4 and P,0s, condensed at
—196°, degassed and distilled into the spectrophone.

Hydrogen bromide was obtained from a cylinder (Matheson Co. minimum purity 99-8 %),
dried over P,Os and further purified as for HCI.

Deuterium chloride was prepared by reacting SiCly with D,0.4 Infra-red analysis showed
that the gas contained 10-20 % of HCl. This arose from an exchange mechanism with the

* present address : Central Electricity Generating Board, Regional Research and Development
Department, Kirkstall Power Station, Leeds, 4.
61
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water adsorbed on the walls of the gas-handling system, despite precautions to eliminate such
contamination. After several preparations in the same system the percentage of HCl was
greatly reduced. In the later runs DCI was obtained from a cylinder (Merck, Sharpe and
Duohme), condensed at —196°, degassed and distilled at —120°.

In all cases, a new sample was prepared for each experiment.

RESULTS

A gas sample was allowed to diffuse rapidly into the baked, degassed spectrophone
and the initial signal found. During a period of several hours the signal rose to a
steady value. This rise is caused by impurity molecules from the walls which shorten

|-5xlgr

505 o0 o5 020
1/p (cm Hg)™!

FiG. 1.—Relaxation times in HCl and DCl as a function of 1/pressure : O, HCl results ; A, DCl results.
Line is drawn for a relaxation time of 1-1 x 10-2 sec.

o3 o® °
. 4
3
¥

S (o]
218 -
o
1 1 1
02 04 [eX')
1/p (cm Hg)!

F1G. 2.—Relaxation times in HBr as a function of 1/pressure. Line is drawn for a relaxation time of
1-:5x 1073 sec.
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the relaxation time until all the vibrational energy is lost by collision. Measurements
with mixtures of HCl and H, (10 %) which would be expected to have short relaxation
times, showed no such rise with time indicating that the effect is not due to attack on
the diaphragm.

From the initial and final signals the relaxation time t was calculated using the
expression 3: initial signal/final signal = 1/t/(1/t+1/traa). The radiative lifetimes

TABLE 1.—RELAXATION TIMES AT 290°K (approx.) ForR HCl, DCl anp HBr

compound "‘di"i(".:c';'“ﬁmc Mu?ﬁno‘:n; time
HCl 0-03 S1-1x10-2
DCl 0-12 ~1x10—2
HBr 015 >1-5%1073

(Traa) Were derived from absorption intensities using the method of Penner.5 The
absorption intensities for HCl and DCI were taken from measurements by Benedict,
Herman, Moore and Silverman,6 and for HBr from Babrov.?

The relaxation times as a function of 1/pressure are shown in fig. 1 and 2 and the
values for 1 atm. are given in table 1. The large scatter of the DCI results is almost
certainly due to impurity effects, since it is extremely difficult to obtain DCI without
small, varying amounts of HCIL.

DISCUSSION

Because of the difficulties of obtaining pure gas samples all the relaxation times are
shorter limits to the true values, this effect being most important at lower pressures.
At higher pressures some re-absorption of an emitted quantum may take place ; this
will again lead to a shorter relaxation time. The magnitude of the re-absorption effect
has been investigated by Doyennette and Henry,8 who found that the spectrophone
value of 0-8 sec for the relaxation time of carbon monoxide 3 should be increased to
6 sec to take account of re-absorption. The relaxation times in table 1 are therefore
quoted as lower limits.

The experimental relaxation times may be compared with those calculated by
vibration-translation theory.? Values of « were obtained by method B of Herzfeld
and Litovitz,10 using the Kreiger potential function as amended by Monchick and
Mason.11 The theoretical results are given in table 2 where they are compared with
the experimental values.

TABLE 2.—THEORETICAL RELAXATION TIMES AT 290°K ror HCI, DClI anp HBr

*compound a (cm™1) : A (sec) 'thtor."expt.
HCI 5-84x 108 65 <59x102
DCI 5-84 %108 1-6x 102 <16
HBr 59x108 5-1x 104 <3:4x%107

Whilst the theoretical value for DCI is nearly correct those for HCl and HBr are
too long, even allowing a factor of 5 for re-absorption effects. The same theory
gives good results for such gases as CO, O and N, all of which have long relaxation
times at room temperature. Possibly, with the hydrogen halides, vibrational energy
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is relaxing by some other mechanism so that the vibration-translation theory does not
apply. Such a mechanism could be that suggested by Cottrell and Matheson,!2
involving vibration-rotation energy transfer. This process is expected to be most
efficient for molecules with low moments of inertia and correspondingly high rotational
velocities. The hydrogen halides are such molecules, the hydrogen atom effectively
rotating about the much heavier halogen atom. The vibration-rotation mechanism
has been treated theoretically by Moore 13 and the results of his treatment, expressed
as ratios, are given in table 3 where they are compared with the ratios derived from
vibration-translation theory and the experimental results.

TABLE 3.—RATIOS OF RELAXATION TIMES AT 290°K

ratio vib-trans, theory vib-rot. theory expt.
THC]/TDC] 4-1x 102 1-1x 1071 ~1
THCI/THBr 1-13x 104 2:5 73

The agreement between theory and experiment is much improved, particularly
for the tmci/taer ratio. The theory assumes that rotational energy is continuous
which may not be justified for the hydrogen halides where the rotational levels are

l
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FIG. 3.—Relaxation times in HCas a function of (temperature)-1/3 : O, 3-0 results 14; (, 1-0 results ! ;
A, present work.

separated by 10-20 cm~1, and a more refined treatment might give better agreement
with experiment.

Results for the 3-0 transition on HCl have been obtained by Borrell and Gutte-
ridge 14 using a shock tube. The v = 3 level of HCl would be expected to relax
rapidly to » = 1 by resonance collisions of the type :

HCl(v = 3)+HCl(v = 0)»>HCl(v = 2)+HCl(v = 1)
HCl(v = 2)+ HCl(» = 0)-2HCl(v = 1).
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Thus the 3-0 relaxation time should be effectively that of the 1-0 process which will be
much slower than the resonance processes. The results of Borrell and Gutteridge are
plotted in fig. 3 for comparison with the present result. The approximate 1-0 results
for HC1 ! are also plotted and the line is drawn according to the translation-vibration

theory. It appears that the shock tube results do not extrapolate towards the low
temperature result.
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